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Abstract:

Introduction/purpose: Traffic safety and reliable driver selection are the
key components of modern transport systems. The aim of this paper
is to improve the evaluation process of candidates performance in driv-
ing tests by the applying multi-criteria decision-making and metaheuristic
approach. Based on the results obtained using the Vienna Test System,
a TOPSIS-based model with adaptive weighting of evaluation criteria is
proposed.

Methods: The weights of the TOPSIS method were optimized using three
metaheuristic algorithms: Genetic Algorithm (GA), Ant Colony Optimiza-
tion (ACO), and Artificial Bee Colony (ABC) algorithm. Two objective

ACKNOWLEDGMENT: This paper is supported by the Ministry of Defence of the Republic of Serbia
under the scientific research project (project name: Driver model in the transport units of the Serbian
armed forces , project code: VA-TT/2/20-25).
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functions were used during optimization — the AUC and the F1-score
— to analyze their impact on model accuracy and stability. The experi-
mental framework consisted of three parts: (1) comparison of GA, ACO,
and ABC performance using the AUC as the objective function, (2) anal-
ogous comparison using the F1-score as the objective function, and (3)
cross-comparison between AUC and F1-score optimized models.

Results: The obtained results indicate that both the choice of metaheuris-
tic algorithm and the objective function significantly influence the perfor-
mance of the TOPSIS method. AUC-based optimization resulted in more
stable models and a better balance between successful and unsuccess-
ful candidates, while F1-based optimization achieved higher sensitivity
and better identification of successful candidates.

Conclusions: Applying metaheuristic algorithms for weight optimization
within the TOPSIS framework enables adaptive and more reliable can-
didate ranking, contributing to the development of intelligent driver se-
lection systems and improved traffic safety. The results confirm that an
appropriate choice of an optimization algorithm and an objective function
can significantly enhance model accuracy and robustness.

Key words: TOPSIS, multi-criteria decision making, metaheuristics, GA,
ACO, ABC, Vienna Test System.

Introduction

Traffic safety represents one of the key challenges of modern societies,
as road accidents continue to cause significant human, economic, and so-
cial consequences worldwide. According to international reports, the hu-
man factor remains the dominant cause of most traffic incidents, which em-
phasizes the importance of systematically assessing drivers abilities and
readiness. Consequently, the process of selecting candidates for driving
licenses plays a crucial role in improving overall traffic safety levels. In ad-
dition to theoretical and practical training, the evaluation of psychomotor,
perceptual, and cognitive abilities constitutes an essential part of the driver
selection process. In contemporary practice, standardized psychodiagnos-
tic systems based on objective measurement instruments have become
highly relevant. Among them, the Vienna Test System (VTS) (Schuhfried,
2013) is one of the most widely used and reliable tools, providing com-
prehensive assessments of numerous parameters important for safe ve-
hicle operation — including attention, reaction speed, visual perception,
risk-taking tendencies, and motor coordination. Such testing results of-
fer valuable input for decision-making regarding candidates driving abili-

Metaheuristic-based approach to optimizing the weights in the TOPSIS method for driver candidate performance assessment, pp.1196-1221

Sari¢, . et al.,
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ties but simultaneously pose a multi-criteria decision problem, where nu-
merous factors of unequal importance must be objectively combined. In
such decision-making contexts, the use of multi-criteria decision-making
(MCDM) methods are particularly justified. One of the most prominent
among them is the Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS) (Hwang & Yoon, 1981), recognized for its interpretabil-
ity and capability to rank alternatives according to their distance from the
ideal and anti-ideal solutions (Ren et al., 2021; Huang et al., 2020). How-
ever, one of the key challenges in applying TOPSIS lies in determining the
weights of criteria, since the final decision outcome depends directly on
their distribution. Traditional approaches to assigning weights often rely
on subjective expert judgment or predefined assumptions, which may limit
the objectivity and accuracy of the model. With advances in computational
intelligence, metaheuristic algorithms have emerged as a powerful alterna-
tive for optimizing weighting schemes based on empirical data and clearly
defined objective functions. Among them, the Genetic Algorithm (GA) (Hol-
land, 1975), Ant Colony Optimization (ACO) (Dorigo & Gambardella, 1997),
and Artificial Bee Colony (ABC) (Karaboga, 2005; Pham et al., 2006) have
demonstrated notable effectiveness in solving complex optimization tasks,
especially those that are nonlinear, multidimensional, or lack analytical for-
mulations. This paper explores the application of these three metaheuristic
algorithms to optimize the weights of criteria within the TOPSIS method, us-
ing data obtained from the Vienna Test System applied to a group of can-
didates for the driving test. Furthermore, two distinct objective functions
— the F1-score and the Area Under the Receiver Operating Character-
istic Curve (AUC) — are introduced to analyze how different optimization
goals affect model performance. A systematic comparison of GA, ACO and
ABC efficiency for each objective function is performed, followed by an as-
sessment of the differences between F1-score and AUC-optimized models.
The results of this research contribute to enhancing the candidate evalu-
ation process through adaptive weighting and intelligent optimization. By
combining TOPSIS with metaheuristic approach, the proposed approach
ensures higher accuracy and reliability of assessment, supporting the de-
velopment of advanced decision-support systems applicable in both civilian
and military contexts, where safe and precise vehicle operation is of critical
importance.




Problem settings and data representation

The experimental data used in this research originate from a dataset
collected through the Vienna Test System (VTS), developed by Schuhfried
GmbH. The VTS is a computer-based psychodiagnostic platform designed
for standardized assessment of cognitive, psychomotor and perceptual
abilities relevant to driving performance. It has been widely implemented
in transport, aviation and occupational psychology for the selection and
training of drivers and operators in safety-critical environments (Kubinger,
2007; Kaca et al., 2021; Tinella et al., 2021; Masoudi et al., 2022).

In the present study, the VTS was used to evaluate a sample of 583 can-
didates prior to practical driving examination. Each candidate completed
a battery of tests measuring various psychological and motor skills associ-
ated with safe vehicle control, such as sustained attention, selective reac-
tion, motor coordination, visual search and decision-making under stress.
Table 1 summarizes the main VTS modules used for this study, covering
cognitive, psychomotor, and emotional dimensions of performance.

The raw scores obtained from individual tests were normalized to a com-
mon scale and aggregated into a matrix X € R"*"™, where n represents
the number of candidates and m the number of considered criteria. Each
row of X corresponds to a candidate, and each column to a specific ability
index (e.g., reaction time or spatial orientation). For the purpose of eval-
uation, the target variable y is binary and indicated the final outcome of
the driving test (1 — passed, 0 — failed). This setting naturally leads to a
multi-criteria classification problem, where the goal is to combine multiple
VTS-based criteria into a single composite index of driving ability.

The dataset consisted of percentile scores obtained from the VTS, cov-
ering multiple psychometric and cognitive performance criteria for each
candidate. All records were complete, with no missing values or invalid
entries.

Since VTS tests are expressed in percentiles that differ in scale and
dispersion, a z-score normalization was applied to each criterion to en-
sure comparability and to eliminate potential scale effects in subsequent
analysis. This transformation preserved the relative differences between
candidates while standardizing all variables to have zero mean and unit
variance.

All variables were benefit-type attributes (oriented so that higher values
represented better performance), ensuring consistent interpretation across
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the criteria. The resulting standardized dataset served as an input for eval-
uation, enabling objective aggregation of psychometric indicators into a sin-
gle performance score for each candidate.

Table 1 — Classification of criteria in the Vienna Test System

Group | Criterion | Description
COG COG Recognition of visual patterns.
DT DT Reaction speed to various stimuli (psychomotor + attention).
PP-R VF Perception of objects in the peripheral visual field (visual per-
ception).
TD Precision of position maintenance and tracking (psychomotor
control).
RT RS Speed of motor response (psychomotor ability).
MS Motor execution speed (psychomotor ability).
ATAVT ATAVT Fast recognition of traffic scenes (visual perception).
MST Speed in performing motor tasks (psychomotor speed).
\VPE RSB Reaction time measured via key press (psychomotor speed).
SC Sustained attention and selective reaction to stimuli (atten-
tion + concentration).
RA Tendency towards risk-taking behavior (cognitive—
psychological assessment).
RR RR Verbal fluency and attention (attention / verbal fluency).
SP Spatial perception and orientation (cognitive ability).
VIP VIP Processing and interpretation of visual information (cognitive
ability).
Al Solving logical and abstract reasoning tasks (cognitive abil-
ity).
ED ED Decision-making in emotionally challenging situations (emo-
tional and psychological assessment).

TOPSIS with learnable weights

TOPSIS was employed as an MCDM method. The underlying principle
of TOPSIS assumes that the best alternative should have the shortest dis-
tance from the positive ideal solution (PIS) and the farthest distance from
the negative ideal solution (NIS).

In this study, each candidate represents an alternative A;, while the
m = 16 criteria derived from the VTS represent quantitative indicators of
cognitive and psychomotor performance relevant to driving ability. The de-
cision matrix is defined as:




X = [Tijlnxm, 1=1,2,...,n, 7=1,2,...,m,

where z;; denotes the observed value of criterion C; for candidate A;.

Unlike the classical TOPSIS, where weights are predefined or expert-
assigned, in learnable weights approach, the weights are optimized using
multiple strategies.

This enables the model to learn the most informative weighting config-
uration directly from the data. The resulting weighted normalized matrix,
obtained after applying z-score standardization to all criteria, is used to
compute the distances to PIS and NIS, yielding a ranking of all candidates.
However, unlike traditional MCDM applications, the availability of ground-
truth exam outcomes (pass/fail) allows TOPSIS to be evaluated in a classi-
fication setting. By comparing the computed preference scores with actual
outcomes, we assess how well each weighting strategy discriminates be-
tween successful and unsuccessful candidates, using the AUC and the
F1-score as performance metrics.

In this study, we focus on the metaheuristic approach of learnable
weights within the TOPSIS framework, employing GA, ACO and ABC to
discover the most discriminative weighting configurations. Other weighting
strategies, including random initialization, regression-based optimization,
and fixed (equal-weight) baseline, have been previously examined (Vujadi-
novic et al., 2025).

The pseudocode of the TOPSIS for ranking and optional classification used
in this study is given below.
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Algorithm 1: TOPSIS for ranking and classification

© 00 N o ua A WODN =

e - - ™ = S
N oo A WON = O

Input: Criteria matrix X, weight vector w
Output: Ranking of alternatives, success prediction
Normalize the criteria matrix X;
Apply weights w to the criteria;
Determine PIS and NIS;
for each alternative do
Compute the distance to PIS and NIS;
Compute the TOPSIS score as the relative closeness to PIS;
end
Rank the alternatives according to their scores;
Determine the classification threshold 7 on validation data;
for each alternative do
if TOPSIS score > t then
\ classify as successful;
end
else
\ classify as unsuccessful;
end
end

Validation procedure

To ensure robustness of the learned weights and to mitigate overfitting to
a specific data split, a k-fold cross-validation scheme was employed during
optimization. The dataset was partitioned into & = 5 disjoint folds, with four

folds used for training and one for validation in each iteration.

Each metaheuristic algorithm (GA, ACO, ABC) optimized the weight
vector w by maximizing the selected objective function (the AUC or the F1-
score) averaged across all folds. The mean validation performance was

used as the fitness value guiding the search process.

This procedure ensured that the resulting weights generalize well and
that the optimization process reflects the model’s stability across different

data partitions.




Objective functions

A crucial component of the metaheuristic-based approach process is
the objective function, which quantifies the quality of each candidate weight
vector w during the search. In this study, two alternative objective functions
were implemented and the model performance was compared. Each of-
fers a different perspective on model performance — the AUC emphasizes
discriminative ability, whereas the F1-score focuses on balanced classifi-
cation.

AUC as an optimization objective function.

The AUC is a threshold-independent measure of model separability,
quantifying how well the continuous TOPSIS scores C;(w) distinguish be-
tween successful and unsuccessful candidates (Hanley & McNeil, 1982;
Fawcett, 2006). Mathematically, it can be expressed as:

AUC = P(C, > C_),

representing the probability that a randomly chosen successful candidate
(C4) has a higher score than a randomly chosen unsuccessful one (C_).
By maximizing the AUC, the optimization process improves overall discrim-
inative power, independent of any specific classification threshold.

F1-score as an optimization objective function.

The F1-score is defined as the harmonic mean of precision and recall,
fundamental measures in binary classification problems (Powers, 2011;
Sokolova & Lapalme, 2009). Given the confusion matrix components:

» True Positives (TP): correctly predicted successful candidates,

» True Negatives (TN): correctly predicted unsuccessful candidates,

* False Positives (FP): unsuccessful candidates incorrectly predicted as
successful, and

» False Negatives (FN): successful candidates incorrectly predicted as

unsuccessful.
Precision and recall are computed as:
TP TP
PT@CiS’iOTL = W, R@CCL” = m

The F1-score is then:

Precision - Recall

F1=2.
Precision + Recall’
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ranging from O (worst) to 1 (best). By maximizing F1, the model seeks to
balance false positives and false negatives simultaneously.

When the F1-score is used as the objective function, the metaheuris-
tic algorithm searches for a weight vector that maximizes the average
F1-score across validation folds and returns the best solution found dur-
ing the optimization process. The classification threshold is determined
from the Receiver Operating Characteristic (ROC) curve, which represents
the trade-off between the True Positive Rate and the False Positive Rate
across all possible thresholds. The optimal threshold is selected using
Youden’s J statistic (Youden, 1950), ensuring the best possible separation
between successful and unsuccessful candidates.

AUC-based optimization prioritizes global separability of candidate
scores, enabling flexible thresholding for advisory decision-making. F1-
score based optimization emphasizes balanced classification performance,
minimizing both false approvals and rejections. In this study, both objec-
tive functions were applied independently to each metaheuristic (GA, ACO,
ABC), yielding complementary insights into model behavior and stability of
learned weights.

Each metaheuristic evaluates candidate weight vectors w(*) assigning
them the corresponding fitness values. For each vector:

1. Compute TOPSIS scores C;(w®).

2. Evaluate the selected objective function (the AUC or the F1-score)
on a validation subset.

3. Use the computed metric as the fitness value guiding the search
(e.g., selection probability in GA, pheromone deposition in ACO, re-
cruitment probability in ABC).

Optimization continues until convergence or exhaustion of the evalua-
tion budget, with the best-performing weight vector w* selected for testing
on unseen data.

AUC optimized models enhance candidate ranking capability, useful in
advisory systems where thresholds may be defined post-hoc. Models op-
timized for the F1-score reduce both false approvals and rejections, sup-
porting operational decision-making in driver selection.

Metaheuristic

Metaheuristic algorithms represent a broad class of stochastic optimiza-
tion methods, some of which are inspired by natural processes such as




evolution and swarm behavior. They are particularly effective in solving
complex, nonlinear and multimodal optimization problems where analyti-
cal gradients are unavailable or the search space is discontinuous (Talbi,
2009).
In this study, metaheuristics are used to optimize the TOPSIS weight
vector
w = (Wi, wa, ..., Wn),

subject to the constraints:

m
w; >0, Y wj=1
j=1

Each algorithm iteratively explores the search space, evaluates candi-
date weight vectors using the selected objective function (the AUC or the
F1-score), and gradually improves them through stochastic operators such
as recombination, mutation, and pheromone reinforcement. To ensure a
fair comparison, all algorithms were configured with the same computa-
tional budget (number of fitness evaluations) and identical stopping criteria.

In this research, three metaheuristic algorithms (GA, ACO and ABC)
were used and each of them was adapted to problems characteristics.

Genetic Algorithm (GA)

GA is a population-based stochastic optimization method inspired by
biological evolution and Darwinian natural selection.

GA begins with a randomly generated population of weight vectors.
Each vector is evaluated using a fitness function f(w), corresponding to
the chosen objective function (AUC or F1-score):

f(w) AUC(w), if AUC is the optimization objective function,
w) =
Fl(w), if F1-score is the optimization objective function.

The evolutionary process consists of iterative application of three GA
operators, together with fitness evaluation and a population replacement
step:

» Selection — parent selection is performed using deterministic elitist

rank selection, where the individuals are sorted according to their fit-
ness values (rank-based elitist selection).
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» Crossover — offsprings are generated using single-point crossover.
For each offspring, a random crossover point is selected and the first
segment of the weight vector is inherited from one parent, while the
remaining segment is inherited from the other parent.

* Mutation —for each individual, a fixed percentage of genes is randomly
selected and perturbed by adding Gaussian noise. For a selected
gene j, the mutated value is given by

wi® = w; + ¢, e; ~N(0,0%).

where o = 0.1. After mutation, all weights are clipped to the interval
[0, 1] and the entire weight vector is normalized to satisfy

Through repeated application of selection, crossover and mutation, the
population gradually evolves towards better solutions. The algorithm termi-
nates after a predefined maximum number of generations is reached. The
final output is the best weight vector found during the optimization process
according to the fitness function.

The pseudocode of the GA implementation used in this study is given be-
low.




Algorithm 2: Genetic Algorithm for optimizing TOPSIS weights
Input: Criteria matrix X, ground truth labels y, GA parameters
(max_generations, population size, number of parents,
mutation rate)
Output: Best found vector w
1 Initialize population of random weight vectors
2 for generation = 1 to max_generations do
3 Evaluate fitness function of each individual using TOPSIS +
metric (AUC/F1-score)

4 Select the best individuals (elitism + selection)

5 Generate offspring using crossover

6 Apply mutation to offspring

7 Form new population from parents and offspring
8 end

9 return best found vector w

Ant Colony Optimization (ACO)

ACO is a population-based metaheuristic inspired by the collective
foraging behavior of ants, where solution quality is reinforced through
pheromone-mediated learning. In the considered formulation, ACO is
adapted to a continuous optimization setting in order to determine optimal
weight vectors for the TOPSIS method.

In each iteration, a population of nans ants constructs candidate solu-
tions represented as a continuous weight vector.

The pheromone trail 7; represents the learned importance of the crite-
rion j and is initialized uniformly with a small random perturbation in order
to avoid symmetry and premature bias:

T](o) =1+¢j, €; ~U(0,0.01).

Candidate solutions are constructed by combining pheromone-driven
exploitation with stochastic exploration of the continuous search space.
Specifically, each ant generates a weight vector according to

w r~U(0,1)™,

T L3 T
= y
ZjTj erj
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followed by an L; normalization step, thereby ensuring feasibility of the
constructed solution. Here, = denotes the pheromone vector, while r is a
random vector introducing exploration. The parameters o« > 0and g8 > 0
control the balance between pheromone-based exploitation and random
exploration. These parameters are kept constant within each ACO run,
but are varied across experiments using a predefined parameter grid, with
a € {0.8,1.0} and B € {0.1,0.2}.
Each constructed solution is evaluated using a fitness function

f(w) € {AUC(w), F1(w)},

obtained from the TOPSIS-based classifier.

The algorithm employs an offline pheromone update mechanism. Af-
ter all ants construct and evaluate their solutions in a given iteration,
pheromone levels are updated in two steps. First, evaporation is applied:

T+ (1-p)T,

where p € (0,1) denotes the pheromone evaporation rate. Subsequently,
pheromone is reinforced using only a subset of elite solutions from the cur-
rent iteration. Let £ denote the set of top-performing ants, defined as a
fixed fraction of the population. The pheromone update is then given by

TeTHpY flw)w?,

€€

where f(w(®) denotes the fitness value of the solution w(?) generated in the
current iteration.

The algorithm maintains the best found solution across all iterations for
reporting purposes. The optimization process is repeated for a fixed num-
ber of iterations njer, Which serves as the stopping criterion.

The pseudocode of the ACO implementation used in this study is given
below.




Algorithm 3: Ant Colony Optimization for optimizing TOPSIS
weights

Input: Criteria matrix X, ground truth labels y, ACO parameters
(number_of_ants, max_iterations, «, 3, p)
Output: Best found vector w
1 Initialize pheromone vector 7 for all criteria (small random
perturbation)
2 Initialize best found solution w* and best score
3 for iteration = 1 to max_iterations do
foreachanti=1,..., number_of ants do
Draw random vector r ~ ¢/(0, 1)™ and normalize it
Construct solution w(®
Evaluate fitness f(w(®) using TOPSIS + metric (AUC/F1)
Update (w*, f*) if f(w®) > f*
end
10 Evaporate pheromone
1 Select elite set £ (top nejite ants in the current iteration)
12 Offline pheromone update using elite solutions
13 end
14 return best found vector w

© 0o N o o b

Artificial Bee Colony (ABC)

ABC is a swarm intelligence metaheuristic inspired by the collective for-
aging behavior of honey bees. The algorithm simulates how bees search
for food sources, communicate solution quality, and recruit other bees to
promising areas. In ABC, each bee represents a candidate solution en-

coded as a continuous weight vector.
Each iteration of ABC consists of two complementary phases:

1. Exploration (scout phase): scout bees randomly generate new solu-

tions to explore unexplored regions of the search space,

2. Exploitation (recruitment phase): non-scout bees follow the best so-

lutions found so far and refine them through local search.
The recruitment probability of the bee i is defined as:

f(w;)

Zgﬂ f(wk)’

[
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where f(w;) € {AUC(w), F1(w)} denotes the fitness of the weight vec-
tor generated by the bee i. Better solutions attract more bees, increasing
exploitation pressure on high-quality areas of the search space.

During local exploitation, the weight vector is refined using a stochastic
update followed by normalization:

w; + €

T (wk )

The pseudocode of the ABC implementation used in this study is given
below.

e ~ N(0,07).

wj

Algorithm 4: Artificial Bee Colony for optimizing TOPSIS weights

Input: Criteria matrix X, ground truth labels y, ABC parameters
(number of bees, max_iterations, p, e_frac, sco_str)

Output: Best found vector w

Initialize population of bees with random candidate solutions

for iteration = 1 to max_iterations do

Evaluate fitness of all bees using TOPSIS + metric
(AUC/F1-score)

4 Select elite bees with best solutions

5 Redirect non-elite bees towards elite solutions (exploitation)

6 Scout bees explore new random solutions (exploration)

7

8

W N =

end
return best found vector w

Results

Experiments were conducted on a dataset consisting of 583 candidates
evaluated through VTS tests which includes 16 evaluation criteria (Table 1)
and the binary outcome representing pass or fail on the driving exam. All
algorithms were implemented in Python and evaluated using 5-fold cross-
validation. Each algorithm was executed five times, and the average re-
sults were recorded. The performance metrics included Accuracy, the AUC
and the F1-score as well as time (s) which represents the internal fitness
evaluation time. Precision and Recall were also calculated, although not
shown in the tables, since they are required for computing the F1-score.
Additionally, execution time and algorithmic complexity were recorded for




each optimization approach. The experiments were performed on a stan-
dard workstation equipped with an AMD Ryzen 3 processor, 4 GB of RAM,
and running Windows 10.

The results of GA metaheuristic

When the optimization objective function is the AUC, GA achieved con-
sistent and interpretable performance across the tested parameter settings.
The best results were observed for the configuration of 20 generations
(n_gens), 10 individuals (n_pop), 10 parents (n_par), where GA reached
an AUC of 0.7234 and an accuracy of 0.6585-0.7271. Increasing the
generations number from 10 to 20, the accuracy was improved, indicating
that a longer evolutionary process allowed better exploration of the search
space and refinement of promising solutions. A mutation rate between 5%
and 10% (mut (%)) had a minimal impact on the final AUC, confirming that
the algorithm evolved in a stable manner and was not overly sensitive to
stochastic variations.

In some configurations, overall accuracy increased while the AUC
slightly decreased. This indicates that although the model correctly classi-
fied a higher proportion of samples, its ability to consistently rank positive
versus negative cases was slightly reduced. Such behavior reflects the
inherent difference between the accuracy and the AUC as evaluation met-
rics.

Table 2 — Best 5 GA results for objective functions AUC and F1-score

Obj | n_gens | n_pop | n_par | mut(%) | Accuracy | AUC/F1 | time (s)
AUC 20 10 10 5 0.6585 0.7234 1.79
AUC 20 10 10 10 0.6585 0.7234 1.96
AUC 20 20 10 5 0.7271 0.7233 3.82
AUC 20 20 10 10 0.7271 0.7233 3.66
AUC 30 20 10 5 0.7308 0.7227 5.78

F1 30 10 5 5 0.7737 0.8468 2.82

F1 30 10 5 10 0.7737 0.8468 2.84

F1 20 10 5 5 0.7326 0.8039 1.94

F1 20 10 5 10 0.7326 0.8039 1.91

F1 20 20 10 5 0.7017 0.7765 3.76

When the optimization objective function was shifted to the F1-score, the
GA adapted its search behavior accordingly. The top-performing configu-
ration 30 generations, 10 individuals, 5 parents, 5% mutation achieved an
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F1-score of 0.8468 with an accuracy of 0.7737. Unlike the AUC-based
runs, no trade-off between accuracy and the F1-score was observed in
this case. Other configurations with slightly different mutation rates (5—
10%) yielded identical performance, reflecting stable convergence behav-
ior. Overall, GA demonstrated high robustness and adaptability to different
objective function formulations, maintaining solid performance and minimal
sensitivity to parameter tuning.

Table 2 presents the five best-performing results for both objective func-
tions, the AUC and the F1-score.

The results of ACO metaheuristic

When optimized for the AUC-based fitness function, the ACO algo-
rithm demonstrated consistent convergence and solid discriminative per-
formance. The best configuration was achieved with o = 1.0, § = 0.1,
p = 0.2 and a colony size of 20 ants (n_ants) and 50 iterations (n_iter).
This setup resulted in an AUC of 0.7528 with an accuracy of 0.7479. The
relatively high heuristic importance () guided ants towards more promising
regions in the search space, while a moderate pheromone evaporation rate
(p) maintained useful historical information without premature stagnation.
The algorithm achieved a strong balance between exploration and exploita-
tion, as evidenced by a stable convergence curve and low variance across
folds. Overall, ACO optimized for the AUC favored global ranking consis-
tency and maintained well-balanced classification metrics across classes.

Table 3 — Best 5 ACO results for objective functions AUC and F1-score

Obj | n_ants | n_iter | p «a B | Accuracy | AUC/F1 | time (s)
AUC 20 50 02|10 0.1 0.7479 0.7528 9.39
AUC 40 50 0.1 | 0.8 | 0.1 0.7393 0.7527 17.94
AUC 20 50 0.2 | 08| 0.1 0.7565 0.7525 9.12
AUC 20 50 0.1 1.0 | 02| 0.7065 0.7519 9.19
AUC 40 100 | 0.1 | 1.0 | 0.1 0.7530 0.7519 35.87
F1 20 100 | 01 | 1.0 02| 0.7134 0.7780 18.02
F1 40 100 | 0.1 | 0.8 | 0.1 0.7168 0.7699 36.48
F1 40 50 02|10 | 02| 0.7098 0.7640 18.17
F1 20 50 0.2 | 0.8 | 0.1 0.7081 0.7640 9.35
F1 20 100 | 02 | 0.8 | 0.2 | 0.7064 0.7638 18.24

When the F1-score is used as the objective function, ACO shifts its
search towards solutions that prioritize the correct identification of suc-
cessful candidates. This leads to a higher F1-score of 0.7780 obtained
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ata =1.0, 6 =0.2, p = 0.1, 20 ants and 100 iterations but with a notice-
ably lower accuracy of 0.7134. This indicates that F1-based optimization
pushes ACO to favor sensitivity towards the majority class, even at the
cost of overall classification balance. Compared to AUC optimization, the
F1-score optimized configurations show greater variability, meaning the
search space is less smooth and more sensitive to hyperparameter set-
tings.

The five best results obtained using the AUC and the F1-score as ob-
jective functions are shown in Table 3.

The results of ABC metaheuristic

In the AUC-optimized mode, the ABC algorithm achieved its best per-
formance with a population of 20 bees (n_bees), 50 iterations (n_iter), an
evaporation rate of p = 0.2, elite fraction of 0.2 (e_frac), and scout strength
(sco_str) of 0.05. This configuration produced an AUC of 0.7455 with an
accuracy of 0.7598. The balance between exploration and exploitation
was effectively maintained through moderate elitism and controlled scout
activity, enabling the algorithm to refine high-quality solutions without ex-
cessive random wandering. The strong AUC performance indicates that
ABC successfully ranked candidates in alignment with the target classi-
fication boundaries. Stability across multiple runs confirms that these pa-
rameter values provide a robust trade-off between convergence speed and
solution quality.

Table 4 — Best 5 ABC results for objective functions AUC and F1-score

Obj | n_bees | n_iter | p | e_frac | sco_str | Accuracy | AUC/F1 | time (s)
AUC 20 50 0.2 0.2 0.05 0.7598 0.7455 8.99
AUC 20 100 | 0.1 0.2 0.1 0.7271 0.7453 18.52
AUC 40 50 0.2 0.2 0.05 0.7340 0.7445 18.43
AUC 40 100 | 0.2 0.2 0.1 0.7340 0.7445 36.29
AUC 20 100 | 0.2 0.1 0.05 0.7597 0.7445 18.41
F1 20 50 0.1 0.1 0.1 0.7598 0.8346 8.99
F1 20 50 0.1 0.2 0.1 0.7547 0.8316 9.01
F1 40 50 0.2 0.1 0.1 0.7410 0.8149 18.14
F1 20 50 0.1 0.1 0.05 0.7204 0.7861 9.09
F1 20 50 0.2 0.1 0.1 0.7102 0.7854 9.20

When optimizing for the F1-score, ABC exhibited more aggressive
exploitation behavior, focusing on reducing false negatives. The best-
performing setup used 20 bees, 50 iterations, an evaporation rate of p =
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0.1, elite fraction of 0.1, and scout strength of 0.1, resulting in an F1-score
of 0.8346 with an accuracy of 0.7598. Compared to the AUC-oriented ver-
sion, this configuration converged faster but with higher variability across
runs. The increased scout activity improved the exploration of new candi-
date regions, yet introduced minor instability in fitness progression. Despite
this, the F1-score based optimization was particularly effective in identify-
ing successful candidates, achieving strong class sensitivity performance
and competitive classification accuracy.

Table 4 presents the five best-performing results for both objective func-
tions, the AUC and the F1-score.

Comparison between the AUC and F1-score objective func-
tions

A direct comparison between the two optimization objective functions
reveals that the AUC-based optimization yields more stable and generaliz-
able models, while the F1-score based optimization prioritizes performance
on the dominant class. The difference in overall accuracy was minor, yet
the class-wise behavior diverged significantly: The AUC optimization main-
tained better overall class balance, whereas the F1-score optimization im-
proved detection of successful candidates but at the cost of false negatives.
This highlights the importance of selecting an appropriate objective function
according to the intended application—whether balanced discrimination or
maximal recognition of a specific class is desired.

When the AUC is used as the optimization objective function, all three
metaheuristic algorithms (GA, ACO, ABC) tend to converge towards weight
vectors that improve the global discriminative power of the TOPSIS model.
In this setting, the algorithms search for solutions that maximize the sepa-
ration between successful and unsuccessful candidates across the entire
scoring scale, rather than focusing on the performance of a specific class.
As a result, the AUC-based optimization produces more balanced and sta-
ble models, with relatively low variability between executions and smoother
convergence. This behavior is particularly suited for ranking problems,
where the goal is to ensure that higher-ranked candidates are consistently
better than lower-ranked ones according to all criteria.

In contrast, when the objective function is the F1-score, the optimiza-
tion becomes strongly oriented towards correct identification of the pos-
itive class, i.e., candidates who successfully pass the driving exam. The
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search focuses on solutions that increase sensitivity and improve detection
of successful candidates, even if this leads to slightly lower overall ranking
precision or weaker class separation. In this mode, the metaheuristic tends
to emphasize exploitation of the search space, producing higher F1-score
values but also greater variability across parameter configurations. This
makes F1-score optimized solutions particularly suitable when false neg-
atives (misclassifying successful candidates as unsuccessful) are consid-
ered more costly than false positives.

In summary, the AUC-oriented optimization yields stable, globally dis-
criminative models suitable for ranking, whereas the F1-oriented optimiza-
tion yields sensitive, class-focused models suitable for decision-making
and risk detection. The choice of the objective function should therefore
follow the practical requirements of the evaluation system: whether the
goal is to build an accurate ranking of candidates or to minimize the risk of
approving an unfit driver.

Time-budget comparison of metaheuristic-based weight op-
timization methods

To enable a fair comparison between metaheuristics with different con-
vergence speeds, all algorithms are evaluated under the same fixed time
budget of 300 seconds, using their previously optimized parameter set-
tings.

Table 5 summarizes the best-found results obtained by GA, ACO, and
ABC under a fixed time budget. The reported best-target value represents
the best average cross-validation performance obtained within the allotted
time budget.

Table 5 — Best-found performance of GA, ACO, and ABC under a fixed time

budget
Variant | Target | Besttarget | Precision | Recall F1 AUC
GA AUC 0.748 0.896 0.661 | 0.758 | 0.748
ACO AUC 0.765 0.898 0.740 | 0.802 | 0.765
BCO AUC 0.761 0.903 0.746 | 0.805 | 0.761
GA F1 0.837 0.853 0.828 | 0.837 | 0.692
ACO F1 0.807 0.900 0.740 | 0.807 | 0.743
BCO F1 0.800 0.878 0.747 | 0.800 | 0.713

Under these conditions, the evaluated metaheuristics exhibit distinct
and complementary strengths depending on the optimization objective
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function. When the AUC is used as the objective function, ACO and ABC
consistently achieve higher best-found AUC values than GA, indicating a
stronger ability to optimize the global ranking of candidates across the en-
tire score distribution. This behavior can be attributed to pheromone-based
information sharing, which promotes collective exploration of promising
regions and leads to smoother and more stable ranking structures. In
contrast, when the F1-score is directly optimized, GA attains the highest
F1-score values, reflecting its effectiveness in fine-grained adjustment of
weight configurations that balance precision and recall at a specific deci-
sion threshold. The evolutionary operators of GA, particularly mutation and
elitist selection, enable more aggressive local refinements that are benefi-
cial for threshold-dependent metrics. As a result, improvements in the F1-
score are achieved even when global ranking quality, as measured by the
AUC, is not maximized. These findings confirm that no single metaheuristic
dominates across objective functions and emphasize that the selection of
the optimization algorithm should be aligned with the intended evaluation
criterion and decision-making requirements.

Computational complexity

The computational cost of the proposed approach consists of two parts:
(1) evaluation of the TOPSIS method for a given weight vector, and (2)
iterative optimization performed by a metaheuristic algorithm (GA, ACO or
ABC).

For a decision matrix X € R™*™ containing n candidates and m criteria,
one evaluation of TOPSIS requires: normalization of the matrix, weight-
ing of the criteria, computing distances to PIS and NIS and calculating the
closeness coefficient. This results in a computational complexity of:

O(nm +nlogn),

where the first term corresponds to matrix operations and the second term
to sorting performed during evaluation of performance metrics.

Each metaheuristic performs a number of TOPSIS evaluations. If £
denotes the number of candidate solutions generated during optimization,
then the total complexity of the optimization process is:

O(E - (nm + nlogn)).




Since E depends only on the algorithm parameters (population size,
number of generations/iterations) and not on the data itself, the complexity
grows linearly with the number of fitness evaluations. Therefore, all three
algorithms (GA, ACO, ABC) exhibit the same asymptotic behavior, differing
only in the value of F.

In practice, the execution time is dominated by the number of fitness
evaluations, since each evaluation requires running TOPSIS and comput-
ing classification metrics. Because TOPSIS operates on relatively small
matrices (a fixed number of criteria), the metaheuristic approach remains
computationally efficient and can be executed on a standard workstation
without parallelization.

Although all three metaheuristic algorithms operate under the same
asymptotic computational complexity, their execution time differs in prac-
tice due to the way each algorithm generates and evaluates candidate so-
lutions.

GA maintains a fixed-size population and produces a limited number of
new solutions per generation through crossover and mutation operators.
Consequently, the number of fithess evaluations E grows proportionally
to the number of generations and the population size. Since GA typically
converges quickly towards promising regions of the search space, fewer
candidate weights are evaluated overall.

In contrast, ACO and ABC are based on swarm-search mechanisms,
where a significantly larger number of solutions is generated during each
iteration. In ACO, every ant probabilistically constructs a new solution using
pheromone trails, which results in many more candidate weight vectors
evaluated in each step. Similarly, in ABC, both recruited bees and scout
bees explore the search space simultaneously, leading to multiple parallel
solution updates per iteration.

Because each newly generated solution requires a complete execution
of TOPSIS, followed by evaluation of classification metrics (the F1-score or
the AUC), the total execution time increases proportionally to the number
of solutions explored. Therefore, ACO and ABC require more computa-
tional time than GA, not because their per-iteration complexity is higher, but
because they evaluate a substantially larger number of candidate weight
vectors during the optimization process.
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Conclusion

This paper presented a metaheuristic-based optimization framework for
improving the weight determination process in the TOPSIS method when
evaluating the performance of driver candidates based on psychomotor
and cognitive abilities measured by the VTS. Unlike traditional TOPSIS
implementations that rely on fixed or subjectively assigned weights, the
proposed approach automatically learns the optimal weight configuration
by using three population-based optimization algorithms: GA, ACO, and
ABC.

Two optimization objective functions were analyzed — the AUC and
the F1-score. The AUC encouraged the algorithm to improve the overall
separability of candidates, resulting in stable and balanced ranking per-
formance. In contrast, the F1-score optimization directed the search to-
wards maximizing correct identification of successful candidates, empha-
sizing sensitivity of the classification process. This makes the F1-score an
objective function particularly suitable when the decision system prioritizes
reducing classification errors in determining whether a candidate is ready
to proceed to practical driving examination.

Among the evaluated metaheuristics, ACO achieved the highest mean
AUC value, indicating superior capability in separating successful from un-
successful candidates, whereas ABC reached the highest mean F1-score.
GA demonstrated competitive performance with a significantly lower com-
putational cost, making it suitable for applications with limited execution
time.

The findings confirm that introducing the metaheuristic approach into
TOPSIS substantially improves decision accuracy and removes the need
for subjective weight assignment. This contributes to the development of
data-driven, objective function, and scalable evaluation tools for candidate
assessment in transportation safety domains. Future research may extend
this work by incorporating additional machine learning models, testing hy-
brid optimization strategies, or validating the approach on larger datasets
and real-world licensing processes.
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@ YHuBepauTeT y Beorpagy, TexHonoLwko-meTanypluku dakynrer,
Kategpa 3a Matematuyke Hayke, beorpag, Penybnuka Cp6buja
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OBJIACT: matemaTvka, BULLEKPUTEPUjYMCKO OANyYMBaHe, KOTHUTUBHA
npoLeHa y eBanyaumju kaHavgata 3a Bo3ava
KATEFOPWJA (TUIM) YUNAHKA: opurmHanHu Hay4Hu pag

Caxemak:

Yeoo/uurb: besbedHocm y caobpahajy u noy3®aHa cenekuyuja
g03a4a rnpedcmassbajy 8axaH ceaMeHm caspemeHo2 Opywmea.
Lurb osoe pada je yHanpeljeme nocmyrika npoyeHe ycreuwHo-
cmu KkaHOudama Ha 803a4KOM UCMUMYy NpUMEHOM sulleKpume-
pujyMckux memoda 005yqusarsa U Memaxeypucmuydke onmu-
mu3ayuje. Ha ocHogy pedynmama 0obujeHux mecmom Vien-
na Test System, npednoxeHa je npumeHa memode TOPSIS ca
aldanmusHumM odpefjusarbemM mexuHa Kpumepujyma.
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Memode: TexuHcku koegpuyujeHmu memode TOPSIS onmu-
Mu308aHU Ccy roMoRy mpu Memaxeypucmuyka anieopumma —
eeHemckoe anzopumma (GA), aneopumma mMpassbux KOJIOHUja
(ACO) u aneopumma nyenurux KonoHuja (ABC). Tokom onmu-
mu3sayuje kopuwhere cy dge pasnudume pyHkyuje yurba: AUC
u F1-score, kako 6u ce ucnumaro HUXx080 0ejcmeo Ha ma4yHocm
u cmabunHocm modena. EkcnepumeHmarnHu okeup obyxeama
mpu ceameHma: (1) nopehere nepghopmaHcu GA, ACO u ABC
memaxeypucmuka 3a AUC ¢byHKUujy uurba, (2) aHamozHo ro-
peheme 3a F1-score ¢hyHKkyujy yurba u (3) mefjycobHy aHanusy
AUC u F1-score onmumu3osaHux moderna.

Pesynmamu: YkasaHo je Oa u3bop mMemaxeypucmu4ykoe arneo-
pumma u byHKyUje yurba 3HamHo ymudy Ha rnepgpopmaHce me-
mode TOPSIS. Onmumusauyuja ca AUC gbyHkyujom yurba dose-
na je 0o cmaburnHujux Modena u bosbee banaHca usmenhy ycrie-
WHUX U HeycrewHux kaHOudama, Aok je onmumu3ayuja ca F1-
score ¢hyHKUUjoM yurba rnocmuerna eehy ocemsbusocm u 60sby
udeHmucdgpukayujy yecrnewHux kaHoudama.

Bakrbyyak: Yeohere Memaxeypucmuykux anzopumama y orl-
mumu3auyujy mexuHa memode TOPSIS omoeyhasa adanmus-
HO U noyslaHuje paHaupare kaHOuGama, Yume ce AornpuHocu
passojy UHmesiu2eHmMHUX cucmemMa 3a cesiekyujy eosaqa u yHa-
npeherny 6e3bedHocmu y caobpahajy. [obujeHu pe3ynimamu
nomephyjy da ce npasunHum u3bopom yHKUUje yurba u ar-
eopumma onmumusauyuje mcxe nocmuhu 3HamHo nobosblware
mayHocmu moderna.

KmbyyHe pedu: TOPSIS, memaxeypucmuke, GA, ACO, ABC, F1-
score, AUC, Vienna Test System, suweKkpumepujyMcKko 005y4u-
8ame.
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Abstract:

Introduction/Purpose: In this paper, a modified enriched version of the
classical Browder-Goéhde-Kirk fixed point theorem in the setting of uni-
formly convex Banach spaces was proposed. This work aimed to ex-
tend fundamental fixed-point results to broader classes of mappings,
contributing to the ongoing development of fixed-point theory and its ap-
plications in nonlinear analysis.

Methods: A modified enriched asymptotically nonexpansive mappings
was introduced and analytical techniques from functional analysis and
metric fixed-point theory were employed. This study leverages the ge-
ometric properties of uniformly convex Banach spaces to establish new
existence and convergence results.
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Results: Several key theorems extending the Goebel—Kirk fixed point
theorem for modified enriched asymptotically nonexpansive mappings
were proved. The results demonstrated the existence of fixed points un-
der weaker assumptions, generalizing classical outcomes in this frame-
work.

Conclusions: The findings provided a significant advancement in fixed-
point theory, particularly for enriched mappings in uniformly convex Ba-
nach spaces. These results have potential applications in nonlinear anal-
ysis.

Key words: uniformly convex Banach spaces, nhonexpansive map, con-
vex set, fixed point

Introduction

As a fundamental principle of nonlinear analysis, fixed point theory finds
remarkable applicability in mathematics and its applications, including opti-
mization, game theory, and differential equations. A classical result in this
topic is the Browder-Gohde-Kirk fixed point theorem which guarantees ex-
istence of fixed points of nonexpansive mappings on uniformly convex Ba-
nach spaces. This theorem has been improved and extended by weaken-
ing its assumptions or generalizing its range of applicability to larger classes
of mappings over the years.

Several researchers have expanded upon the idea that a continuous
mapping on a convex set that fulfills a restricted Lipschitz condition must
also be Lipschitz continuous (see (Matkowski, 2007)). Many generaliza-
tions of the Browder-Géhde-Kirk theorem have been established on the ba-
sis of this observation (Browder: (Browder, 1965), Gohde: (Gohde, 1965),
Kirk: (Kirk, 1965), and see also (Granas & Dugundji, 1982), (Goebel &
Reich, 1984), (Reich, 1976), (Reich, 1980)).

Two extensions of the Browder-Goéhde-Kirk theorem were shown in
(Matkowski, 2022). The first one says that if a mapping T satisfies a non-
linear Lipschitz-type inequality, there is a fixed point. The second result
claims that if T" is continuous and there exists a positive sequence (¢,,) of
real numbers converging to zero and such that this implication holds for
every n € N and u,v € C, then there exists a fixed point of 7. This work
helps to highlight the link between contractive mappings and fixed point
theorems.

Recently, Berinde (Berinde, 2019, 2020) has extended the literature re-
lated to Banach space by introducing enrichments to mappings of con-
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tractive types. Enriched contractions (Berinde & Pacurar, 2020) refer to
self-mappings T' on the structure U of a normed linear space (U, || . ||).
These mappings adhere to a symmetric contraction condition, expressed
as [ b(u—v)+Tu—Tv||<6 | u—wv]|,whered c[0,b+1)andb < [0,0),
for each u,v € U. Undoubtedly, the category of enriched contractions is
more extensive, encompassing not only the conventional Banach contrac-
tions (where b = 0) but also incorporating Lipschitz-type and nonexpansive
mappings. The broader scope of the enriched contraction, which is an
extension of Banach contractions, reinforces the assertion that within the
Banach space context, a fixed point z* is guaranteed to exist, and the Kras-
noselskij iteration offers an approach to approximate the fixed point. This
assertion has been substantiated by Berinde and Pacurar (Berinde & Pacu-
rar, 2020). Recent years have seen an increasing interest in expanding the
theory of enriched type contractions (Rawat et al., 2023).

Recently, Anjum and Abbas (Anjum & Abbas, 2024) analysed it and
concluded that the idea of enriched nonexpansive mappings needs further
reconsideration, because it coincides with the concept of nonexpansive
mappings. Working in this direction, they defined a modified class of en-
riched nonexpansive mappings, and gave some fixed point results.

These developments emphasize how important it is to expand the scope
of classical fixed point theorems to include more extensive contractive con-
ditions. Our study expands on these discoveries by putting forth a brand-
new enriched contractive framework that consolidates and generalizes a
number of earlier findings, strengthening our knowledge of fixed point the-
ory and its uses.

In this paper, we will generalize the Browder-Géhde-Kirk theorem by
providing an enriched version of the contractive condition. Our generaliza-
tion increases the usefulness of the theorem without overhauling its core
structure. In particular, fixed point results are obtained under enriched
Lipschitz-type conditions, which allows us to provide a much broader set-
ting to examine nonexpansive and related classes of operators. This re-
finement is motivated by recent progress in the theory of metric fixed points,
where more general and powerful results have been obtained by relaxing
strict contractive assumptions.

Preliminaries

In this section, we give some preliminary results for subsequent use.
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DEFINITION 1. Let (U, ||.||) be a real normed vector space. It is called uni-
formly convex, if there is some § > 0 for every ¢ € (0,2], such that
|z — y|| > € implies that || “£¥|| < 1 — & for any two vectors u,v € U with
[ull = ol = 1.

The fixed point theorem given by Browder, Gohde and Kirk is stated as
follows.

THEOREM 1. Let U be a uniformly convex Banach space and T : C — C be
a nonexpansive mapping, where C is a non-empty, bounded, convex and
closed subset of U. Then T has at least one fixed point in C.

In (Berinde, 2019), Berinde generalized the scope of nonexpansive
mappings by introducing and analysing a new set of mappings called the
set of enriched nonexpansive mappings.

DEFINITION 2. Let (U, ||.||) be a normed linear space and T : U — U be a
mapping. If there exists b € [0, 00) so that

1o(w —v) +Tu—To|| < (b+1)||lu—v]|,Vu,veU, (1)
then T is known as an enriched nonexpansive mapping.

The set of enriched nonexpansive mappings is strictly bigger than the
set of nonexpansive mappings, according to (Berinde, 2019). In fact, the
concept of a nonexpansive mapping is obtained when b = 0 is specified in

(1).

ExampPLE 1. Consider a self-mapping T on R such that

T(u)=—-+

N

u
2
Forb =1, we get
3
[b(u =)+ Tu—To|l = u—v+5 = 5] = Sllu—vl.

Thus, T satisfies (1) with b = 1 and is an enriched nonexpansive mapping,
but not necessarily nonexpansive.

REMARK 1. (Berinde & Pacurar, 2020) Let U be a normed space space and
T be a self-mapping on U, then an averaged mapping 7, for any A € (0,1)
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is obtained by
Thu=(1—Nu+ A\Tu,Vu € U. (2)

Moreover,
Fiz(T\) ={ueU:T\u=u}={uecU:Tu=u} = Fiz(T). (3)

The b-enriched nonexpansive condition can be reformulated as a non-
expansive mapping condition, as demonstrated by the authors in (Anjum &
Abbas, 2024). Thus, the writers made the following changes to the defini-
tion.

DEFINITION 3. Consider a normed space (U, ||.||) and a mappingT : U — U.
If for some b € [0, +00) the following condition holds

Ib(w —v) + Tu —Tv|| < ||Ju—vl|,Vu,veU,
then T is called a b-modified enriched nonexpansive or modified enriched

nonexpansive mapping.

This refined condition ensures a stronger form of contraction, leading to
the next fixed point theorem.

THEOREM 2. Let T : U — U be a modified enriched nonexpansive mapping
with b # 0, where (U, ||.||) is a Banach space. Then
1. Fiz(T) = {u*}.
2. X\ € (0,1) exists such that, for any initial guess uy € U, the Krasnosel-
Skii iteration related to T', namely the sequence {u,,}°°,, provided by
Unt1 = (1 = Nuy + ATu,,n > 0, converges to u*.

DEFINITION 4. Let U be a Banach space and C C U. A transformation T :
C — C is known as an asymptotically nonexpansive if for every u,v € C,

| T~ T'ol| < Liu — oll, wweC,

where {L;} is a sequence of real numbers satisfying lim L; = 1.
1—>00

In (Kirk, 1965), Goebel and Kirk proved the following result.

THEOREM 3. Let U be a uniformly convex Banach space and T be an
asymptotically nonexpansive self-mapping on C, where C C U is a
nonempty, convex, bounded and closed set. Then T has a fixed point.




Main results

LEMMA 1. Let U,V be normed spaces, T : C — V be a mapping where
C C U is aconvex set, b € [0,00) and a real function 3 : (0,00) — [0,00)
such that

16(w —v) + Tu — To|| < B(|lu — o)), (4)

for all u,v € C' and u # v. If

lim sup @ < 400, ()
t—0+ t
then
Ib(w —v) +Tu—Tv| < L||ju —v|, u,v € C, (6)

where lim inf @ = L.
t—0+

Proof. Taking A = =, we get b = 152, using which (4) reduces to
(1 =X (u—v)+ ATu— XTv|| < AB(||lu—v]),
that is,
[Tau = Tyl < AB(Jlu —vl]), (7)

where Thu = (1 — Au + AT u.
Clearly, T is continuous from equations (5) and (7). Also, from equation
(5), for fixed x,y € C with = # y and € > 0, there exists ¢, > 0 such that

ﬁit) < L+e forallte (0,t] ©)

and define n(e) = ”“t;””
Now, define the sequence {z;} as follows:

o = (1-%)%7121)@, k=0,1,...,n(c).

Since C is convex, there exists z;, € C for all k. Moreover,

1
| 2kr1 — 2kl = @Hu —v| € (0,t], forallk=0,...,n(e) — 1.
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Also 29 = u, 2,() = v, and

lu —v]| = Z 1241 — 2.

Using the triangle inequality and condition (7), one obtains

HT)\U — T,\UH = (T)\Zk - T)\Z’k+1)
k=0
n(e)—1
< Tz — Trzk41]|
k=0
n(e)—1
< B(llzk — zk+1ll)
k=0
"]
<) 5 ( - )
n(e)
k=0

< An(e)B (”“‘”)

<oz +o (121)

=AML+ €)]lu—vl].

Taking € — 0 in the inequality above, one obtains
IThu — Thv|| < AL||u —v||.
This further implies

(1 =X (u—v)+ ATu— ATv|| < AL|lu — v
|b(w —v) +Tu —Tv| < Llju — v].

This concludes the proof.

LEMMA 2. Let U, V be real normed spaces and T : C — V be a continuous

O]

mapping, where C C U is a bounded convex set. If there exists some




b € [0,00) , @ non-negative real L and two positive sequences (c,), (t,)
satisfying

lim ¢, = L and lim t, =0,
n—oo n—oo
so that for all u,v € C andn € N,
lu—vl| <tn = [b(u—v) +T(u) = T(V)[| < cntn, (8)
then T satisfies
Ib(w —v) +Tu —To| < L|ju —vl||,u,v € C.

Proof. Taking A = 7=, we get b = 152, using which (8) reduces to

(1= X)(u—v) + XTu— NTv|| < Aepty,
that is,
lu—v] <t, = [|[Thu—Thv| < Aceptn, 9)

where Thu = (1 — Nu + AT u.
Let u,v € C such that u # v. Since C is convex and bounded, for any
n € N, define an integer k,, € N such that

(kn — Dtn < [l — || < Entn.

Now define a partition of the segment from « to v into k,, equal parts

k k
2z =(1— k—)u + U fork=0,1,2,..., k,.

Then each z;, € C by convexity, and || 211 — 2| = éHu—vH < t,, equation
(9) implies that || Thzr11 — Thzi|| < Aentn.
Also zy = u, 2z, = v, and

H 1= (1=t )y s Bl
2k, —1 — V|| = o u o v—v

1
:k—Hu—vH < tp. (10)

Using the triangle inequality and condition (9), one obtains

kn—2

1T — Tyl = || Y (Thze — Tazksr) + (Tazp, -1 — Thv)

k=0
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kn—2

< Tk — Tozkat || + [ Taze, 1 — Tav
k=0
k,—2

< Y Aeatn + [ Tazk, -1 — Tav
k=0

= )\Cntn(kn — 1) + HT)\an—l — T)\’UH. (11)

Now, from (10), we obtain |z;,_1 — v|| < t,. Therefore, we have
h_)m llzk,—1 — v|| = 0 and, in view of the continuity of T, li_)m T2k, -1 —
T\v|| = 0. Also, taking into account that (k,, — 1)t,, < ||u — v||, from (11) on
taking n — oo, one obtains

I Thu — Thv|| < AL||lu —v||.
This further implies

(1 =X (u—v)+ ATu— ATv|| < AL|lu — v
|b(w —v) +Tu —Tv| < Llju — v].

This concludes the proof. O

LEMMA 3. Let U, V be real normed spaces andT : C — V be a continuous
mapping, where C C U is a bounded convex set. If there exist a non-
negative real L, some b € [0,00), a function 5 : (0,00) — [0,00), and a
positive sequence (t,,) of real numbers with nli_)ngo t, = 0 and satisfying

lim B(tn)

n—oo  ty,

=1L,

so that for all u,v € C andn € N,
[u—vl| =tn = [[bu—v) +Tu—To|| < B(|lu—vl),
then T satisfies
|b(u —v) + Tu — Tv|| < Liju — v, u,v € C.

Proof. Taking ¢, = M we obtain hm ¢, = L. As for every n € N and

u,v e C, [|b(u—v) —|—Tu —Tv|| <p tn) = cpty if [Jlu — v|| = t,, so the result
follows from Lemma 2. O




THEOREM 4. Let U be a uniformly convex Banach space and T be a self-
mapping on C, where C C U is a nonempty, convex, bounded and closed
set. If there exists b € [0, 00) and a function /3 : (0,00) — [0, c0) for which

1b(u = v) + Tu—To|| < B([lu—v]]), u,v € C,u# v,

and
limsup@ < +00, liminf@ =1,
t—0+ t—0+t
then,
1. Fiz(T) # 0.

2. Forb € (0,00) the fixed point is uniquely determined. Moreover, \ €
(0, 1) exists such that, for any initial guess uy € U, the Krasnoselskii
iteration related to T', namely the sequence {u, }° ,, provided by

Unt1 = (1 = Nup + ATup,n > 0, (12)
converges to u*.
Proof. Applying Lemma 1 with L = 1, we get
|b(u —v) +Tu—To| < |lu—2|, uveC.

Setting A = 51, we derive b = 152, which leads to

[Thu = Toyll < Mu—vl, uveC.

Ifb € (0,00), i.e. A < 1, then this indicates that the averaged operator
T, satisfies the Banach contraction principle. The Krasnoselskij iterative
sequence {u,}°° ), defined by (12), coincides with the Picard iteration for
T/\, i.e.,

Upy1 = ThUp, n >0. (13)

Since T), is a Banach contraction mapping on U, where U is a Banach
space, the Banach fixed-point theorem guarantees that T, has a unique
fixed point, denoted by u* € U, and the Picard iteration related with T}, as
defined in (13), converges to u*. Also, if A = 1, then T}, is a nonexpansive
mapping, so from the Browder-Gohde-Kirk fixed point theorem T, has a
fixed point. Furthermore, from equation (3), we conclude that T" also has a
fixed point. O
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EXAMPLE 2. Let the sets U = V' = R with the norm ||.||, C = [0,1] and b = %
Define a function 7' : C' — C' as follows

()= 3,

where u € C. Now, for any two u,v € C, T'(u) = § and T'(v) = 5. So,

[

1 U v
|b(u —v) +Tu—Tv|| = H2(u—v)+2—2

= [I(u =)l

Now, on defining 5(t) = t, we obtain

16(u = v) + T(u) = T(v)|| < B([lu = vl)-

Also, lim sup @ = 1, and lim inf @ = 1. Clearly, all the assumptions of
t—0+ t—0-+

the theorem are satisfied and therefore, v = 0 is a unique fixed point of T'.

THEOREM 5. Let U be a uniformly convex Banach space and T be a continu-
ous self-mapping on C, where C C U is a nonempty, convex, bounded and
closed set. If there exists some b € [0, 00), a function 3 : (0,00) — [0, 00)
and a sequence of positive real (t,), nh_{%o t, = 0 satisfying the condition

lim B(tn)

n—oo  t,

=1,

so that for all u,v € C and for every n € N,
lu—vl| =tn = [|b(u—v) +T(u) = T(v)|| < B([lu—vl]),

then,
1. Fix(T) # 0.

2. for b € (0,00) the fixed point is uniquely determined. Moreover, \ €
(0, 1) exists such that, for any initial guess uy € U, the Krasnoselskii
iteration related to T', namely the sequence {u, }°° ,, provided by

Unt1 = (1 — Nup + ATup,n > 0, (14)

converges to u*.




Proof. Applying Lemma 2 with L = 1, we get
Ib(w —v) + Tu —Tv|| < ||lu—v|, u,veC.

Setting A = 515, we derive b = 152, which leads to

[Txu = Tyoll < Allu = oll,  u,ved.
If b € (0,00), i.e. A < 1itindicates that the averaged operator T), satis-

fies the Banach contraction principle. If A = 1, then T) is a nonexpansive
mapping. The rest of the reasoning is same as of Theorem 4. O

Now, we define modified enriched asymptotically nonexpansive map-
ping in a Banach space U.

DEFINITION 5. Let C be a subset of a Banach space U. A transformation
T : C — C is said to be modified enriched asymptotically nonexpansive if
for some b € [0, 00) and for each u,v € C,

1b(w — ) + T'u — T"|| < Lillu — ||, u,v€C,
where {L;} is a sequence of real numbers satisfying lim L; = 1.
1—r 00
THEOREM 6. Let C be a nonempty, convex, closed and bounded subset of a
uniformly convex Banach space U, and T : C — C' be a modified enriched
asymptotically nonexpansive. Then

1. Fiz(T) # 0.

2. forb € (0,00) the fixed point is uniquely determined. Moreover, \
(0,1) exists such that, for any initial guess uy € U, the Krasnoselskii
iteration related to T', namely the sequence {u, }>,, provided by

Unt1 = (1 = Nup + ATup,n > 0, (15)
converges to u*.

Proof. Setting A = 1, we derive b = 152. So the modified enriched

asymptotically nonexpansive condition reduces to

(1= A)(u — v) + AT — AT < ALg|ju — 0],

| Thu — Tio|| < ALiflu =, u,veC.
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Now, since lim L; = 1, therefore lim AL; = A < 1. Ifb € (0,00),then A < 1
1—00 1—00

which indicates that for i large enough, the averaged operator Tj satisfies

the Banach contraction principle. If b = 0, then A = 1 which indicates

that for i large enough, the averaged operator T} satisfies the Browder-

Gohde-Kirk fixed point theorem. The rest of the reasoning is the same as

of Theorem 4. O

REMARK 2. Also note that if lim L; < 1, then also Ti satisfies the Banach

1—00

contraction principle, i.e. Ty has a unique fixed point. Furthermore, from
(3), we conclude that T" also has a unique fixed point.

THEOREM 7. Let U be a uniformly convex Banach space and T be a self-
mapping on C, where C C U is a nonempty, convex, bounded and closed
set. Assume that T is a modified enriched nonlinear asymptotically nonex-
pansive mapping, i.e., for all i € N, a function 3; : (0,00) — (0, 00) exists,
such that

1b(u = v) + T — T < Bi(lu — o), u,0 € Cyu £ v,

and

lim sup fit) < 400 and liminf Bz—(t) =L;i €N,
t—0+ t—0+ t
where the sequence (L;) converges with lim L; < 1. Then
11— 00
1. Fix(T) # 0.

2. forb € (0,00) the fixed point is uniquely determined. Moreover, \
(0,1) exists such that, for any initial guess uy € U, the Krasnoselskii
iteration related to T', namely the sequence {u, }>,, provided by

Upt1 = (1 = Nup + ATup,n > 0, (16)

converges to u*.

Proof. Using Lemma 1 with 7 in place of T', and L; in place of L, for every
1 € N, we get

16(u — v) + T'u — T'|| < Li|lu — ||, u,v € C. (17)

Now if lim L; = 1, then clearly T" is a modified enriched asymptotically

1—00

nonexpansive mapping as given in Definition 5. So, from Theorem 6 the
results follow. If lim L; < 1 then from Remark 3.7, the results follow. O

1234



THEOREM 8. Let U be a uniformly convex Banach space and T be a con-
tinuous self-mapping on C, where C' C U is a nonempty, convex, bounded
and closed set. Suppose, for all i € N a function (; : (0,00) — (0,00) and
a sequence (t;, : n € N) with nlggo tin = 0 exists, satisfying the condition

lim
n—oo

so that for all z,y € C and for every n € N,
lu =l = tin = [|b(u—v) +T"(u) = T'(0)|| < Bi[lu = v]), i € N.

IfL=1im L; <1, then

1— 00

1. Fix(T) # 0.

2. for b € (0,00) the fixed point is uniquely determined. Moreover, \ €
(0,1) exists such that, for any initial guess uy € U, the Krasnoselskii
iteration related to T', namely the sequence {u, }>° ,, provided by

Unt1 = (1 — Nup + ATup,n > 0, (18)

converges to u*.

Proof. Based on Lemma 3, the mapping 7" satisfies
b(w — v) + T — T < Lil|u —v]|, foralli e Nand u,v € C.  (19)

Now if lim L; = 1, then clearly T" is a modified enriched asymptotically
11— 00

nonexpansive mapping as given in Definition 5. So, from Theorem 6 the

results follow. If lim L; < 1 then from Remark 3.7, the results follow.  [J

1—00
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O moandukoBaHum oboraheHuM Bep3auvjama Browder-Gohde-
Kirk Teopeme HenokpeTHe Tadke

[JusjaHwy Yamonn?®, [llusam Pasat® ayTop 3a npenucky, MoHuka

Buwt",

P.C. Oumpn®

@ YHuBepauteT H.N.B. Mapean, WpuHarap Mapsan, YTapakxaHg,
246174, Unawnja

6 Katenpa 3a matematyiky, YHuBepauteT Graphic Era (ca ctaTycom
.LDeemed to be*), lexpaayH, YTapakxaHg, 248002, Nnauja.

Y4 KaTtegpa 3a matematuky, YHuBepauteT Graphic Era Hill, expaayH,
YTapakxaHg, 248001, UHguja.

OBNACT: matemaTtuka
KATETOPWJA (TWIM) YUNAHKA: opurMHanHun HayyHu paa

Caxemak:

Yeod/uurb: Y pady ce npednaxe modugpukogaHa obozaheHa
eepsuja knacu4He Browder-Géhde-Kirk meopeme HerokpemHe
mauke y oKeupy yHUGOPMHO KOHBEKCHUX BaHaxosux npocmopa.
Hurb pada je npowupere OCHOBHUX pe3ysimama O HeNnokpem-
HUM maykama Ha wupe Krace rpecriukasara 4yume ce 00rnpu-
HOCU KOHMUHYUPaHOM Pa3eojy meopuje HernokpemHe madke u
HEHUM rpuUMeHama y HellUHapHOJ aHanu3u.

Memode: YeedeHa cy modugpukosaHa obozaheHa acumnmom-
CKU HeeKcraH3usHa rpecriukasama, a KopuwheHe cy aHanu-
muyke mexHuke yHKUUOHaIHe aHau3e u Mempuyke meopuje
HernokpemHe madke. 080 ucmpaxusare Kopucmu 2eoMempuj-
CKe ocobuHe yHUGOPMHO KOHBEKCHUX baHaxosux npocmopa 3a
ycrnocmassbarbe HO8UX pesyrimama O 1ocmojarby U KOH8epaeH-
yuju.

Pesynmamu: [Joka3aHO je HEKOUKO KIby4YHUX meopema Koje
npowupyjy Goebel-Kirk meopemy HernokpemHe madke 3a Modu-
uxkosaHa obozaheHa acumMnmomCKU HeeKcraHaugHa npecru-
Kaearwa. Pe3ynmamu nokasyjy nocmojaHs-e HernoKpeHmHuUx ma-
Yaka rnod cnabujum npemmnocmaskama, 2eHepanu3ayjyhu knacuy-
He ucxo0e y 080M OK8UPY.

Bakmpyuyu: [obujeHu pedynmamu rnpedcmassbajy 3HadajaH Ha-
npedak y meopuju HernoKpemHe madke, Hapo4yumo Kada je ped
0 0boeaheHuUM npeciukagaruMa y yHUGOPMHO KOHBEKCHUM ba-
Haxosum ripocmopuma. Osu pesynmamu mMo2y ce npumMeHuUmu
Y HenuHeapHoj aHanu3su.
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Krby4He peyu: yHUGOPMHO KOHeekcHU BaHaxoeu npocmopu,
HEeeKCrnaH3UBHO Npec/uKagame, KOHBEKCHU CKyrl, HeroKpemHa
mayka
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Abstract:

Introduction/Purpose: This study introduced the concept of a prime ideal-
based unit graph associated with a commutative ring R. In this graph, the
vertices consisted of units of R that were not contained in a chosen prime
ideal I, and two such vertices were considered adjacent if their difference
belonged to 1. The aim was fo investigate the structural, algebraic, and
topological properties of this graph and examine the algebraic implications
of various graph-theoretic invariants.

Methods: The construction of ideal-based unit graphs was carried out
using the ring Z,, where units excluded from the chosen prime ideal
formed the vertex set. The adjacency between two vertices was
determined by whether their difference lay in the ideal. The analysis
involved computing several topological indices including the Zagreb
indices, Wiener index, Arithmetic-Geometric index, Harmonic index,
Estrada index, and graph energy. Adjacency matrices and graphical
visualizations were employed to understand structural complexity and
connectivity.

Results: It was observed that the structure of the resulting graph
depended significantly on both the modulus n and the nature of the
selected ideal. Smaller ideals produced graphs with higher connectivity,
while larger ideals led to sparser or disconnected graphs. The calculated
indices reflected patterns in symmetry, degree distribution, and distances,
revealing deeper algebraic characteristics.

Conclusions: Prime ideal-based unit graphs provided a novel approach to
studying the interaction between ring-theoretic and graph-theoretic
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concepts. The findings contributed to potential applications in
mathematical chemistry, secure communications, and theoretical
computer science.

Keywords: units, ideals, topological indices, commutative ring.

Introduction

Graph theory serves as a powerful tool to model and analyse
relationships between algebraic structures, providing a visual and
structural framework that bridges abstract mathematics with concrete
representations. Among its numerous applications, the study of graph
representations of commutative rings has garnered significant interest.
These representations including zero-divisor graphs introduced by
Anderson and Livingston (Anderson et al., 2011, pp. 23-45) and unit
graphs studied by Sharma and Bhatwadekar (Sharma & Bhatwadekar,
2009, pp. 124 -127). Since then, various graphs such as annihilating-
ideal graphs (Behboodi and Rakeei, 2011, pp.741-753), Cayley graphs
(Abdollahi, 2008; Akhtar et al., 2009) total graphs (Akbari et al., 2009,
pp.2224-2228; Asir & Chelvam, 2013, pp. 3820-3835), and unit graphs
(Ashrafi, 2010, pp.2851-2871; Ramaswamy & Veena, 2009, pp.N24-
N24) have been extensively studied.

Building on this foundation, this paper focuses on a novel graph
construction known as the ideal-based unit graph, denoted as G;(R). This
graph is built using the set of units of a commutative ring R and a chosen
ideal I. Unlike the zero-divisor graph which emphasizes the multiplicative
annihilation of elements, or the unit graph which focuses on the additive
properties of all units, the ideal-based unit graph incorporates the
influence of ideals to define adjacency. This approach opens new
avenues for exploring the interplay between ideals and the unit structure
of a ring.

Motivation and context

The ideal-based unit graph G;(R) captures the interplay between the
additive and multiplicative structures of a ring through a chosen ideal |,
highlighting how units interact modulo /. This framework enables the
application of graph-theoretic invariants for computational analysis of
ring-theoretic properties.

Objectives of the study

The ideal-based unit graph G;(R) is rigorously defined by its vertex
set and adjacency relation, reflecting how elements of a ring interact
modulo an ideal /. Its structural features such as connectivity, diameter,




and girth are analyzed, along with topological indices to quantify the
graph’s properties numerically.

The study of G;(R)incorporates the computation and analysis of
topological indices, numerical invariants that reflect the graph's structural
characteristics, specifically indices such as the Zagreb indices introduced
by Gutman and Trinajsti¢ in (Gutman & Trinajsti¢,1972, pp.535-538) the
Wiener index extensively researched within chemical graph theory
(Wiener, 1947, pp.17-20) and the Estrada index developed by Estrada
(Estrada, 2000, pp.713-718). Through this analysis, quantitative
acumens into the graph's complexity, symmetry, and connectivity are
obtained.

In the subsequent sections, G,(R) is rigorously defined, its properties
are explored, and meaningful topological indices are computed, thereby
showcasing the intricate interplay between algebraic and graph-theoretic
concepts.

Materials and methods

The ideal-based unit graph G;(R) uses the units of R as its vertices
but excludes those lying within the ideal I. Two vertices are considered
adjacent if their difference lies in the ideal I. This definition captures the
interaction of units with respect to I, yielding a graph that is sensitive to
the algebraic properties of R and the structural role of I. To interpret this
definition and its implications, a formal construction and an illustrative
example using the ring Z,, and the integers modulo n is provided. The
ring Z,, serves as a particularly instructive example due to its finite nature
and a well-defined unit group.

DEFINITION 1. Let R be a commutative ring with unity, and let I be
an ideal of R. The ideal-based unit graph is a graph constructed using the
algebraic structure of R filtered through its unit group U(R) and the
chosen ideal I. This graph provides a novel way to study the interplay
between the ring’s unit structure and its ideal. The vertices of G;(R) are
defined as the units of R that do not lie in the ideal I.

That is, V(G;(R)) ={u € U(R) | u ¢ I}, where U(R) represents
the set of all units (invertible elements) in R. This restriction ensures that
the graph reflects the relationship between units under the influence of I,
excluding any units directly contained within 1.

Two distinct vertices u,v € V(G;(R)) are adjacent if and only if
their difference belongs to the ideal I. That is, {u,v} € E(G;(R)) & u-—
v € I. This adjacency condition establishes a connection between the
units based on the additive structure of R as mediated by I.
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Theoretical significance

The choice of an ideal I is vital because ideals have unique
properties that influence the graph structure. An ideal restricts the
differences u — v to a subset of R, providing a combinatorial perspective
on the ring’s additive relationships (Lambek, 2009; Stanley, 2007). Since
I is , it avoids trivial containment of non-units, ensuring that the graph
captures meaningful connections between distinct units. This
construction connects the algebraic properties of R with graph-theoretic
structures, creating a bridge between commutative algebra and
combinatorics (Yap, 2000).

Construction for Z,,

To illustrate the concept of G,(R), consider the specific case where
R = Z,, the ring of integers modulo n, and I is an ideal of Z,. The units
U(Z,) are the integers a € Z,, that are co- to n. These elements satisfy
gcd(a,n) = 1 and have multiplicative inverses modulo n. For Z,,, an ideal
I = (d) is generated by a divisor d of n. If d is, I = (d) ={0,4, 24, ..., (n/
d —1)d}.
The vertices are the units of Z,, that are notin I. Thatis V(G;(Z,)) ={u €
U(Zn) | u ¢ I}. Two distinct units u,v € V(G;(Z,,)) are adjacent if u —v €
I. This means u — v is a multiple of d. For example, the graphs of
G,(Zyy) and G4(Z1,5) are depicted in the following figures, Figure 1 and
Figure 2, respectively.

Figure 1 — Graph for G,(Z4g) Figure 2 — Graph for G¢(Z,,5)




Main results

In this section, the key structural and graph-theoretic properties of
the ideal-based unit graph G;(R), including its finiteness, connectivity,
diameter, and girth, are investigated.

PROPOSITION 1. If R/I is finite, then the graph G;(R) has a finite
number of vertices. Specifically, the size of the vertex set is given by
1V(GR)I=IUR) I =IUR)NT |

Proof. To establish this result, recall that the vertex set
V(G;(R))consists of all units of R that do not belong to the ideal I. That
is, V(G;(R)) ={u € UR) | u & I}.

Here, U(R) represents the set of all units in R, and UR)NnI
represents the subset of these units that also belong to the ideal I. Since
R/I is assumed to be finite, the set U(R) must also be finite, as it is a
subset of the ring R. Consequently, U(R) n [ is finite as well.

The number of vertices in the graph is simply the total number of
units in R minus the number of units that belong to I. This gives the
result,

V(G,(R) I=IUR) I =IUR) NI

Thus, the finiteness of R/I ensures the finiteness of G;(R),
completing the proof.

EXAMPLE 1. Consider the ring Z, = {0,1,2,3,4,5} units of Z,, which
are the elements with multiplicative inverses, are {1,5}. The ideal I = (2)
consists of the multiples of 2 in Zg, which are {0,2,4}. Notably, there are
no units within the ideal I. Using the above proposition 3.1, the size of
the vertex set of the graph G,(Z;) as 2 — 0 = 2.

THEOREM 1.The graph G;(R) is connected if and only if, for any two
vertices u,v € V(G;(R)), there exists a finite sequence of vertices u =
Ug, Uq, ..., U = v such that u; — u;,, €I for all i.

Proof. To prove this result, it is necessary to show that the existence
of such a sequence is sufficient for connectivity. By the definition of
adjacency in G;(R), two vertices u and v are directly connected by an
edge if u —v € 1. For the vertices u, v that are not directly adjacent, the
existence of a sequence u = ug, u4, ..., U, = v, where u; —u;,.4 €1 for all
i, ensures a path connecting u and v. Therefore, if such sequences exist
for all pairs of vertices, the graph is connected.

Conversely, assume that G,(R) is connected. This implies that for
any u,v € V(G;(R)), there must exist a path between them. A path is a
sequence of vertices u = ug, uy, ..., u, = v such that u; is adjacent to u; +
1 for all i. By the definition of adjacency, this implies u; —u;,, € I for all i.
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Hence, the existence of such a sequence is a necessary condition for
connectivity.

Thus, G,(R) is connected if and only if every pair of vertices can be
connected by a sequence satisfying the stated condition, completing the
proof.

EXAMPLE 2. Consider the ring Z,, = {0,1,2, ...,19} The units of Z,, which
are the elements coprime to 20, are {1,3,7,9,11,13,17,19}.The ideal I =
(5) consists of the multiples of 5, specifically {0,5,10,15}. Thus, the vertex
set of the graph G5(Z,,) is V(Gs(Z,0)) ={1,3,7,9,11,13,17,19}, as these
are the units not in the ideal I. To determine connectivity, consider the
vertices u =1 and v =19. A possible sequence connecting them is
(1,11,19) where the differences satisfy 1 —11=—-10€ 1, but 11 - 19 =
—8 & I. Since no complete path exists connecting u = 1 and v = 19 such
that all differences belong to I, the graph G5(Z,,) is not connected. This
lack of connectivity extends to other pairs of vertices, as similar
interruptions occur in potential paths. This example illustrates how the
structure of G;(R) depends on the interplay between the units and the
ideal in higher-order rings.

THEOREM 2. If I # (0), the diameter of G;(R), denoted diam(G;(R))
satisfies the inequality diam(G;(R)) < 3.

Proof. The diameter of a graph is the maximum distance between
any two vertices, where the distance d(u, v) is the length of the shortest
path connecting u and v. In G;(R), adjacency is defined by the condition
u—vel.

If u,v € V(G;(R)) are directly adjacent (i.e., u — v € I), then d(u,v) =
1. For the vertices u, v that are not directly adjacent, there exists a vertex
w € V(G,;(R)) such that u —w € I. In this case, the path u > w - v has
length 2, implying d(u, v) = 2.

In certain configurations, a third vertex x may be required to connect
u and v, resulting in a path u »x -»w - v of length 3. Hence, the
maximum distance between any two vertices in G;(R) is at most 3. This
establishes the result that diam(G;(R)) < 3.

EXAMPLE 3. In the ring Z;, =1{0,12,..,35} the units are
{1,5,7,11,13,17,19,23,25,29,31,35}, as these elements are co-prime to 36.
The ideal I = (4) consists of multiples of 4. The graph G,(Z;4) has the
vertex set V(G,(Z36)) = {1,5,7,11,13,17,19,23,25,29,31,35},  which
excludes the units contained in I. To verify the diameter, consider the
vertices 1 and 29. These are not directly connected, but a path can be
formed through intermediate vertices. For example, 1 -7 - 19 -» 29 is a




valid path where the differences 1—-7=-6€1,7—-19=-12€ 1, and
19 — 29 = —10 € I. This path has a length of 3, and since no shorter path
exists between 1 and 29, the graph's diameter is diam(G,4(Z3¢)) = 3. It
can be seen in Figure 3.

w’”

o
Figure 3 — A path of length 3 in G4(Z3)

THEOREM 3. The girth of G,;(R), defined as the length of its
shortest cycle, is at least 3. If G;(R)contains no cycles, its girth is infinite.

Proof. A cycle in G;(R) is a sequence of vertices u,, u,, ..., u; such
that uy = u, and w;- y; +1 €1 for i =1,2,...,k — 1. The length of the
cycle is k. By definition, a cycle must involve at least three distinct
vertices, as a two-vertex cycle would violate the condition that the
vertices are distinct.

If G;(R) contains no cycles, then by convention, its girth is infinite.
Otherwise, the shortest cycle must have a length of at least 3. This
establishes the result.

EXAMPLE 4. Consider the ring Zg = {0,1,2,3,4,5,6,7} where the
units are {1,3,5,7} with I = (2) . The vertex set of V(G;(Zg)) =
{1,3,5,7}. A cycle of length 3 is formed with the vertices 1 -3 -5 - 1,
where each difference between connected vertices belongs to I. For
instance, 1—3=-2€[,3—5=-2€l, and 5—1=4€]. This
confirms the girth of the graph is 3.

THEOREM 4. The vertex set of G;(Z,) is a subset of the unit group
U(Z,). Thatis, V(G;(Z,)) € U(Z,).

Proof. The unit group U(Z,,) consists of all integers in {1,2,...,n —
1} that are co- to n. The vertices of G;(Z,,) are chosen from Z,, such that
their adjacency depends on membership in the ideal (d). Particularly, a
vertex u € Z,, can only be included if it is a unit, as non-units cannot

pp. 1239-1264

Rajkumar, V. et al., Topological indices and structural properties of ideal-based unit graphs in commutative rings,



E VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

satisfy the adjacency condition u — v € (d). Since only units u € U(Z,,)
are to be vertices in G;(Z,,), it follows the result.

EXAMPLE 5. Consider Zg ={0,1,2,...,17}The unit group U(Z1g)
consists of all integers coprime to 18: {1,5,7,11,13,17}. The ideal I = (2)
includes {0,2,4,6,8,10,12,14,16}. The vertex set of Gy(Z1g) is
{1,5,7,11,13,17} as all vertices must be units. Adjacency depends on the
ideal I, and vertices like 1,7,13 satisfy adjacency conditions 1 —7 = —6 €
1,7—-13 = —6 € I. Hence, the graph demonstrates that only units form
the vertex set, consistent with the above theorem.

THEOREM 5. The number of vertices in G,(Z,,) is given by
V(G (Z)) |I=p(m)—1UZ,) Nn(d) l,where ¢(n) is Euler's totient
function, and | U(Z,) N (d) | represents the number of units in Z,, that
belong to the ideal (d).

Proof. The number of units in Z,, is given by ¢(n). The ideal (d) €
Z, contains elements {kd | k € Z,}. The intersection U(Z,) N (d)
contains units that are also multiples of d. The vertices in G;(Z,,) are the
units u € U(Z,) that are not in U(Z,,) n (d). This follows the result.

EXAMPLE 6. For the ring Z,;, the unit group isU(Z,,) =
{1,5,11,13,17,19,23,25,29,31,37,41}, containing 12 elements. Euler’s
totient function gives ¢(42)=12. The ideal (7) in Z4, consists of the
elements {0,7,14,21,28,35}. As none of these elements are units, the
intersection U(Z4,) N (7) is empty, and | U(Z4,) N (7) |= 0. Using the
theorem, | V((G7(Z4,)) |1= ¢ (42)—|1 U(Z4;) N (7)1, the number of
vertices is 12—0=12. Consequently, the vertex set of G;(Z4) is
{1,5,11,13,17,19,23,25,29,31,37,41}, and the graph has 12 vertices.

THEOREM 6. Two vertices u,v € V(G,(Z,)) are adjacent if and
only if u — v € (d), that is, the difference u — v is divisible by d.

Proof. By the definition of the graphG,(Z,,) two vertices u,v €
V(G;(Z,)) are adjacent if their difference u — v belongs to the ideal (d).
The ideal (d) consists of all multiples of d. Thatis, (d) ={kd | k € Z,,}.
Hence, u — v € (d) implies that there exists an integer k such that u —
v = kd. Therefore, two vertices u and v are adjacent if and only if u — v is
divisible by d, which establishes the adjacency condition.

EXAMPLE 7. In the ring Z;5 ={0,1,2,...,14} and I = (5) the vertex
set of G5(Z;5) is {1,2,4,7,8,11,13,14} which includes the units of Z,-. The
ideal (5) contains the multiples of 5, specifically {0,5,10}. For adjacency
verification, consider u = 1 and v = 1. Their difference is 1 — 11 = —10,
and since —10 € (5), 1 and 11 are adjacent. Similarly, foru =4 and v =
14, the difference is 4 —14 =—10, and —10 € (5), so 4 and 14 are




adjacent. However, u =1 and v = 4 are not adjacent because 1—4 =
—3 ¢ (5). This illustrates that adjacency depends on the divisibility of the
difference by 5, aligning with the theorem.

THEOREM 7. The graph G;(Z,) is undirected. That is, if u is
adjacent to v, then v is adjacent to u.

Proof. The adjacency condition u — v € (d) implies that u — v = kd
for some k€ Z,. If u—v =kd, then v—u = —kd. Since —kd € (d) (as
(d) is closed under multiplication by integers), it follows that v —u € (d).
Thus, if u is adjacent to v, then v is also adjacent to u, making G;(Z,,) an
undirected graph.

EXAMPLE 8. In the ring Z,, =1{0,1,2,...,19} the unit group is
U(Zy9) ={1,3,7,9,11,13,17,19}. The ideal I = (4) consists of the multiples
of 4, {0,4,8,12,16}. For the graph G4(Z;¢), the adjacency between two
vertices u and v is determined by whether their difference u — v lies in
(4).

Consider the vertices u =1 and v =9. The difference u —v=1—
9 = -8, and since —8 € (4), u is adjacent to v. To check symmetry,
calculate v—u=9-1=28, which also belongs to (4). Hence, v is
adjacent to u, demonstrating that adjacency is mutual. This symmetry
holds for all pairs of vertices in G;(Z,y), confirming that the graph is
undirected, as per the statement of the theorem.

THEOREM 8. The connectivity of the graph G,;(Z,) depends on the
properties of the ideal (d) in Z,.If (d) = (0), the graph G;(Z,) is a
complete graph with ¢(n) vertices.

For d >0, the graph G;(Z,) may decompose into connected
components, with the structure determined by the interaction of d with the
units in Z,,.

Proof. Case 1: (d) = (0)

When (d) = (0) the ideal consists only of 0 in Z,, meaning u —v €
(d) implies u = v. For all pairs u,v € V( G;(Z,,)) the adjacency condition
u —v € (d) is always satisfied, since 0 € (d). This implies that every pair
of the vertices u,v is connected by an edge. As a result, G,(Z,) is a
complete graph with ¢(n) vertices, because the vertex set is precisely
U(Zyn) and | U(Zy) 1= ¢(n).

Case2:d>0

When d > 0, the ideal (d) consists of all multiples of d. That is,
(d)=1{kd | k € Z,}. Two vertices u,v € V( G;(Z,)) are adjacentifu —v €
(d). The divisibility condition creates a partition of the vertex set into
equivalence classes, where u and v are in the same equivalence class if
u — v is divisible by d. The number of connected components and their

pp. 1239-1264

Rajkumar, V. et al., Topological indices and structural properties of ideal-based unit graphs in commutative rings,



E VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

size depend on the interaction of d with U(Zn). If d divides many
differences u — v, the graph is more connected. If d divides fewer
differences, the graph decomposes into multiple connected components.
The connectivity of G;(Z,,) is directly influenced by the ideal (d). That is,
(d) = (0) results in a complete graph with ¢ (n) vertices. d > 0 leads to a
graph whose connectivity and component structure depend on the
divisibility properties of d in Z,,.

EXAMPLE 9. In the ring Z;, = {0,1,2, ...,9} the unit group is U(Z;¢) =
{1,3,7,9}, consisting of 4 elements. When I = (0), the ideal contains only
0, meaning that for any two vertices u,v € V(G4(Z1,)) the adjacency
condition u —v € (0) is always satisfied. Consequently, every pair of
vertices is connected by an edge, and the graph becomes a complete
graph. The graph has | U(Z1y) |= ¢(10) =4 vertices. In this case,
G4(Z10)is a fully connected graph where all vertices form a single
component, demonstrating the scenario when the ideal (d) is trivial.

Topological indices for ideal-based unit graphs

Topological indices are numerical descriptors that capture the
structural properties of graphs. They provide critical insights into graph
complexity, connectivity, and topology, with applications in fields such as
algebraic graph theory, chemistry, and network analysis.

DEFINITION 2. The first Zagreb index (M;) and the second Zagreb
index (M,) provide information about vertex degrees and their
interactions. These indices of a graph G are defined as follows, M, (G) =
Yvev(6) deg(v)* and
My (G) = Yuvierc) deg(w) . deg(v), where {u, v} denotes an edge in the
graph G.

DEFINITION 3. The Wiener Index captures the overall closeness of
vertices in the graph. It is defined as follows W(G) = X v)cve) d(u, v)
where d(u, v) is the shortest-path distance between the vertices u and v.

DEFINITION 4. The Randi¢ Index reflects graph branching and is
defined as

1
R(G) = Xuwice(o) NI

DEFINITION 5. The Estrada Index is based on eigenvalues of the
adjacency matrix A(G). It is defined as

EE(G) = Y™, e* , where J; are the eigenvalues of A(G).




DEFINITION 6. (Ramaswamy & Veena, 2009, pp.N24-N24) The
graph energy (E) measures graph irregularity based on eigenvalues. It is
defined as E(G) =Y 4], where A;are the eigenvalues of the
adjacency matrix.

DEFINITION 7. (VukiCevi¢ & Furtula, 2009, pp.1369-1376) The
Arithmetic-Geometric Index (AG) evaluates the interactions of adjacent
vertices' degrees using an arithmetic-geometric mean. It is defined as

_ 2deg(u).deg(v)
AG(G) = Z{u,v}EE(G) deg(w)+deg(v)”

DEFINITION 8. (Zhou & Trinajsti¢, 2009, pp.1252-1270; Deng et
al.,2013, pp.2740-2744) The Harmonic Index (HI) measures
connectivity using inverse degree sums. It is defined as

2

HI(G) = Xquvier) Tegrdea )

Calculated values of topological indices

The calculated values of topological index for various values of n
and the corresponding ideal structures for unit graphs on Z, are
presented in Table 1. These indices include the first and second Zagreb
indices, Wiener index, Randi¢ index, Estrada index, Graph energy,
Arithmetic-Geometric index, and Harmonic index.

Table 1 - Calculated values of selected topological indices for some graphs

) | My | | e | Rede | Eerede | G | Ac |
G,(Zg) | 8 4 1 0.5 3.086 2 2 0.5
G,(Zg) | 18 12 2 0.5 6.502 4 45 1.0
G,(Z1o) | 32 22 4 0.4 12248 | 6 6.2 1.25
G3(Zy;) | 50 36 6 0.4 19292 |8 9 1.5
G3(Zys) | 72 50 10 0.35 24532 | 10 12 1.75
G4(Z16) | 96 72 12 0.3 30.456 | 12 16 2.0
G3(Z1g) | 128 | 90 15 0.28 35.127 | 14 20 2.25
Gs(Zy) | 160 110 |20 0.25 41.052 | 16 25 25
G,(Z,,) | 288 | 204 | 30 0.2 58.728 | 18 40 3.0
Gs(Zys) | 400 | 280 | 40 0.18 63.456 | 20 50 3.25
G¢(Z30) | 750 | 550 | 60 0.15 83.452 | 24 75 35
G¢(Z3¢) | 1152 | 816 | 90 0.12 112.892 | 28 112 4.0
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Gg(Zyo) | 1600 | 1120 | 120 0.1 125.532 | 30 150 | 4.25

Go(Zys) | 2025 | 1410 | 150 0.09 150.412 | 32 225 4.5

G10(Zso)| 2500 | 1750 | 200 0.08 175.236 | 34 300 |4.75

The comparative graphs which provide a clear visualization of
how different topological indices evolve with increasing n in the unit
graphs G;(Z,) can be seen in Figures 4 and 5. The first Zagreb Index
(M;) and the second Zagreb Index (M,) demonstrate a steady growth,
correlating with the increasing vertex degrees and their interactions,
while the Wiener Index reflects the growing average distances between
vertices in larger graphs. The Estrada Index, with its exponential-like rise,
highlights the influence of spectral contributions as graph complexity
increases. Conversely, the Randi¢ Index shows a slight decline,
indicating reduced branching as the graphs become denser. In contrast,
the Harmonic Index (HI) grows gradually, signalling enhanced vertex
connectivity. Together, these graphs reveal how different aspects of
graph topology such as degree distribution, connectivity, and spectral
characteristics respond to changes in n, offering a comprehensive
perspective on structural dynamics.

Comparison of Key Indices Across Unit Graphs
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Figure 4 - Comparison of the key indices across unit graphs




Comparison of Randi¢ and Harmonic Indices
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Figure 5 - Comparison of Randi¢ and Harmonic indices

Algebraic properties and graph indices

This section explores the elaborate relationship between the
algebraic properties of commutative rings Z,, and the topological indices
derived from their associated unit graphs. These indices, computed for
various ideals and values of n, are analyzed to uncover their dependence
on the ring structure and the selected ideal. The algebraic structure of Z,,
profoundly impacts the topology of its associated unit graph G;(Z,,).

The unit graph G;(Z,) serves as a bridge between algebraic
structures and graph theory. Its topology is inherently influenced by the
properties of Z,,, particularly the chosen ideal I = (d). The divisor d and
its relationship with n shape the graph’s connectivity, symmetry, and
vertex interactions. The ideal I = (d) is defined as the set of all multiples
of d modulo n. Since d must divide n, the size of | is determined by the
quotient n/d. This quotient reflects how many elements are part of the
ideal, with significant implications for graph adjacency and structure.
When d is small, I contains a larger number of elements, making
adjacency conditions more relaxed and resulting in a denser graph. For
example, if n =12 and d =1, the ideal contains all elements of Z;,,
making the graph complete. Conversely, larger d values, such as d = 6
in Z;,, produce a smaller ideal, reducing adjacency and potentially
causing the graph to become fragmented or disconnected.

Impact on connectivity

The divisor d determines how elements of Z,, interact within the
graph. When d =1, the ideal I = (1) spans the entire ring, ensuring
every pair of vertices is connected and forming a complete graph.
However, as d increases, the connectivity diminishes because fewer
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differences u — v fall within I. For larger values of d, the graph may split
into disconnected components, corresponding to different residue
classes modulo d.

The adjacency matrix of the graph provides a clear representation of
the connections between vertices. For G;(Z,,), the matrix below
highlights how the adjacency condition u — v € {0,3,6,9} results in limited
connectivity.

The size of each connected component depends on the overlap
between the cosets of I and the set of units U(Z,). For example, in Zg
with d = 2, the ideal I = {0,2,4,6} splits the graph into two components,
one containing the units {1,3,5,7} and another with non-units overlapping
with I. G3(Z;,) can be see visually in Figure 6. The unit graphs of G,(Zg)
and G;(Z,,) can be seen in Figure 7.

1.0
djacency Matrix for G_I(Z_12), | = (3)
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Figure 6 - Heat map of the adjacency matrix for G3(Z13)

Unit Graph Gi{Z12). | = (3)
Unit Graph GilZg), | = (2)

7

Figure 7 - Unit graphs of G,(Z3) and G3(Z,,)




Cyclic structure of Z,

The additive group of Z,is cyclic, meaning all elements can be
generated by repeated addition of a single element g. This cyclicity
introduces periodicity in the graph’s structure. The ideal I partitions Z,
into cosets, where each coset is of the form a + I for some representative
a. These cosets form disjoint subsets, and adjacency in the graph
depends on whether the difference between the vertices u and v lies
within 1.

For smaller d, the cosets are larger, and many elements are
connected, creating denser graphs. For larger d, the cosets are smaller,
leading to sparser connections. This modular partitioning of Z,, ensures
that the graph reflects the periodic and symmetric nature of the ring. For
example, Figure 8 depicts the cyclic structure of G;(Z;5).

Unit Graph G(Z5), | = (3)

Figure 8 - Unit graph of G5(Z,5)

The ideal I forms a subgroup of Z, under addition modulo n. Each
coset of I contains n/d elements, and the graph structure depends on
how these cosets interact with the units U(Zn). Residue classes play a
crucial role in determining the adjacency of vertices. If two vertices u and
v belong to the same coset, their difference u — v is in I, making them
adjacent. Connections between cosets depend on their representatives.
For example, in Z;, with d =5, the ideal I = {0,5} divides Z,, into two
cosets {0,5} and {1,2,3,4,6,7,8,9}. The resulting graph is sparse, with
limited adjacency between these cosets.

The adjacency matrix for G;(Z;,), wherel ={0,5}, reveals the
sparsity of connections caused by the ideal's partitioning into cosets. The
matrix below highlights the restricted adjacency between vertices. It can

be seen in Figure 9.
1253
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Figure 9 -Unit graph and the heat map of the adjacency matrix of Gs(Z,,)

Interaction with units and degree distribution

The multiplicative group of units U(Z,) interacts with the additive
structure of I. Units correspond to vertices with potentially higher
degrees, as they are more likely to form edges based on the adjacency
condition u — v € I. Non-units, on the other hand, often contribute to
sparsity, particularly when they overlap with I. Degree distributions in the
graph are shaped by this interaction. In highly connected graphs (e.g.,
small d), most vertices have similar degrees, resulting in symmetric
degree distributions. In sparse graphs (e.g., large d), the degrees vary
significantly, reflecting irregular adjacency patterns.

For G,(Z,5), the adjacency matrix below reflects how the ideal I =
{0,3,6,9,12} influences the degree distribution. Vertices within the same
coset show higher connectivity, as seen in the matrix. This can be seen

in Figure 10.
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Figure 10 - Heat map of the adjacency matrix for G5(Z,s)




Graph symmetry and algebraic properties

The symmetry of Z,, is particularly evident when n is please include
15. In such cases, all non-zero elements of Z,, are units, and the graph
exhibits uniformity. For composite n, the presence of zero-divisors and
varying interactions between units and non-units introduce asymmetry,
leading to diverse graph structures.

The algebraic properties of Z,,, including its cyclic nature, residue
classes, and ideal structure, are vividly reflected in the topology of
G,(Z,). These properties influence vertex connectivity, graph symmetry,
and degree distribution, highlighting the interplay between ring theory
and graph topology.

Applications

The applications of ideal-based unit graphs span structural,
algebraic, and comparative domains. By leveraging topological indices
and their correlation with ring properties, these graphs serve as a
powerful tool for analyzing the underlying algebraic structures. Their
ability to unify graph-theoretic and ring-theoretic perspectives makes
them a promising framework for future research in algebraic graph theory
and related fields.

Structural insights

The study of topological indices in ideal-based unit graphs G;(R)
provides valuable structural insights into graph complexity and
connectivity. Indices such as the First Zagreb Index (M;) and the Second
Zagreb Index (M,) quantify vertex degree interactions, offering a
measure of graph density and edge distribution. Higher values of M; and
M, correlate with dense connectivity, typically observed when the ideal
I = (d) has smaller d, allowing for more relaxed adjacency conditions.
Conversely, sparse graphs with lower values of these indices emerge
when d is larger, limiting connections.

The Wiener Index captures the average pairwise distances between
vertices, providing a measure of graph compactness. Dense graphs with
small d exhibit lower Wiener Index values, reflecting shorter paths
between vertices, while sparse graphs with larger d show increased
distances. Similarly, the Estrada Index reveals spectral characteristics,
with exponential growth indicating the influence of eigenvalues on
connectivity. The Randi¢ Index and the Harmonic Index further enrich the
analysis, highlighting how branching and connectivity vary with the ideal's
size. These indices collectively allow researchers to classify graphs,
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identify patterns, and predict structural properties based on the choice of
R and I.

Ring-theoretic implications

The topology of G;(R) directly correlates with the algebraic
properties of the ring R and its ideal I. The adjacency condition u —v € I
reflects the additive subgroup structure of R, and the resulting graph
connectivity encapsulates how the ideal I partitions R. For instance,
smaller ideals encompass more differences u — v, leading to connected
graphs, while larger ideals, containing fewer elements, can fragment the
graph into disconnected components.

The interaction of the multiplicative group of units U(R) with the
additive structure of I further highlights ring-theoretic nuances. For
example, the distribution of units and non-units within R determines
vertex degrees and edge formation in G;(R). The analysis of these
graphs provides insights into ring symmetry, residue class structures,
and the relationship between ring elements and their cosets modulo 1.
This bridge between graph topology and ring theory can uncover
properties such as the presence of zero divisors, the nature of
subgroups, and the behaviour of R under different ideal selections.

Comparisons

The ideal-based unit graph G,;(R) offers a new perspective for
comparing standard unit graphs and zero-divisor graphs (Ashrafi et
al.,2010, pp.2851-2871; Anderson et al.,2011, pp.23-45). Unlike standard
unit graphs, where adjacency is based solely on the sum of units being
invertible, G;(R) introduces an additional layer of complexity by
restricting adjacency via the ideal I. This leads to a richer variety of graph
structures, ranging from dense to sparse, based on the ideal's size and
position within R.

In contrast to zero-divisor graphs, which focus on the multiplicative
behaviour of non-units, G;(R) emphasizes additive properties. While
zero-divisor graphs reveal information about ring annihilators and zero-
divisors, G;(R) highlights the distribution of units and their differences
modulo I. Comparing these graphs provides a comprehensive view of
the interplay between additive and multiplicative structures within R. Such
comparisons can guide applications in algebraic graph theory, where
understanding the balance between addition and multiplication in ring
structures is critical.




Properties of ideal-based unit graphs

The study of graph-theoretical representations of algebraic
structures has gained significant attention in recent years, particularly
through the exploration of ideal-based zero-divisor graphs. Mallika, Kala,
and Selvakumar developed foundational properties of zero-divisor graphs
where the adjacency of vertices is influenced by an ideal of the ring
(Mallika et al., 2017, pp.177-187). These graphs have proven to be
powerful tools for understanding the interplay between ring-theoretic
properties and graph invariants, such as chromatic number, clique
number, and girth. Inspired by their approach, this section extends similar
concepts to ideal-based unit graphs which focus on the additive
difference relationship among the units of a ring, constrained by an ideal.
By adapting and generalizing the results from zero-divisor graphs, this
section aims to provide a deeper structural understanding of ideal-based
unit graphs and their chromatic, connectivity, and regularity properties.

THEOREM 9. The girth of the graphG;(R), denoted by
girth ( G;(R)), satisfies the following properties:

If G;(R) contains cycles, then girth (G;(R)) =3 as the cycles in
G;(R) must involve at least three distinct vertices due to the additive
adjacency condition.

If G;(R) is acyclic, then girth( G;(R)) = co.

Proof. The graph G;(R)is constructed with vertices as u,v,w, ... €
U(R) \ I, the set of units of R excluding those in the ideal I. Two vertices
u and v are adjacent if u —v € 1. To determine the girth of G;(R), the
cycle structure of the graph is analysed.

For a cycle to exist in G;(R), there must be a sequence of
vertices uy, Uy, ..., U such that u;- u;,; €I for1<i<k,and u,- u; €1.
This sequence forms a closed loop where each adjacent pair satisfies the
additive adjacency rule u—v €1. The girth of G;(R), defined as the
length of the shortest cycle, is determined by the minimum k for which
such a sequence exists. Due to the additive nature of adjacency and the
exclusion of self-loops (u —u = 0) and two-vertex cycles, the minimum
cycle length is k > 3 if cycles exist.

If G;(R) does not contain any cycles, it is considered acyclic. In this
case, the girth of the graph is defined as oo, reflecting the absence of
closed paths. This situation arises when no sequence of vertices
uy, Uy, ..., U Satisfies the adjacency rule for a complete cycle.

The proof assurances that if cycles exist in G;(R), the girth is at
least 3, as cycles must involve at least three vertices due to the exclusion
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of self-loops and two-vertex cycles. Otherwise, the graph is acyclic, and
the girth is . This completes the proof.

EXAMPLE 10. Ring: R = Z;g, ldeal: I = (3) ={0,3,6,9,12,15}, the
vertices set is U(R)\I = {1,5,7,11,13,17}. Edges : the vertices u,v are
adjacent if u—v €l. There exists the cycle 1-7—11—1. Graph
Properties: A single large cycle involving all 8 vertices.

THEOREM 10. Let R be a commutative ring and I an ideal of R.
The graph G;(R)contains a cycle if and only if there exist distinct
u,v,w € UR)\Isuchthat(u—-v),(v—w),(w—u)€l.

Proof. To prove the theorem, both the necessity and sufficiency of
the stated condition for the presence of a cycle in G;(R) are established.

Necessity. A cycle in G;(R) implies the existence of vertices u,v,w €
U(R) such that u - v » w — u. By the definition of adjacency in G G;(R),
two vertices x,y € U(R) \ I are adjacent if and only if their difference x —
y€l. For the cycle u »v->w - u in G;(R), the adjacency conditions
are satisfied because u—vel, and w—-ue€l. These adjacency
relations demonstrate that the differences between the consecutive
vertices u,v,w are contained in the ideal |. Hence, the existence of a
cycle in G;(R) necessitates the presence of distinct vertices u,v,w €
UMR)\Isuchthat (u—-v),(v—w),(w—u)€l.

Sufficiency. Conversely, assume there exist distinct vertices u, v,w €
UR)\I such that u—vel,v—wel, and w—u € [. These conditions
ensure that u and v are adjacent, v and w are adjacent, and w and u are
adjacent in G;(R). As a result, the edges u - v - w — u form a cycle in
G;(R). Thus, the presence of such u,v,w is sufficient to guarantee a
cycle in the graph.

EXAMPLE 11. Let R = Z, = {0,1,2,3,4,5,6,7,8} and I = (3) = {0,3,6}.
The units U(R) = {1,2,4,5,7,8}. The vertices of G;(R) are U(R)\I =
{1,2,4,5,7,8}, as Icontains no units. Two vertices u,v € U(R)\ I are
adjacent if u — v € I. The adjacency relations, 1—-4=-3=6mod 9 €
[L4—7=-3=6mod9€l,7—1=—-6=3mod 9€l. This forms a
cyclel1-4-7-1.

THEOREM 11. Let R be a commutative ring and I an ideal. If G(R/I)
is disconnected, G;(R) is regular only if all connected components of
G(R/I) are regular, and cosets contribute uniformly to G;(R).

Proof. To establish the regularity conditions for G;(R), the
relationships between G;(R) and G(R/I) and the uniform contribution of
cosets has to be analysed. If G(R/I) is regular with the degree k, each
vertex in G(R/I) has exactly k adjacent vertices. This regularity arises
from the structure of R/I, where vertices (cosets of I) are connected if




their difference lies in I. The adjacency relations in G;(R) are inherited
from G(R/I), as the vertices of G;(R) (units in R\I) are distributed
among the cosets a + I. For the regularity to propagate from G(R/I) to
G;(R), it is necessary that each coset a + I contributes uniformly to the
vertex set of G;(R).

Uniform contribution means that all cosets a + 1 in R/I contribute an
equal number of vertices to G;(R). Specifically, the number of vertices
contributed by each coset a+1is |U(R)\I1/I R/I |, where | U(R)\ |
represents the total number of units not in I and | R/I | is the number of
cosets in R/I. If this contribution is uniform, the adjacency relations
between the vertices of G;(R) mirror the regular structure of G(R/I),
ensuring consistent vertex degrees in G;(R).

The graph G;(R) is regular if G(R/I) is regular and all cosets
contribute uniformly to the vertex set of G;(R). The uniform contribution
ensures that the vertex degrees in G;(R) remain consistent across all
vertices, thereby propagating the regularity of G(R/I) to G;(R). This
concludes the proof.

EXAMPLE 12. The ring Z,, consists of the elements {0,1,2, ...,23}.
The ideal I = (3) includes {0,3,6,9,12,15,18,21}. The units are U(Z,,) =
{1,5,7,11,13,17,19,23}. The vertex set of G;(R) is U(Zy )\l =
{1,5,7,11,13,17,19,23}.

Adjacency relations as follows, 1-5=-4 =20 mod 24 € |, 5-7 = -2
=22mod 24 €1, 7-11=-4=20mod 24 €1, 11-1=-10=14 mod 24 €
| (forming cycle 1). Similarly, 13—17—19—23—13 forms cycle 2.

Comparision of unit graphs and chemical graphs

Graphs are powerful tools for representing both algebraic and
chemical structures. Unit graphs G;(R) from algebraic ring theory and
molecular graphs from chemistry share deep structural similarities. This
section explores these similarities, focusing on regularity, symmetry, and
cyclic properties. By comparing ideal-based unit graphs of commutative
rings with well-known chemical graphs, the study bridges abstract
algebra with real-world molecular systems.

DEFINITION 9. For the unit graph G,(R), the vertices are units of R,
U(R) excluding those in the ideal I. The edges are defined as two
vertices u and v which are adjacent if u — v € I.Topology depends on the
structure of the ring R and the ideal I.

For the chemical graphs, the vertices are atoms in the molecule
(e.g., carbon, hydrogen, oxygen). The edges are covalent bonds (single,
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double, triple) connecting atoms. Topology reflects the molecular
structure and bond distribution.

Case studies and comparisons

EXAMPLE 13. Benzene (CgHg) vs. G;(Zy),I = (3). Unit graph G;(Zy), I =
(3); vertices: {1,2,4,5,7,8} ; edges: two disjoint triangles: 1-4—-7—1 ;
2—-5—8—-2. It is 2-regular (each vertex connects to 2 neighbours).
Chemical graph (benzene): vertices: six carbon atoms arranged
cyclically. Edges: alternating single and double bonds. It is 2-regular
(each carbon connects to 2 neighbours).

Observation: Both graphs exhibit cyclic symmetry, with benzene's
molecular structure reflecting the disjoint triangles of G;(Zy). Figure 12
depicts this example.

Unit Graph G_I(Z_9), 1=(3) Chemical Graph (Benzene)

4 2

VAN
1\ /

Figure 12 - Unit graph of Gs(Z,) and the chemical graph of benzene

i 8

EXAMPLE 14. Cyclooctane (CgH,¢) vs. G;(Z,4),I = (3). Unit graph
G;(Z,4),1 = (3): vertices: {1,5,7,11,13,17,19,23}. Edges: single cycle:
1-5—-7-11-13—-17—-19—-23—1.Regularity:2-regular.
Chemical graph (cyclooctane): vertices: eight carbon atoms in a cyclic
structure. Edges: single bonds between consecutive atoms. Regularity:
2-regular.

Observation: The large cyclic structure of cyclooctane parallels the
single cycle in G,;(Z,,). The following figure (Figure 13) depicts this
example.




Unit Graph G_I(Z_24), I=(3) Chemical Graph (Cyclooctane)

Figure 13- Unit graph of G5(Z,,) and the chemical graph of cyclooctane

This comparative study reveals the versatility of graph theory in
linking algebraic and chemical systems. The symmetry, regularity, and
cyclic properties of unit graphs and chemical graphs illustrate how
abstract algebra can model real-world molecular systems. Future work
can explore further connections, enhancing interdisciplinary
understanding and applications.

Conclusion

The study of ideal-based unit graphs G,;(Z,,) provides a fascinating
intersection of algebraic structures and graph theory, revealing deep
connections between the properties of Z,,, the choice of ideals, and the
resulting graph topology. By analysing these graphs, it is observed that
the divisor d of n, which generates the ideal I = (d), plays a pivotal role
in determining the connectivity, symmetry, and sparsity of the graph.
Smaller values of d lead to dense, highly connected graphs, often
complete, while larger d values result in sparse graphs that may
fragment into disconnected components. This interplay is further
enriched by the cyclic structure of Z,,, where adjacency is influenced by
residue classes and coset interactions. The interaction between the
additive subgroup I and the multiplicative group of units U(Z,,) highlights
the algebraic properties shaping vertex connectivity and degree
distributions.

The evaluation of topological indices on these graphs such as the
Zagreb indices, Wiener Index, Estrada Index, Randi¢ Index, and others
provides a numerical lens to quantify their structural and spectral
characteristics. The key insights include the steady growth of the first and
second Zagreb Indices with increasing n, reflecting enhanced degree
interactions, and the exponential rise of the Estrada index, indicating the
growing influence of spectral contributions. Conversely, the Randi¢ index
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declines slightly, showcasing reduced branching, while the Harmonic
index increases, emphasizing improved connectivity in denser graphs.
These indices, when considered collectively, reveal the dynamic interplay
between algebraic properties and graph topology, offering a
comprehensive framework for analysing unit graphs of commutative
rings.

The comparison of these unit graphs with chemical graphs not only
highlights  structural parallels but also opens pathways for
interdisciplinary  applications in  mathematical chemistry and
cryptography. Future work could extend this framework to weighted
graphs, modular systems, or higher algebraic structures, further
broadening the scope of ideal-based unit graph research.
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OBJIACT: matemaTtuka
KATETOPWJA (TUM) YNAHKA: opurnHanHu HayyYHu pag,

Caxemak:

Yeod/cepxa: Y osom pady ysodu ce nojam jeQUHUYHUX 2paghosa
3acHosaH Ha rpocmom udearsy Koju je rnogeszaH ca KOMymamueHUM
npcmeHom R. Yeoposu o0z epacha jecy jeduHuue R koje He
npunadajy uzabpaHom npocmom udearnyl, a dea makea 4sopa
cMampajy ce cyceOHUM aKo Huxoea passiuka npunada udeany |. Lurb
je 0a ce ucmpaxe cmpykmypHa, anzebapcka U mOrosowka
ceojcmea 0802 epagha, Kkao u Oa ce ucnumajy anesebapcke
umrnukayuje pasuydumux epagh-meopujcKux uHeapujaHmu.

Memode: JeduHu4HU epaghosu 3acHOB8aHU Ha udeasiumMa KOHCmpyuwy ce
Kopuwherwem npcmeHa Z, 20e jeQuHUUe UCK/by4YeHe u3 usabpaHoe
npocmoe udeana ¢hopmupajy cKyn 4deoposa. CyceOHocm usmeRy Oea
ugopa odpeljyje ce no mome Oa nu ce HUXO8a pasfiuka Hamasu y
udearny. [punukom aHanu3de uspadyyHamo je HEKOMUKO MOMOMOWKUX
UHOekca, ykrbydyjyhu 3azpebauyke uHOekce, BuHepos UHOeEKC,
apummemuy4Ko-2eoMempujcKu UHdeKc, XapMOHUjCKU UHOEeKc,
EcmpaduHos uHOekc, u eHepeujy epacha. [eomempujcke gusyanusayuje
u mampuuye cycedcmea Kopucme ce 3a mymayere KOMIIeKCHoCmu u
rosesaHocmu epacghosa.

Pesynmamu: Peaynmamu rokasyjy 0a cmpykmypa 0obujeHoe epagha y
3HamHoj mMepu 3asucu 00 Molysyca n u npupode ulabpaHoe udearia.
Marsu udearnu dosode Ao epaghosa ca serniukomM riogesaHouwihy, 0ok eehu
udeanu dajy pehe unu Heroge3daHe epaghose. V3padyyHamu UHOEKCU
odpaxkasajy obpacue y cumempuju, pacriodenu cmerneHa u pacmojarbsy,
yka3yjyhu mako Ha cywmuHcKe anzebapcke Kapakmepucmuke.
Sakbyuyu:  JeduHuyHU  epacghosu  3acHoeaHu — Ha  udeanuma
npedcmaerbajy HOBU OK8UP 3a [poydYaeare UHmMepakuuje uamehy
anzebapckux ceojcmaesa rnpcmeHa U CmpykmypHUX ocobuHa epaghosa.
JlobujeHu pesynmamu QoripuHoce pa3sojy aneebapckux anama
MPUMEH/BbUBUX Y MamemMamu4ykoj xemuju, 6e36e0HOj KoMyHuKauuju u
meopujcKoj paqyyHapCcKoj Hayuu.

KmyyHe  pedu:  jeduHuue, udeasiu, MOroJIoOWKU  UHOeKcuU,
KOMymamueHU IMpPCMeH.
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Abstract:

Introduction/purpose: The purpose of this paper is to establish existence
theorems for fixed circles and fixed discs in metric spaces using different
types of contractive conditions. By considering self-mappings on met-
ric spaces, classical fixed point results are extended to these geometric
fixed structures. Several examples are provided to illustrate and validate
the theoretical results.

Methods: Self-mappings defined on metric spaces are considered and
various types of contractive conditions introduced. Analytical techniques
from fixed point theory are used to derive sufficient conditions for the ex-
istence of ¢-fixed circles and ¢-fixed discs. The theoretical results are
supported by carefully constructed examples that satisfy the proposed
contractions and demonstrate the applicability of the obtained theorems.
Results: The study successfully establishes ¢-fixed circles and ¢-fixed
disc results for Caristi-type contractions and another class of contrac-
tions within the framework of metric spaces. Additionally, supportive ex-
amples are provided.

Conclusion: This paper establishes new existence theorems for ¢-fixed
circles and ¢-fixed discs in metric spaces using Caristi-type and related
contractive conditions. These results extend classical fixed point the-
ory beyond single fixed points to broader geometric fixed structures,
thereby enriching the theory of metric fixed points. The provided ex-
amples demonstrate the applicability and effectiveness of the proposed
results and indicate their potential for further generalizations.

Key words: Fixed circle, fixed disc, metric space, Caristi contraction
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Introduction

The study of fixed point theory has been a fundamental area in math-
ematical analysis, with applications spanning across various branches of
mathematics. In metric spaces, the investigation of fixed points has led to
numerous significant results, beginning with Banach’s contraction princi-
ple in 1922. "While traditional fixed point theory focuses on single points,
recent developments have expanded to include the study of fixed sets, par-
ticularly fixed circles and fixed discs. A fixed circle of a self-mapping T on
a metric space X is a circle C such that T7(C) = C. Similarly, a fixed disc
is a disc D where T(D) = D.” Several researchers have contributed to this
area. Ozgir, & Tas (2019) established the first results on fixed circles us-
ing Caristi-type contractions in metric spaces. Later, Ozgir, & Tas (2021)
extended these results to more general spaces. Recent work by [Mlaiki et
al. (2023), Tas (2018)] has introduced new techniques for studying fixed
disc properties. However, the existence of fixed circles and fixed discs un-
der certain types of contractive conditions remains unexplored. Moreover,
the relationship between different contractive conditions and their impact
on the existence of fixed sets needs further investigation. The fixed-circle
problem was also studied in the setting of S-metric spaces in [Ozgiir et al.
(2017), Ozgdr et al. (2018)]. In recent years, the fixed-disc problem have
been studied with this perspective on metric and some generalized met-
ric spaces (see [Ozglr (2019), Tas et al. (2021)] for more details). This
paper presents new existence theorems for fixed circles and fixed discs
using various contractive conditions. The obtained results extend previous
work by considering [Ozgiir, & Tas (2021), Tas (2018)]. Examples are also
provided demonstrating that the conditions given here are optimal. This
paper is organized as follows: Section 1 presents preliminary and defini-
tions. Section 2 establishes the main results on fixed circles, which contain
theorems related to fixed discs, and provides illustrative examples. The
definition of the fixed circle has been generalized by replacing the radius r
of the circle with the function ¢(r) where ¢ : R* — R*. The results have
been also generalized by using a Caristi-type contraction in metric spaces,
and Section 3 concludes the paper with some remarks and future direc-
tions.




DerINITION 1. Ozgiir, & Tas (2019) Let (X, d) be a metric space and C, , =
{x € X : d(x¢9,x) = r} be a circle, for a self-mapping T : X — X, if Tx = x for
every x € Cy, » then the circle is a fixed circle of T.

THEOREM 1. Ozgiir, & Tas (2019) Let (X, d) be a metric space and C,, , be
any circle on X. Let us define the mapping v : X — [0, o)

W (x) = d(x,x0) (1)

for all x € X. If there exists a self-mapping T : X — X satisfying
1. d(x,Tx) <y (x) —y(Tx)
2. d(Tx,xo) > r

for each x € Cy, » then the circle C, , is a fixed circle of T.

THEOREM 2. Ozgiir, & Tas (2019) Let (X, d) be a metric space and C, , be
any circle on X. Let the mapping  be defined as equation (1) for all x € X.
If there exists a self-mapping T : X — X satisfying

(1*) d(x,Tx) <y (x) + ¢ (Tx) — 2r

(2%) d(Tx,xg) <r
for each x € Cy, , then the circle C, , is a fixed circle of T.

THEOREM 3. Ozgiir, & Tas (2019) Let (X, d) be a metric space and C, , be
any circle on X. Let the mapping v be defined as equation (1) for all x € X.
If there exists a self-mapping T : X — X satisfying:

(1%%) d(x,Tx) < ¢(x) —y(Tx)

(2**) hd(x,Tx) +d(Tx,xg) <r

for each x € Cy, , then the circle C, , is a fixed circle of T.

In 2019, Ozgiir (2019) defined a new contractive type mapping on metric
spaces, and that includes fixed disc results via a simulation function on
metric spaces.

DEFINITION 2. Tas et al. (2021) Let (X, d) be a metric space, Dy, , = {x €
X : d(xg,x) < r} (r €e R*U{0}) adisc and a self-mapping T : X — X, if
Tx = x for every x € Dy, , then the disc is called a fixed disc of T.

DerINITION 3. Ozgiir (2019) Let ¢ € Z be any simulation function. T is said
to be a Z.-contraction with respect to ¢ if there exists an xy € X such that
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the following condition holds for all x € X:
d(Tx,x) > 0= ¢(d(Tx,x),d(Tx,xq)) = 0.
If T is a Z.-contraction with respect to £, then there exists
d(Tx,x) < d(Tx,xgp), (2)

for all x € X with Tx = x. Indeed, if Tx = x then inequality (2) is satisfied
. If Tx # x then d(Tx,x) > 0. By the definition of a Z.-contraction and the
condition of ¢, we get

0>¢(d(Tx,x),d(Tx,xq)) <d(Tx,xq) —d(Tx,x)

and so equation (2) is satisfied. In all fixed disc results, they use the number
r € R* U {0} defined by

r = inf {d(x,Tx)|Tx # x}.
xeX

THEOREM 4. Ozgiir (2019) If T is a Z.-contraction with respect to ¢ with
X0 € X and the condition 0 < d(Tx,x¢) < r holds for all x € Dy, , — {xo} then
the D, , is a fixed disc of T.

DEFINITION 4. Ozgiir (2019) Let (X, d) be a metric space andT : X — X be
a self-mapping and ¢ € Z. T is said to be a Cirié-type Z.-contraction with
respect to { if there exists an xy € X such that the following condition holds
forall x € X;

d(x,Tx) > 0= ¢(d(Tx,x),m"(x,x0)) =0

where m*(x, xg) = max{d(x, xg), d(x,Tx), d(xo, Txq), d(X’TXO);d(XU’Tx) 1.

THEOREM 5. Ozgiir (2019) Let (X,d) be a metric space and T : X — X
a Ciri¢-type Z.-contraction with respect to ¢ with x, € X, If the condlition
0 < d(Tx,x9) <r holds forall x € Dy, , — {xo} then D, , is a fixed disc of T.

Main results

In this section, we have generalized the definition of the fixed circle by
replacing the radius r of the circle with the function ¢(r) where ¢ : R* — R™.
We have also generalized theorem (1) by using the Caristi-type contraction

in metric spaces.
1268



DEFINITION 5. Let (X, d) be a metric space and Cy, 4(r) = {x € X : d(x0,x) =
¢(r)} where ¢ : R* — R* be a circle, for a self-mappingT : X — X, ifTx = x
for every x € Cy, 4(r) then the circle is a ¢-fixed circle of T.

THEOREM 6. Let (X, d) be a metric space and Cy, () be any circle on X.
Let us define the mapping ¢ : X — [0, +o0)

Y (x) = d(x,xo) )

and ¢ : Rt — R* for all x € X. If there exists a self-mapping T : X — X
satisfying

1. d(x,Tx) <y (x) —¢(Tx)

2. d(Tx,xq) = ¢(r)
for each x € Cy, 4() then the circle Cy, 4, is a ¢-fixed circle of T.

Proof. Let us assume that the mapping v is defined by ¢ : X — [0, +0)
and ¢ (x) = d(x,x0). Letx € Cy, () be any arbitrary point. We show that
Tx = x, whenever x € Cy, 4(-) using condition (1)

d(x,Tx) < ¢(x) —¢(Tx)
= d(x,x9) —d(Tx,xp) 4)
=¢(r) — d(Tx, xo)
because of condition(2), the point Tx should be lying on the exterior of the
circle Cy,,4(r)- Then there are two cases. If d(Tx,xq) > ¢(r) then using (4)

is a contradiction. Now therefore it should be d(T'x, xg) = ¢(r). In this case,
by using (4) we get

d(x,Tx) < ¢(r) — ¢(r)
=0.

Hence, we obtain Tx = x for all x € Cy, 4(-). Consequently, Cy, 4(-) is a
¢-fixed circle of T. O

EXAMPLE 1. Let X = [%, ], (X, d) be a metric space and let us consider a
circle Cy,, 4(-) and define the mapping 7 : X — X

X; xeC
T(X) — X0, (1)
2x; otherwise
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and ¢ : R* — R* is defined by

b=

Solution: If x € Cy, 4(-) then Tx = x.
1. d(x,Tx) <y (x) —y(Tx),

d(x,Tx) <y(x) —y(Tx)
d(x,Tx) =d(x,x) =0
¥ (x) —y¢(Tx) = d(x,x0) — d(Tx,x0)
= d(x,x0) — d(x,x0)
=0.

2. d(Tx,xq) = d(x,x9) = ¢(r).
holds for each x € X and for all r > 1.
Then it can be easily seen that conditions (1) and (2) are satisfied. Clearly
Cxo,¢(r) 18 @ ¢-fixed circle of T'.

EXAMPLE 2. Let X = R* and (X, d) be a metric space and let us consider a
circle Cy,,4(r) and let ¢ : R* — R* define as

Loifr>2
¢(r)={; "

5;  otherwise

and define the mapping 7 : X — X as

Tx = %; if x € CxOJZ’(’”)
5;  otherwise

if x € Cyy,() then Tx = 1 and if r > 2 and x¢ = 0 then
1. d(x,Tx) < ¥ (x) =y (Tx)

d(x,Tx) <y(x) —y¢(Tx)
d(x, %) <d(x,0)-=d(Tx,0)

2. d(Tx,xo) =d(3,0) =2 > 1,




for xo = 0 and for each x € C, 1, hence T satisfies conditions (1) and (2).
Clearly C, 1 is a ¢-fixed C|rcle 'of T. But it does not satisfy condition (2) in
theorem (1)

ExAMPLE 3. Let X = [0, 2] and (X, d) be a metric space and let us consider
acircle Cy,,¢(-) andlet ¢ : R* — R* defined as

- ifr>1
-
35 Ise

and define the mapping 7T : X — X as

Tx = ILO; if x € Cxo,(/)(r)
%; otherwise.
Ifx e C1 . then Tx = 55,

1. d(x,Tx) < y(x) - y(Tx)

X X
d(x, 1—0) <d(x,1) - d(l—o, 1)

9x B 9x
10 10°
2. d(Tx,X()) =d(10, ) -1 Z 2r 1

Hence, T satisfies condition (1) but does not satisfy condition (2). Clearly,
T does not have a ¢-fixed circle.

ExAMPLE 4. Let X = R* and (X, d) be a metric space and let us consider a
circle Cy, 4(r) and let ¢ : R* — R* defined as

¢(r) = {

and define the self-mapping 7 : X — X as

cifr>1

Y

; otherwise

Wi N =

Tx = 2; ifx e Cxo,6(r)
15—2; otherwise.

If x € Cxo,6(r) thenTx =2,r > 1.

1271
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1. d(x,Tx) <y (x) —y(Tx)
1. dx,Tx) <y (x) —y(Tx)

1

d(x,2) < - —d(Tx, xg)
1

x&—-, Vr>1
r

2. d(Tx,x0) =d(2,0) =2> 1 = ¢(r)
d(Tx,xg) = ¢(r), V r> 1L
Hence, the self-mapping T satisfies condition (2) but does not satisfy con-
dition (1). Then, clearly T does not have a ¢-fixed circle.

THEOREM 7. Let (X, d) be a metric space and C,, () be any circle on X.
Let the mapping ¢ be defined as equation (3) and ¢ : Rt — R*forall x € X.
If there exists a self-mapping T : X — X satisfying

(17) d(x,Tx) < (x) + 4 (Tx) - 2¢(r)

(2%) d(Tx,x0) < ¢(r)
for each x € Cy,, 4(r) then the circle Cy, 4 () is a ¢-fixed circle of T.

Proof. Let us assume that the mapping ¢ is defined as ¢ : X — [0, o) and
let x € Cy, 4(-) be any arbitrary point.
Now, using condition (1%), we get

d(x,Tx) < y(x) +y(Tx) = 2¢(r)
=d(x,x0) +d(Tx,xg) — 2¢(r)
= ¢(r) +d(Tx,x0) — 2¢(r) ()
=d(Tx,x0) — ¢(r)
Because of condition (2*), the point Tx should be lying on or be interior of the
circle Cy,,4(r)- Then there are two cases. If d(Tx,xy) < ¢(r) then by using

(5) we get a contradiction. It should be d(Tx, xo) = ¢(r). If d(Tx,x0) = ¢(r)
then by using (5), we get

d(x,Tx) < d(Tx,x0) — ¢(r)

< ¢(r) = ¢(r)
=0 (6)
Hence, Tx = x. Consequently, Cy, 4, is a ¢-fixed circle of T.. o
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EXAMPLE 5. Let (X, d) be a metric space. Let us consider a circle Cy, 4(,)
where ¢(r) is defined as

51 7 € {1,2,3}
p(r)=¥L "~
3; otherwise

and define the self-mapping 7 : X — X as

x;ifxeC r
TX — ) )'('O,Qb( )
5; otherwise

forall x € X.

ﬁ
»

Figure 1

Figure 1 represents the circle Cy () where r € {1,2,3}. Ifx € Cy ()
then Tx = x. Then itis easily seen that conditions (1*) and (2*) are satisfied.
Hence, clearly C,, 4(,) is a ¢-fixed circle of T..

EXAMPLE 6. LetX = R* and (X, d) be a metric space. Let us consider a
circle Cy,,4(-) Where ¢(r) is defined as

5 r € {1,2,3}
6 =TT
1; otherwise

and define the self-mapping 7 : X — X as

Tx = %, Ifx € CXO,‘Z"(’”)
5; otherwise

Chandra, Vineeta and Patel, Uma Devi, Fixed-circle and fixed-disc problems in metric spaces, pp.1265-1281



@ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

forall x € X. If x € Cyy,4(r) then Tx =  and xp = 0.
1. d(x,Tx) < y(x) +y(Tx) = 2¢(r)

d(x,Tx) < ¢ (x) + ¢ (Tx) = 2¢(r)
Y (x) +¢(Tx) - 2¢(r) = d(x,x0) + d(Tx,x0) — 2¢(r)

= () + (5, 0) - 29(0)

11
6 2r-1
$ d(x, 5
X 5)-

2. d(Tx,xq) = d(%,O) = % < 2r1_1 = ¢(r).

Then the self-mapping T satisfies condition (2*) but does not satisfy condi-
tion (1%). Clearly, T does not ¢-fix the circle Cy ).

ExAmMPLE 7. Let X = |0, %] and (X,d) be the usual metric space with

d(x,y) = |x — y| and define the self-mapping T : X — X as

2: if x € C
T(x) = { ’ . 0,(]5(7‘)

2; otherwise

where ¢ : R* — R™* is defined as

L. ifr>1

$(r) = {T

3; otherwise .

If x € Co,é(r) thenT(x) =2forr > 1
1. d(x,Tx) < ¢ (x) + ¥ (Tx) — 2¢(r)

d(x,Tx) < ¢ (x) + ¢ (Tx) - 2¢(r)
d(x,2) <d(x,x0) +d(Tx,xqg) — 2¢(r)
|x = 2] < ¢(r) +d(2,0) — 2¢(r)
1

2r—1
4r — 3

<
2r—1

<2-

for r>1.

2. d(Tx,x0) =d(2,0) =2 ¢ 525 = ¢(r), for r>1.
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Hence, the self-mapping T satisfies condition (1*) but does not satisfy con-
dition (2*). Then, clearly T does not ¢-fix the circle Co ().

THEOREM 8. Let (X, d) be a metric space and Cy, () be any circle on X.
Let the mapping y be defined as equation (3) and ¢ : Rt — R* forall x € X.
If there exists a self-mapping T : X — X satisfying

(1%7) d(x,Tx) <y (x) —y(Tx)

(2**) hd(x,Tx) +d(Tx,xq) = ¢(r)

for each x € Cy, 4(r) and some h € [0, 1), then Cy, 4() Iis a ¢-fixed circle of
T.

Proof. We consider the mapping ¢ : X — [0,+) and ¢ (x) = d(x,xp).
Assume that x € Cy, 4() and Tx = x then using conditions (1**) and (2**).
Now we obtain

d(x,Tx) <y (x) —y(Tx)
=d(x,x9) — d(Tx, xp)
= ¢(r) — d(Tx, xo)
< hd(x,Tx) + d(Tx,xo) — d(Tx, xq)
= hd(x,Tx),

which is a contradiction with our assumption since # € [0, 1). Therefore we
get Tx = x and Cy, 4(,) is a ¢-fixed circle of T.. o

ExampPLE 8. Let X = [0,1] and (X, d) be the usual metric space. Let us
consider the circle C%’% = {0,1} where ¢(r) = % Xo = % and define the
self-mapping T : X — X as

%; ifxeCi:
Tx = 2°2
1; otherwise

forallxe X. Ifx e Cii then Tx = 1.
1. d(x,Tx) <y (x) =y (Tx)

d(x,Tx) <y (x) —¢(Tx)
¥ (x) =y (Tx) = d(x,x0) — d(x,Txo)

1 11
=d(x, 5) - d(g, 5)
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= d(x, %) > d(x, %).
2. hd(x,Tx)+d(Tx,xg) = ¢(r)
1 11
h-d(x,Tx) +d(Tx,xq) = h-d(x, 5) + d(§, 5)
1
z 3

Hence, the self-mapping T satisfies condition (1**) where h € [0,1), but
does not satisfy condition (2**). Clearly T does not ¢-fix the circle C%’%.

Now, we generalize the definition of fixed discs and the results of fixed
disc.

DEFINITION 6. Let (X, d) be a metric space, Dy, 4(r) = {x € X : d(x9,x) <
¢(r)} where ¢ : R* — R* be adisc and T be a self-mapping on X, if Tx = x
for every x € Dy, 4(r) then the disc is called a ¢-fixed disc of T

THEOREM 9. If T is a Z.-contraction with respect to ¢ with xo € X and
the condition 0 < d(Tx,xq) < ¢(r) where ¢ : R* — R* holds for all x €
Dy, ¢(r) — {x0} then the disc D, 4, iS a ¢-fixed disc of T.

Proof. Let ¢(r) = 0. In this case x € Dy 4(r) = {x0}. | fTxg # xo then
d(Txg, x0) > 0 and using the definition of Z. -contraction we get

£(d(Txq, x0), d(Txg,x0)) = 0.

This is a contradiction by the condition of ¢, ({(z,s) < s —¢) for all s, > 0.
Hence, Txg = xg.

Now, assume ¢(r) # 0. Letx € D,, 4 be such that Tx # x. By the
definition of ¢(r) we have 0 < ¢(r) < d(x,Tx) and using the condition of ¢,
we obtain

L(d(Tx,x),d(Tx,x9)) < d(Tx,xg) — d(Tx,x)
< ¢(r)—d(Tx,x)
< ¢(r) —¢(r)
=0

which is a contradiction with the property of T. It should be Tx = x, s0 T
¢-fixes the disc D, ¢(r)- o




EXAMPLE 9. Let X = R and (X, d) be the usual metric space with d(x, y) =
|x — y|. Let us define the self-mapping 7 : X — X as

; el-1,1
Tx:{x, xe[-11]

x2+1 otherwise

for all x € R and define the mapping ¢ : R* — R* as ¢(r) = —= where o(r)

is a disc radius. The function ¢ : [0, )? — R defined as g“(t s) = 3s —t.
Indeed, it is clear that

1
0 <d(Tx,x0) =d(x,0) = |x| £ — = ¢(r)
\/;
hence 0 < d(Tx,x9) < ¢(r), holds for all x € D, [-1,1] — {0} and r € [%, 1],
we have

£(d(Tx,x),d(Tx,x0)) = £(d(x* + 1,x),d(x* + 1,0))
=+ 1-x], x> +1-0))
= §|x2+1|—|x2+1—x|

1

§|3x x? -1].
forallx e R such that d(Tx,x) > 0. Hence T is a Z.-contraction with the
radius ¢(r) = = and the center is 0. Consequently, T is a ¢-fixed disc

Dy,.ory = [-1, ] but does not hold theorem (4) in the condition (0 <
d(Tx,xg) <r).

THEOREM 10. Let (X, d) be a metric space andT : X — X a Cirié-type Zc-
contraction with respect to ¢ with xo € X, Ifthe condition 0 < d(Tx, xg) < ¢(r)
holds for all x € D, 4() — {xo} then D, 4, is a ¢-fixed disc of T

Proof. Let ¢(r) = 0. In this case, x € Dy, 4(-) = {0} and the Ciri¢-type
Z.-contraction theory produces Txy = x. Indeed, If Txy # x then we have
d(xo, Txo) > 0. By the definition of the Ciri¢-type Z.-contraction, we get

£(d(x0,Txgp), m"(x0,x0) = 0 (7)

Since

d(XO, TX(]) + d(XO, T)C(])
2

}

m*(xo,x0) = max{d(xg,xo), d(xo, Txo), d(x0,Tx0),
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= max{d(x, xo), d(xo, Txo), d(xo, Tx0), d(x0, Tx0)}
= d(xo,Txo).

Now, we find

£(d(x0,Txp), m"(x0,x0)) = {(d(x0,Tx0),d(x0,Tx0))
<0

by the condition of 7 such that /(z,s) < s — . This is a contradiction to
equation (7). Hence, it should be Txy = xg. Assume that ¢(r) # 0. Let
x € Dy, 4(-) be such that Tx # x. Then we have

d(x,Txg) + d(x9,Tx)
2

}

m*(x,x0) = max{d(x,xo),d(x,Tx), d(xo, Txo),

d(x,Txg) + d(xg,Tx)
2

}

= max{d(x, xg),d(x,Tx),

By the assumption, we have
{(d(Tx,x),m"(x,x0)) > 0

and

d(x,xg) + d(xg,Tx)
2

£(d(Tx,x), max{d(x,xq),d(x,Tx), >0 (8)

Now, we have the following three cases:
Case 1. Let max{d(x, xo), d(x, Tx), {22010y — 4(y x;) from equation
(8) we get

((d(Tx,x),d(x,x0)) = 0.

Using the condition ¢ s.t. (£(¢,s) < s—t) and consider the definition of ¢(r),
we find

L(d(Tx,x),d(x,x0)) < d(x,x0) —d(Tx,x)
<¢(r)—¢(r) =0

which is a contradiction.
Case 2. Let max{d(x,xp),d(x, Tx), {exltd@o.Tx)y — 4y Tx) from equa-
tion (8) we get

£(d(Tx,x),d(x,Tx)) = 0.




Using the condition ¢ s.t. (£(¢,s) < s —t), again we obtain a contradiction.
Case 3. Let max{d(x,xq),d(x,Tx), d(x’x‘))+2”l(x°’Tx)} = d(x’x‘))*;(xo’“) from
equation (8) we get

d(x,xq) + d(xg, Tx)
2

£(d(Tx, x), ) > 0.

Using the condition ¢ s.t. (£(¢,s) < s —1t), we obtain
d(x,xg) + d(xg, Tx)) - d(x,xq) + d(xg, Tx)
2 2
<o(r)—d(Tx,x) < ¢(r)—¢(r) =0.

g(d(TX,)C), _d(T.X,X)

Again this is a contradiction with the Ciri¢-type Z.-contractive property of
T. In all the above cases, we have a contradiction. Hence, it should be
Tx = x and consequently, T' ¢-fixes the disc D, ¢(r)- o

Conclusion and future work

This study contributes to the field by broadening the scope of fixed point
theory to include fixed circles and discs, incorporating a more flexible def-
inition via the function ¢(r). The use of Caristi-type contractions further
enhances the applicability of the results within metric spaces. These ad-
vancements provide a robust framework for exploring geometric properties
in fixed point theory. Future work may focus on extending these ideas to
fuzzy metric spaces and probabilistic metric spaces, as well as investigat-
ing applications in dynamic systems and optimization problems.
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MpoGnemu ouKcHe Tauke U PUKCHOT AMCKa Y METPUYKUM
npocTopumMa

BuHeeTa YaHapa“®, Yma Oesu Maten®,

ayTop 3a KopecrnoHAeHUujy

@ M'ypy lNacupac Buweasugjanaja, Ogerbexe 3a MatemaTuky,
Bunacnyp, Yartucrapx, ViHavja,

b rypy Macupac Buwsasuajanaja, Onerbere 3a MaTemMaTuky,
Bunacnyp, Yatucrapx, nauja,

OBJIACT: matemaTuka
KATETOPWJA YNAHKA (TUMM): opyrnHanHy HayyYHu pag,
CaxeTak:

Yeood/uurb: Ljurb ooz pada jecme da ce ycmaHoge meopeme
rocmojarba 3a HEMOKPEMHe Kpyaoee U HernokpemHe OucKose
y Mempu4kuM rpocmopuma Kopuwherem pasnudumux epcma
ycroea 3a KoHmpakyujy. [lpumeHoM ripecriukasara y camoe
cebe Ha MeEMPUYKUM rpocmopuma, pesysimamu KriacudHe He-
oKpemHe madke npowupyjy ce Ha ose (OUKCHE eeoMempujcke
cmpykmype. HagedeHo je HEKONUKO npumepa 3a unycmpayujy
u nomepOy meopujckux pesysamama.

Memode: Pasmampajy ce npecriukasama y camoza cebe Ha me-
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mpuYKUM rpocmopuma U y8ooe pasnuyume epcme ycrosa 3a
KOHmpakyujy. AHanumuyke mexHUKe U3 meopuje HerlokpemHe
madke Kopucme ce 3a u3gofjer-e 0080s/bHUX yCri08a 3a Mocmo-
Jjare ¢-HernoKpemHux Kpya2o8a u ¢-HernokpemHux ouckosa. Te-
opujcKuU pesysimamu Ccy MoMmMKpenrbeHu rnaxsbueo KOHcmpyuca-
HUM ripumepuma Koju 3a0ososbasajy npedrioxeHe KoHmpakyuje
u nomephyjy npumeHsbusocm 0obujeHUX meopema.
Pesynmamu: YcrnewHo cy yg0eHuU pesynimau ¢-HernoKpemHyux
Kpyeoea u ¢-HernokpemHux ouckosa 3a Kapucmujeee koHmpak-
yuje, Kkao u Opyea Kriacya KOHmMpakuyuja y oKeupy Mempuqkux
npocmopa. Haeode ce u odzos8apajyhu npumepu.

Bakmpyyak: Oeaj pad yeodu Hoge meopeme rnocmojara 3a ¢-
HEeroKpemHe Kpyeoee U ¢-HeroKpemHe OUCKO8e y MempuyKum
npocmopuma romohy Kapucmujesux u odzo8apajyhux ycrosa
3a KOHmMpakyujy. Hbeaosu pesyrimamu rpowupyjy KrnacudyHy me-
opujy HernokpemHe madke ca rnojeQUHa4YHUX HernoKpemHux ma-
Yyaka Ha wupe 2eoMempujcKe HeNMoKpemHe cmpykmype U Ha maj
Ha4uH oboezahyjy meopujy Mempuykux HEermoKpemHux madvaka.
HaeedeHu npumepu ykasyjy Ha npuMeHrbu8ocm u eghukacHocm
rpedroxeHux pesynmama, Kao U Ha BUXxo8 rnomeHuyujar 3a by-
Oyha yonwmasatba.

Krbyy4He peyqu: HerokpemHu Kpye, HernoKpemHu GuckK, Mempuy-
KU npocmop, Kapucmujesa KoHmpakuuja
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Abstract

Introduction/Purpose: In this modern world, every country is trying to
improve its defense system by acquiring new technologies. One of the main
components of a defense system is the Air Defense System (ADS), which
further includes fighter aircraft, drones, 3D radar, fighter command vehicles,
and missile systems. The missile system has become the most important
component of air defense systems around the globe. Due to the limited
resources and weak economy, it is a challenge for a developing country to
acquire an ADS that suits its resources and economic capabilities. This
research paper aims to study the needs and goals of the defense system
of the Pakistan Air Force (PAF) and to select the best missile system to
improve its existing air defense system.

Methods: A hybrid Multi-Criteria Decision Making (MCDM) methodology,
Decision-Making Trial and Evaluation Laboratory (DEMATEL), and
Analytical Hierarchy Process (AHP) are used to evaluate the factors
affecting the missile system as well as to select the best missile system for
Pakistan.

Results: The results depict that the S-400 missile system is the most
feasible for Pakistan's air defense, followed by THAAD and S-300, which
can meet the country's current security needs.

Conclusion: The research concludes that precision target capability, range,
and maneuverability are the prominent factors that play a greater role in the
ADS sector of Pakistan. This research is the first of its kind to use the
DEMATEL-AHP approach for the evaluation of air defense systems in the
case of a developing country such as Pakistan.

Keywords: Pakistan, ADS, missile system, MCDM, DEMATEL-AHP
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Introduction

In today’s modern technology-driven world, a nation’s Air-Defense
System (ADS) forms the backbone of its overall security. The importance
it carries can be justified by the fact that no matter how advanced or
numerous the nation's aircraft may be, a weaker ADS would make that
nation vulnerable to modern threats (Aljohani, 2024). That is the reason
that the major European powers and North America have equipped their
key cities with the most sophisticated and robust ADS networks, an
approach that highlights the growing importance of strengthening such
systems in various developing countries (Tytarenko and Pavlenko, 2024).
Furthermore, many states across the region have been strengthening their
layered air-defense systems to meet evolving threats, such as in the case
of India, having signed the contract with Russia back in 2018 for the S-400
Triumf system and began receiving and deploying the system from the
year 2021 onwards, with original deliveries that are still under the schedule
to be delivered in the coming years as we speak towards the end of 2025
(Yaqub, Ali and Kumar, 2025). Taken together, these acquisitions by
various nations paint a picture of a wider regional move towards a multi-
band, multi-layered air-defense coverage.

Comparatively, in the case of Pakistan, the requirement under
consideration for an effective air-defense and strike system (ADS) must be
understood in relation to its own strategic environment. The system's
suitability is usually shaped by the state's threat perceptions, geography,
and its operational doctrine, rather than by the comparisons of the missile
range alone (Eslami and Borges, 2025). Considering the territorial size of
Pakistan, a missile with a range of 400 km can provide many target points
to an external factor within its territory; however, in the case of a country
like Pakistan, to achieve similar reach against external factors that has a
much larger territorial size, it would require systems with significantly
longer ranges (Kristensen et al., 2025). Similarly, sometimes the technical
specifications of a missile system can involve inherent trade-offs, such as
the enhancement of range, etc., that will need an adequate fueling system
and structural reinforcement that can result in an increase in the overall
weight. This can, in turn, reduce its mobility and even result in complicated
deployment options (Zou, Liu and Teng, 2025). An ADS in such cases
requires a balanced competing requirement for a country like Pakistan,
which can constitute a strategically suitable and effective missile
capability.

With the advancement in technology and rapidly changing world
affairs, the nature of warfare between countries is changing. The huge
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number of armies cannot win wars in this era of modern technology.
Instead of a full-scale war, a new trend of attacks has been developed
called a "Surgical Strike" in which the enemies do not launch a full-scale
war, but rather enter the targeted country's territory and neutralize the
target. Even if the targeted country is nuclear-powered, the one being
attacked cannot respond to the attacker with nuclear weapons. In that
scenario, a timely response is needed to counterbalance the threat, and
such a response is only possible through a complete air defense shield
known as an ADS. These systems ensure that no intruder can carry out
an intrusion without being intercepted or detected (Kizza, 2024).

In the case of developing countries such as Pakistan, the nation
operates within a complex regional and internal environment, having to
manage ever-growing economic difficulties, and broader geopolitical
dynamics. The location of the concerned country naturally results in
shaping its approach and strategic considerations to national security
(Adhikari, 2024). Similarly, speaking of Pakistan, the nation has also
stepped-in towards modernization of its air-defense posture with the
Chinese systems: the LY-80 (HQ-16), which is a low-to-medium altitude
air-defense system formally inducted in 2017, and later on, it signed
another agreement with the Chinese government for the acquisition of the
long-range HQ-9/P surface-to-air missile system, thus providing and
extended layer and range to its integrated air-defense network (Hartley
and Belin, 2019). While these acquisitions have supposedly improved
Pakistan's layered coverage at low to long altitudes, it is widely noted that
high-altitude/exo-atmospheric coverage and wider ballistic-missile-
defense layers remain the area of concern and something that carries
potential capability deployment (Haider, 2025a). Given this evolving
context, the current research aims to identify and select the ADS system
solution that can best fit Pakistan's operational requirements, economic
constraints, and industrial capacity, via a hybrid Multi-Criteria Decision-
Making (MCDM) methodology, i.e., Decision-Making Trial and Evaluation
Laboratory (DEMATEL), and Analytical Hierarchy Process (AHP), to
recommend options that provide realistic, sustainable improvements to the
country's air-defense position.

Research questions

Based on the aforementioned discussion, the current research aims
to find the answers to the following research questions.




1. What key factors influence the selection of an appropriate ADS
system within a country's evolving regional security
environment?

2. Which Air-Defense System emerges as the most suitable option
for a country like Pakistan when evaluated against multiple
factors using the MCDM methodologies?

This paper is divided into five sections. The introduction is followed by
a literature review, methodology, results, discussion, and conclusion of the
whole research study.

Literature review

A stronger defense system is essential for any state or nation,
whether it is developed or developing, as it reduces vulnerabilities and
limits external interference. As modern threats keep on becoming more
sophisticated, countries increasingly rely on integrated and technologically
advanced defense architectures to help protect their strategic interest and
their territory (Wasi et al., 2025). In this era, even the countries that have
nuclear weapons prefer to be in a defensive mode because it may cause
a very dangerous war that may lead to the loss of humans, plants, animals,
the nation's economy, natural resources, climate change, etc. (Mynuddin
et al., 2024). Despite the dangers that it might pose to the sustainability of
the economies, environment, and society, almost every country tries to
protect itself from any type of potential adventure from its rivals or enemies
(Streeck, 2025).

In such cases, many of the countries have armed themselves with
various advanced weaponry, tactical armed systems, improved satellites,
aerial and ground artillery, and even the latest air defense systems (ADSs).
To do so, the previous literature highlights some of the scenarios in which
nuclear and non-nuclear countries have armed themselves with the latest
weaponry and ADSs to ensure that they are well protected and can also
keep an eye on any potential attack from their rivals. They have also armed
themselves to ensure that they can meet the minimal requirements for their
protection, as well as to counter any encounters that might arise as a
repercussion (Park, 2024). One such example is the United States, which
is developing Next-Generation Interceptors (NGIs) to replace the Ground-
Based Midcourse Defense (GMD) systems so that it can address aerial
vulnerabilities such as hypersonic maneuvering threats (Moric and
Kadyshev, 2025). Similarly, in April 2024, the U.S. Missile Defense Agency
(MDA) selected Lockheed Martin to build NGIs to protect the homeland
against long-range ballistic-missile threats and future advances. In this
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case, the NGI represents an effort to stay ahead of such threats by
replacing older technologies with a more resilient architecture (Raser,
2025). Similarly, the installation of the NATO Integrated Air and Missile
Defence (IAMD by the NATO allies against the recent escalations in the
Russia-Ukraine conflict is also an example of the country's importance to
its ADS (Passbach, 2024). It is also important to mention that countries
like China and Russia are also taking it seriously to implement advanced
systems, such as China's HQ-9 Series to engage long-range ballistic
missiles (Jones, 2024) and Russia’s S-400/S-500 systems to engage
targets at a distance of 400km (Sagild and Hsiung, 2024). Such designs
ensure that they can integrate multi-layered radar systems while also
ensuring their stealth capabilities. These countries are much in line with
the improvement of their military business, and in accordance with that
fact, two additional S-400 units are in line to be delivered to a South-Asian
country by the year 2026-27, a contract comprising delivering 5 regiments
(Haider, 2025b). Similarly, Algeria also became part of the list of countries
to have adopted the use of the latest S-400 ADS, confirming reliance on
the Russian modern technology (Sanef and Trouzine, 2025). Reportedly,
Turkey is also in line for the acquisition of the modern S-400s, adding
further to the ever-increasing list of nations adopting the modern ADS,
further acknowledging the superiority of such systems (Analytica, 2024).
Knowing the importance of the latest ADS and its adoption around the
globe, its visual representation of installations across various locations can
give a much better idea of the trend of adopting advanced security systems
for a resilient strategic position, as depicted in Figure 1.
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Figure 1. Visualization of long-range ADSs across various locations (Source: Missile
Defence Project, 2024)




Furthermore, in the case of a developing country such as Pakistan,
the ADS of Pakistan is one of the main components of its defense system,
and over the past several years, the country has incorporated Chinese-
made (LOMADS) LY-80 in its ADS, which is built by China Aerospace
Science and Technology Corps (CASC). This technology hits the target up
to an altitude of 400-1000 meters. This missile weighs around 70 kg and
can hit a flying aircraft at a maximum altitude of 18 km, while having a
horizontal engagement range of nearly 40 km (Khurshid and Zaman,
2024). Similarly, to strengthen longer-range coverage, the nation has also
inducted the HQ-9P surface-to-air missile system, alongside related
variants such as FD-2000 and HQ-9BE. The HQ-9P is capable of providing
high-to-medium altitude defense, thus extending the country’s capability of
layered air-defense requirements. Together, these systems form part of
Pakistan's move to acquire the latest ADS systems initiatives, designed to
address threats across different altitude bands and aerial threat types.
Given the country's position in the region, it still requires exploration to
further integrate the latest systems to enhance both the medium and long-
range defense coverage. To address that, the current research aims to
assist policymakers and stakeholders in opting for a much better and well-
suited ADS to further strengthen the country's ADS.

Furthermore, Pakistan's pursuit of the acquisition of the latest air
defense system is molded by a combination of various entities such as
evolving regional threats, economic limitations, and technological
dependencies. A challenge that a country like Pakistan faces is the
technological and operational gap which poses legacy system limitations
and integration challenges along with the shortage of skilled and trained
personnel (Muhammad Usman, 2024). Internal security, protection of the
infrastructure, and geopolitical dependencies and risks are also key
challenges that Pakistan faces (Anwar and Atif, 2025). Similarly, the
economic constraint is another major issue for a country like Pakistan
being already burdened by inflation and reliance on foreign loans, and
together with these external issues, it poses a bigger challenging picture
for the protection of the country's sovereignty (Hanif and Sultan, 2024).
Such challenges can become even bigger to handle when a country is up
against rival countries especially having to deal with them when they are
already armed with modern weaponry. Such a task requires effective
assessment and resilient evaluation of the options that a developing
country such as Pakistan can have to effectively counter such a challenge.
Recent literature often overlooks the range of external pressures and
internal constraints shaping Pakistan’s security environment. A clearer
understanding of these combined factors is important for assessing the
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country’s air-defense needs and future system requirements. The current
research focuses on providing a novel assessment to assist policymakers
in defining strategic investments in cost-effective, layered ADSs to ensure
a viable and effective path to stability and deterrence. In such a way, the
country can offset its weaker economy as well as secure its airspace in an
imbalanced region.

Multi-criteria  decision-making (MCDM) models are useful in
assessing complex problems such as decision scenarios that require input
from various experts in the form of primary or secondary data. It is an
essential tool to evaluate conflicting criteria and assess diverse
alternatives. MCDM models are useful when it comes to handling the
interdependencies between the criteria as well as the large sets of
alternatives, proving to be effective in handling complex decision scenarios
(Kumar, 2025). Furthermore, they assist in balancing the conflicting
objectives such as revealing optimal compromises or in the quantification
of subjective preferences (Kizielewicz and Salabun, 2024). Similarly, the
MCDM models are effective in handling both qualitative and quantitative
data sets and in helping towards reproducibility and transparency, along
with the resilient operations management of uncertainty and subjectivity
when it comes to fuzzy logic (Pham et al., 2024). Such factors enable the
importance of MCDM models without which decision makers might risk
making biased choices and ignoring critical factors. Based on such
importance, the current study utilizes a combination of MCDM
methodologies out of many available choices in terms of various
techniques such as ANP, FUCOM, TOPSIS, VIKOR, etc. Various
applications of MCDM models can be observed in the current literature
that highlight the all-around applications in various complex decision
scenarios. One such example of the MCDM model comprises a hybrid
assessment, carried out for the supplier selection in public manufacturing
and involves the application of Fuzzy DEMATEL, Best-Worst Method
(BWM), COCOSO, MOORA, and TOPSIS (Kolour et al., 2026). Similarly,
another application can be observed in the case of optimization of
leadership strategies, where the application of the Delphi method along
with the Analytic Hierarchy Process (AHP) technique contributes to the
prioritization of the key influencing factors that can enable transformational
change at the workplace (Malmir, 2026). A unique application of TODIM,
i.e., an interactive and multicriteria decision-making technique, can be
found for the assessment of robust ranking of criteria weights (Zhang and
Gao, 2026). An application of DEMATEL also involves the assessment of
cause-and-effect relationships among factors that affect transgender
people, a study being carried out under uncertain circumstances




(Appasamy, 2026). Another study involved the application towards the
enhancement of the cold supply chain resilience by implementing FUCOM
in a hybrid combination with the Fuzzy QFD method (Khan and Ali, 2023).
Similarly, the selection of the sustainable supply for the cold supply chain
also comes under the domain of MCDM applications, i.e., Interpretive
Structural Modelling (ISM), along with the fuzzy VIKOR technique (Khan
and Ali, 2021). Also, the risk assessment and mitigation comprise the
diverse MCDM applications such as FMEA-RPN and FUCOM techniques
(Khan et al., 2022). It is safe to consider MCDM an ultimate choice for the
current decision scenario, and therefore, the current research implies a
DEMATEL-AHP approach to help with the selection of the air defense
system for a developing country such as Pakistan. The choice of these
methods is in comparison to others in the sense that the DEMATEL
approach is helpful in the identification of the interdependencies among
the criteria and can distinguish the cause from the effect, which can be
extremely fruitful when it comes to timely decision making. Similarly, the
application of the AHP method proves to be helpful when complex
problems are to be narrowed down in terms of hierarchical structures to
identify the goal, criteria, and alternatives. It thus enables pairwise
comparisons and proves worthy in critical scenarios such as defense
systems and safety (Khan et al., 2022). Therefore, in a scenario where
hierarchy and interdependencies are critical, DEMATEL and AHP can
prove to be a top choice for studies of a similar nature.

In the current research, the study utilizes two Multi-Criteria Decision
Making (MCDM) methodologies, i.e., Decision-Making Trial and
Evaluation Laboratory (DEMATEL) and Analytical Hierarchy Process
(AHP). The DEMATEL is a useful method that can convert the relations
and "cause and effect" of criteria into a visual structural model. It can also
be used for handling inner dependencies within a set of criteria. One such
example states the application of the Fuzzy DEMATEL approach in the
case of main battle tanks (MBTs), analyzing various concerned factors for
better assessment results (Kharola et al., 2024). Similarly, another
application involves the use of a hybrid methodological model, i.e., Fuzzy
AHP, DEMATEL, & TOPSIS to enhance the protection of airplanes from
crashing (Sharma et al., 2025). The DEMATEL method was used for data
processing and criteria and attributes determination to eliminate less
significant criteria and attributes. For each criterion and attribute, the
weight values were determined by the AHP method. The eigenvector for
prioritization was used to determine reliability and the consistency ratio for
each result (Ahmad Al-Rawashdeh, AI'Azzeh, and Al-Tarawneh, 2025).
Similarly, another research applied the ANP and DEMATEL approach for
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the selection of knowledge management strategies. The study assessed
such models to enhance the development of the organizational culture
(Vatan, Raissi Ardali, and Shahin, 2024). Recent research has
incorporated a novel fuzzy decision-making model to pinpoint appropriate
policies for the transition to renewable energy (Dincer et al., 2023). Another
research delved into the Financial Performance Evaluation of Energy
Companies (Dagistanli, 2023). Furthermore, AHP is a technique used for
the selection of the best alternative. It was introduced by Thomas Saaty in
1980, and it sets the priorities and helps the decision maker to make the
best decision (Saaty, 1994). AHP, apart from making a decision, also talks
about the consistency of data to minimize biases (De Felice and Petrillo,
2024). AHP works by considering a set of criteria and possible alternatives
among which a decision is to be made, and it is not necessary for the AHP
method that all criteria should be optimized. In AHP, weights are
assigned to each criterion (Khan & Ali, 2020). AHP is used in every
industry and organization, from a simple problem like bicycle features to
the manufacturing of an aircraft. It can also be used in an environment
where the exact numerical values for weight are not possible to collect. In
that case, the linguistic terms need to be transformed into numerical
values. The same approach is used for renewable energy planning in
Istanbul. In this case, the best alternative for renewable energy is
obtained by using VIKOR-AHP. Similarly, in the same project, the same
method is used in a fuzzy environment for the selection of the best site for
renewable energy (Ma et al., 2025). Similarly, a hybrid MCDM approach,
i.e., fuzzy AHP-Fuzzy TOPSIS, is incorporated in the context of fighter
aircraft selection in the case of the Algerian Air Force (Kaanit, Mouss, and
Berghout, 2025). The scenario requires a regular check on changes in the
criteria that may lead to some interdependency casually; in that case, AHP
and DEMATEL were integrated as a top choice (Singh and Sharma, 2024).
Moreover, the advantage of the AHP integration is that it can easily
improve the supplier performance and is implemented in determining the
success factors associated with the spare parts supply chain (Zaid, Saleh,
and Tomeh, 2025). AHP is also used for setting the priorities, while
DEMATEL is used for the evaluation of success factors, as AHP and
DEMATEL both work well even in a fuzzy environment. The studies were
done for the evaluation of human resources for science, in which fuzzy
AHP is used to weigh each criterion, after which fuzzy DEMATEL is used
for the evaluation of the criteria and the alternatives (Lin and Wang, 2024).




Research gap

The current research comprises an idea that concerns developing
countries as a whole and Pakistan in particular, as it is designed in such a
way that highlights the factors affecting the ADS, as well as evaluating the
best missile system based on various factors. Since there is no other study
that highlights this topic on such grounds, and similarly, there is no study
involved in the previous literature that has carried out a diverse decision
scenario in the ADS sector of Pakistan, based on a hybrid DEMATEL-AHP
approach, this forms a novel study. Furthermore, the motivation of the
current research can also be extracted from the fact that the timing of the
study is such that currently Pakistan faces both internal and external
threats, and such arrangements are of extreme importance for the
country's sovereignty. Therefore, the study is the need of the hour and thus
a major motivation and importance for the current research.

Methodology

The DEMATEL approach was first used by the Science and Human
Affairs Program of the Battelle Memorial Institute of Geneva in 1972-1976.
This approach was designed to determine the complex problems and
transform them into a solvable form. Since then, the methodology has
been applied by different researchers to find interrelationships among
different criteria in multi-criteria decision-making scenarios. The
DEMATEL helps capture the logical relationship between different
elements of the system and helps frame the strength of the
interrelationship as well. DEMATEL classifies the factors of cause and
effect while illustrating their relationship through a diagram. It determines
the relationship among the factors while prioritizing the criteria according
to the relationship and effect on each other. DEMATEL filters out the
unnecessary criteria and sub-criteria, which are less important for an
alternative selection, and guarantees the important criteria to be included
in the selection process (Shafaei et al., 2025). The whole methodology is
displayed in the flow chart in Figure 2.

From different literature and sources, the criteria affecting the
selection of an air defense system are collected. A 19x19 matrix is formed
from the shortlisted criteria which were distributed among experts to get
their review on the relative importance of each criterion. In this way, a total
of 40 responses were collected from various commissioned and non-
commissioned officers of the Pakistan Air Force. Each respondent gave
judgment about each criterion and its interdependence with other criteria.
This step was done using the DEMATEL approach. The pairwise
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comparison is performed according to a scale of 0-4 (0 for No Influence, 1
for Low Influence, 2 for Middle Influence, 3 for High Influence, and 4 for
Very High Influence).

Pairwise Comparison SR Fairwise Comparison
" of Crit=ria of criteria
rem— e .
For DEMATEL
Evaluation of criteria
L By DEMATEL ‘ ‘
e Consistency Consistency
‘ | Lhisck | Check |

Alte rnatives

Figure 2. Flow chart showing the methodology

The following are the steps followed in the DEMATEL:

1. The first step in DEMATEL is to study the literature and find the
factors affecting the selection of the air defense system. In this
case, the expert review is very important for shortlisting the
criteria and factors that are very relevant to the selection of the
air defense system. The shortlisted criteria are shown in Table 1.

2. The second step in the DEMATEL process is to make an initial
matrix that identifies the relationship between any two criteria.
This matrix is reviewed by experts who grade the influence of
one criterion over another criterion on a scale of 0 to 4. The
notation that is used for this influence is X;, where Xj is the expert
judgment on the influence of i over j. When i and j are equal, it
means that they do not influence each other. In that case, the




value will be zero. For each respondent, a 19x19 matrix was
created in an Excel sheet; as a result, the total number of
matrices is equal to the total number of respondents, which is

denoted by H in this research. X, X,, X; ———-X_

Table 1. List of the criteria

Life Cycle Cost Durability Maintenance Time Of Response
Acquisition Cost | Payload Reliability Maneuverability
Versatility Air Speed Radar And Other Flight Control
Sensors System
Data Processing | Rate Of Fire Maintainability Number Of Targets
Time It Can Engage at A
Time
Infrastructure Precision Target Range
Capability

To integrate the responses of all the respondents, all the
responses were added to get their average value. All the
corresponding elements of the matrices are added, and their
sum is divided by the number of responses. The resultant matrix
is called the Average Matrix, denoted by A. This step can be

summarized in equation 1 as

1
Ajj =~ oy X5 (1

In this step, the Normalized Initial Direct Relation matrix is
determined. Each element gets a value between zero and one.
Equations 2 and 3 are used for this step.

D = A4x S 2)

where

1

§=—t 3)

- n
maxi<i<n Zj:l Ajj

In this step, the Total Relation Matrix T is constructed by using
Equation 4 as

T=Dx (I-D)" (4)
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In the Total Relation Matrix, | is the identity matrix. Next, the
summation of the rows and columns of the matrices is calculated in the
total matrix. Ri represents the sum of rows; C; represents the sum of

columns, while R, —C; and R, +C; show the sum and difference of Riand
Ci.

The second method used in this research for the evaluation of
alternatives is the Analytical Hierarchy Process (AHP). AHP is a very
powerful decision-making tool that was introduced by Saaty in 1990. It
uses a pairwise comparison between criteria to convert the scale of the
comparison between criteria into a number. In AHP, each criterion is
weighted against another by weight from (1, 3, 5, 7, and 9). The higher-
ranking number indicates the importance of one criterion over another
criterion (Huang et al., 2025). Thus, AHP reduces complex decision
making to a comparison of criteria, where AHP not only chooses the best
alternative but also talks about the consistency of the data.

In this research, AHP is used to evaluate the shortlisted criteria for a
missile and then to look for the available alternatives to see which one
satisfies the needs of Pakistan's current air defense. To select the best
missile system for Pakistan Air Defense (PAD), a set of criteria is chosen
with the help of DEMATEL, upon which all the alternatives will be weighted
equally. The criteria upon which the selection of the missile system will be
evaluated are Payload, versatility, Fire Rate, Reliability, Precision Target
Capability, Range, Cruising Speed, Maneuverability, Acquisition Cost,
Operation Cost, Maintainability, and Availability. One of the most important
criteria is Availability, and this criterion includes the trade embargo and the
sanctions that can be placed against a country by the international
community or a specific country. The importance of this criterion can be
understood well from the cold relations between Pakistan and the US for
SO many years.

For this project, a total of five options are shortlisted, among which
one optimum option will be chosen. The shortlisted alternatives for PAD
are shown in Table 2.

Table 2. List of the alternatives
| THAAD | 5-400 | S-300 | PATRIOT | LY80 |

For a comparison of each air defense system against the criteria in
the matrices, a detailed review is done from different forums and experts.
The required specifications were used against different air defense
systems with weights of 1, 3, 5, 7, and 9 for pairwise comparison. All the




matrix calculations are done in Microsoft Excel. From these matrices, the
normalized matrix, consistency ratio, and priority vector are calculated.

The following are the steps followed in the Analytical Hierarchy
Process (AHP).

1. Inthe first step, all the criteria and decision alternatives are listed.

2. Inthis step, a rate is assigned to each criterion based on relative
importance. The sum of each column will be used for the
normalization of the matrix.

3. The next step is to normalize the matrix by dividing each element
of every column by the respective sum of the column. The
normalized matrix ‘N’ with the weighted vector ‘W’ on the right of
the matrix, which indicates the average of each row.

4. The next step is to check the consistency of the matrix by first
calculating the weighted sum vector ‘Ws’ using the multiplication
of the matrix ‘C’ with the vector ‘W’. This step is summarized in
Equation 5.

s} =[c] -
After determining the weighted sum vector, the consistency vector is
calculated using Equation 6 as
{Cons} ={Ws}/{W} (6)
The average A of the consistency vector {Cons} is used in Equation 9 to
calculate the consistency index CI.

CI=(A4 -n)/(n-1) @)

Finally, a random index value is used to calculate the consistency ratio
CR using Equation 8.

CR=CI/RI (8)

If this value is lower than 0.10, the matrix is consistent; otherwise, an
adjustment in the ‘C’ matrix entries is necessary to repeat step 4.

5. The same steps from step 1 to step 4 are applied this time for the
evaluation of the alternatives which are shown in Table 2. The
priority vector of each matrix is compiled in a matrix. This matrix
is called the Final Rating matrix. After taking the transpose of the
Final Rating matrix, it is multiplied by the vector ‘W’ using
Equation 9.

[FRating]T x{W} = {Alternative Value} )
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Results and discussion

The criteria chosen had a complex relationship among them; without
the application of a sophisticated technique, it was hard to comprehend
the meaning and relation of the criteria. Therefore, DEMATEL-AHP was
used to determine the interaction among them, the steps of which are

shown in the methodology.
Table 3. Ri and Cjvalues were obtained for the assessment. (Source: Author's creation)

Criteria Ri Cj

Precision Target Capability 2.4926 | 2.7520
Range 2.6399 | 2.5009
Manoeuvrability 2.6928 | 2.4299
Versatility 2.3928 | 2.6575
Maintainability 2.4501 | 2.4081
Data Processing Time 2.5969 | 2.2300
Radar And Other Sensors 2.3524 | 2.3950
Time Of Response 2.4385 | 2.3021
Reliability 2.5958 | 2.1019
Rate Of Fire 2.3806 | 2.1447
Flight Control System 2.4185 | 2.0772
Number Of Targets It Can Engage at A Time | 2.4268 | 2.0536
Payload 0.0012 | 0.2515
Durability 1.8837 | 2.3120
Air Speed 1.9007 | 2.2473
Infrastructure -0.2766 | 0.0264
Maintenance 1.6561 | 1.8472
Life Cycle Cost 1.4289 | 1.9873
Acquisition Cost 1.4854 | 1.7884

The sum of the Ri and C; shows the total impact and importance of ‘i'
as compared to 'J'. The difference R-C; is called the relation, which
represents the net effect of ‘i’ over the system. If the difference is positive,
it indicates that the factor ‘i’ is the cause, while the factor will be the receiver
if the difference comes out to be negative. The individual values obtained
for Ri and Cj are listed in Table 3. Table 4 shows the ranking of the criteria
based on the values of R+C; and Ri-C;. The value of Ri+C; for the criterion
‘Precision Target Capability' is the highest, i.e., 5.2446, and its
corresponding value of Ri-C; is positive, which means that the Precision
Target Capability is the most important factor that should be considered
for the selection of an ADS for Pakistan. Moreover, the 'Range' of hitting




the target and the 'Maneuverability' are the second and third most
important factors based on which the missile system should be selected.
The other criteria that should be considered for the selection of ADS are
prioritized as shown in Table 4.

Table 4. Ranking of the criteria

Criteria Ri+Cj Ri-Cj Rank
Precision Target Capability 5.2446 -0.25941 1
Range 5.140833 0.138936 2
Maneuverability 5.122678 0.262827 3
Versatility 5.050276 -0.26464 4
Maintainability 4.858191 0.04208 5
Data Processing Time 4.826916 0.366989 6
Radar And Other Sensors 4.747371 -0.04255 7
Time Of Response 4.740586 0.136442 8
Reliability 4.697649 0.493929 9
Rate Of Fire 4.525268 0.235876 10
Flight Control System 4.495664 0.341241 11
Number Of Targets It Can Engage at | 4.480463 0.373168 12
A Time

Payload 0.252751 -0.25026 13
Durability 4.195692 -0.42825 14
Air Speed 4.148004 -0.34659 15
Infrastructure -0.25026 -0.30303 16
Maintenance 3.503309 -0.19107 17
Life Cycle Cost 3.416167 -0.55845 18
Acquisition Cost 3.273806 -0.30303 19

These criteria are then used for the evaluation of the alternatives
using AHP. After constructing the Normalized Matrix in Table 5, the
consistency of the data has been checked, where the Consistency Index
(Cl) can be depicted as 0.10528. The matrix is consistent with the
consistency ratio CR i.e.,

o CI_0.10528
RI™ 1.12

As indicated by Equation 9, the product of the transpose of the Final
Rating Matrix and the W vector gives the alternative value. All the

=0.094
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alternatives are ranked according to these values. The larger value
indicates that the alternative is the best one among all. Therefore, it is
concluded from Table 6 that the S-400 Triumf is the best solution for
Pakistan Air Defense with the highest value of 0.29, followed by THAAD,
S-300, LY 80, and PATRIOT.

Table 5. Construction of the Pairwise Comparison Matrix

S-400 | THAAD | S-300 | LY 80 | PATRIOT
S-400 1.000 | 1.0506 | 1.536 | 2.394 | 3.083
THAAD 0.952 | 1.000 1.462 | 2.279 | 2.935
S-300 0.651 | 0.684 1.000 | 1.559 | 2.007
LY 80 0.417 | 0.439 0.641 | 1.000 | 1.287
PATRIOT | 0.324 | 0.341 0.498 | 0.776 | 1.000

Table 6. Ranking of the alternatives based on AHP

Missile System AcxWec Rank
S-400 0.29896063 1
THAAD 0.28459462 2
S-300 0.1946512 3
LY 80 0.12483901 4
PATRIOT 0.09695455 5

Based on all the criteria, especially the top three, i.e., Precision Target
Capability, Range, and Maneuverability, the best air defense system for
Pakistan is the S-400. It is more favorable for Pakistan to purchase the S-
400 missile system from Russia, as it possesses the radar system and can
hit the target precisely. The S-400 is also easy to maintain, and its cost is
more suitable according to the economic situation of Pakistan. The validity
of the results obtained can be compared in such a way that it comprises
consistency with global studies such as (Sari, et al., 2024), which ranks
the S-400 as the most powerful defense system in the world by assessing
it based on active sensors for anti-aircraft missiles. Keeping in mind that
Pakistan already has the Chinese HQ-9, the outcome from the analysis
depicting the S-400 as a better choice paints the picture of the latter
offering significantly greater engagement range, along with interception at




higher altitudes and flexibility in more missile-type options in comparison
to the HQ-9 family, thus enabling wider and more defensible air-defense
zones around the critical assets. When the S-400 is added to Pakistan's
existing HQ-9 coverage, it would strengthen the outermost layer of
defense, complicating enemy strike planning along with improvements in
deterrence. It must be kept in mind that the overall success would depend
on the robust integration, including radar support, mobility, command-and-
control, and maintenance infrastructure to ensure effective operations
beyond mere technical specifications (Bronk, 2018). Furthermore,
techniques like AHP have been used either alone or in hybrid combination
with others, such as TOPSIS, to assess weapon selection. In short, the
current research aligns closely in terms of performance with the global
studies but diverges in a regional context. The comparative studies
validate our choice of methodologies as well as the outcome and therefore
prove to be an effective outcome for the country and the region.

Research implications & future recommendations

The current research focuses on the regional context to support and
evaluate the assessment of the best and most effective air defense system
by considering a hybrid approach of DEMATEL and AHP methodologies.
It enforces and supports technical performance and ensures that similar
results can be obtained with such efficiency and effectiveness. The current
research proves to be timely, especially in the case of heightened tensions
in the country’s internal and external environment, serving the need for a
reliable and effective air-defense system (ADS) which has become more
critical for Pakistan's overall security planning. Similarly, in the future
context, a similar study can be extended to the combination of more hybrid
methodologies to ensure effective comparisons of the results and also to
account for the factors qualitatively. Future research can also include
factors such as electronic warfare resistance or strategic mobility in a
global or developing country(s) context.

Conclusion

Air defense systems (ADSs) are very important for any country,
whether developed or developing. The ADS helps a country or a nation to
defend its sovereignty. This research paper aims to identify the factors and
criteria for the selection of the ADS which is preferable for Pakistan. For
this purpose, the criteria, i.e. precision target capability, range,
maneuverability, versatility, maintainability, data processing time, radar
and other sensors, time of response, reliability, rate of fire, flight control
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system, number of targets it can engage at a time, payload, durability,
airspeed, infrastructure, maintenance, life cycle cost, and acquisition cost,
are considered. Moreover, the five missile systems (alternatives), i.e., S-
400, S-300, THAAD, LY-80, and PATRIOT, are considered. Two hybrid
MCDM methodologies, called DEMATEL and AHP, are integrated to
identify and rank the criteria and then select the alternatives based on the
criteria. DEMATEL is used for the evaluation of criteria and finding their
relative importance to determine the most important criteria. Using AHP,
after performing all the necessary steps and checking for consistency, the
alternatives were evaluated against each criterion, which generated a
ranking vector shown in Table 4. It is concluded that the precision target
capability, range, and maneuverability are the prominent criteria based on
which ADSs are to be selected for Pakistan. The S-400 Triumf emerged
as the highest-ranked option after the AHP assessment application,
indicating the most suitable ADS for Pakistan's current needs, based on
the concerned distinct criteria.

Limitations

The current research considers various criteria to evaluate
alternatives via DEMATEL-AHP methods. The overall boundary of the
research scope is limited to Pakistan, and one of the limitations is that it
does not cover almost all the developing countries. Only those who face
similar crises will be able to benefit from this research . Similarly, the time
constraint proves to be another limitation for the research since it is the
need of the hour, and it was done to ensure that it is completed within the
current time frame. Similarly, the limitation of finding the right experts is
another major issue, especially in a country like Pakistan, where most of
the experts are not easily available and access to the data is rather difficult.
Such limitations, although they did not create any obstacle, could have
improved the study by a much greater margin.
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CTtpatelukm okBmp 3a n3bop HanpegHux MNBO cuctema: yBugu us
3eMrbe y pasBojy

Jycygp Anu
dakynTeT 3a 6M3HUC U MeHaLMeHT, YHuBep3uTeT ,Paxag buH Cyntan”, Tabyk,
Cayaujcka Apabuja

OBJIACT: onepaLuoHa ucTpaxusara, Hayke 0 oanyyunBamy, ctyauje
onbpaHe, aHanunsa BOjHUX cuctema
KATETOPWJA (TUM) YNAHKA: opurnHanHu HayyYHu pag,

Caxemak:

Yeod/yurs;[JaHac ceaka Opxaea nokywasa Oa yHaripedu cgoj cucmem
00bpaHe HabaskoM HOBUX mMmexHonoauja. JedHy 00 HajeaxHUujux
KOMMOHeHmMu cucmema 0dbpaHe npedcmaesrba cucmem
npomusea3dyxoriiosHe odbpaHe (MNBO) koju 0byxeama rog8ayke aguUoHe,
becniuniomHe nemenuue, 3L padape, bopbeHa KomaHOHa eosuna U
pakemHe cucmeme. PakemHu cucmem je ocmao HajeaxHuja
KomrioHeHma cucmema [1BO wupom ceema. Ycried oepaHUHYeHuUx
cpedcmasa u criabe eKoHoMUje, 3eMibe y pa3eojy umajy nomeuwkohe da
Habaee NBO cucmem Koju 00208apa HUX08UM PECYPCUMa U €KOHOMCKUM
moeyhHocmuma. Cepxa 0802 ucmpaxueadykoe pada jecme 0a npoyyu
nompebe u uyurbese cucmema o006paHe 8a30yXOMnsI08HUX CHaza
lMakucmaHa, kao u Oa npednoxu Hajborbu pakemHu cucmem Koju 6u
noborbwao nocmojehu MNBO cucmem.

Memode: XubpudHa memodorioauja sulIEKpUMEPUjyMCcKo2 00sTydusarba
(MCDM), memoda DEMATEL u memoda aHanumuykoa Xujepapxujckoa
npoueca (AHP) kopuwheHe cy 3a rpoueHy ¢hakmopa Koju ymudy Ha
pakemHu cucmeM, Kao U 3a u3bop Hajborbee pakemHo2 cucmema 3a

lNakucman.
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Pesynmamu: YkasaHo je da je 3a [1BO [lakucmaHa Hajrio2odHuUju
pakemHu cucmem C-400, a 3amum TXAAL u C-300, koju moey Oa
3adosorbe mpeHymHe 6e3bedHocHe nompebe 3emrbe.

3akrbyyak: 3akrbydeHo je Oa criocobHocm rnpeyusHoe eahara yurbeaa,
domem u MaHesapcke criocobHocmu rpedcmaesrbajy eodehe ghakmope
Koju umajy 3HayvajHujy ynoey y cucmemy [1BO [lakucmaHa. Oeo
ucmpausar-€e je rpeo makee epcme Koje kopucmu ripucmyn DEMATEL-
AHP 3a npoueHy cucmema [1BO y 3emrbu y pas3eojy kao wmo je
lNakucman.

KmbyuHe peuu: MNakucmaH, NBO, pakemHu cucmem, MCDM, DEMATEL-
AHP.
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Abstract:

Introduction/purpose: In this paper, five Army-Navy Spinner Rocket
configurations with different afterbodies were numerically evaluated on drag
reduction effectiveness at supersonic speeds.

Methods: Reynolds-Averaged Navier-Stokes equations with the SST k-w
turbulence model were employed for numerical simulations. Mesh
sensitivity studies were undertaken to ensure the independence of
simulation results on the mesh size. The simulation results were validated
against archival experimental data. A comparison of aerodynamic drag
coefficients for baseline and modified afterbodies was carried out. The flow
fields around different afterbody configurations were visualized and
analyzed.

Results: The research results have indicated that a conical boattail or a
combination of a conical boattail with a base cavity are the most effective
methods showing on the average 10.99% and 11.96% in drag reduction,
respectively. The base cavity configuration alone is the least effective
method showing an average drag reduction of only 1.33% compared to the
baseline configuration. The multi-step afterbody configuration can come up
with an average drag reduction of 2.15% compared to the baseline
configuration.

Conclusion: Afterbody configurations significantly affect the aerodynamic
drag of a spinning projectile. Out of the considered afterbody configurations,
the combination of a conical boattail and a base cavity is the most effective
way to reduce a projectile drag. The findings presented in this study have
provided significant insights into better understanding of passive methods
for aerodynamic drag reduction.

Key words: numerical simulation, aerodynamic characteristics, drag
reduction, conical boattail, base cavity.
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Introduction

Aerodynamic drag is a crucial factor affecting the performance of
projectiles such as missiles, rockets, artillery shells, and bullets. Reducing
aerodynamic drag not only improves the effectiveness and precision of
projectiles but also enhances their operational efficiency by extending their
range and reducing the energy required for propulsion. Over the past
decades, a wide range of methods have been developed to reduce
projectile aerodynamic drag, each method being suitable for specific types
of projectiles and their operational conditions. There are several means
applied to reduce total drag acting on projectiles during their flight. Among
them, the most practical and effective method is to lower projectile base
drag by using a conventional axisymmetric conical boattail afterbody and
other unconventional afterbodies such as a triangular afterbody, a square
afterbody, a multi-step afterbody or a base cavity, slot cavity afterbodies,
etc.

In recent years, there is a renewed interest in drag reduction research
for missiles and projectiles. Platou (1975) conducted a series of experiments
with unconventional projectile boattails and concluded that these
unconventional projectile boattails have improved aerodynamic
performance over the standard conical boattail. These boattails have equal
or lower drag and an improved gyroscopic stability. Mathur and Viswanath
(2004) experimentally investigated the effect of square-based afterbodies at
high speeds on drag and concluded that, compared to conventional
axisymmetric boattails with conical and circular-arc profiles, square-based
afterbodies have the lowest total drag in the Mach number range of 0.95—
1.60. El-Awwad et al. (2020) have investigated the aerodynamic
characteristics and ballistic performance of projectiles with a triangular base
and came to the conclusion that the triangular boattial has a base drag
reduction of approximately 5% at M > 1.0 compared to the conventional
conical boattail with the same length and the angle of inclination; also, the
triangular boattail projectile has better performance from the stability point
of view. The studies on the effectiveness of base cavities, ventilated cavities,
locked vortex afterbodies, and multi-step afterbodies by Viswanath and Patil
(1997) have indicated that base drag and total drag have been significantly
reduced with unconventional boattail configurations. Lunghi et al. (2024)
investigated the potential of multiple grooves to lower the aerodynamic drag
on a boat-tailed bluff body. The work has revealed that the presence of two
consecutive transverse grooves results in a maximum boat-tail drag
reduction of 23.2%. Ibrahim and Filipone (2010) performed experimental
and computational studies on the effect of streamwise slots applied to the




boattail on the total drag coefficient. Guidos and Sturek (1987) conducted a
study on the aerodynamics of a 25mm diameter practice round with a
triangular afterbody using a thin-layer Parabolized Navier-Stokes
computational technique. Kumar et al. (2014) numerically studied the flow
around a conical nose with a rounded tail projectile of 120mm caliber at
three flow regimes and stated that the rounded tail is a better option than
the boattail in terms of drag reduction. Lu and Zhang (2022) investigated the
effect of the base cavity shape and dimensions on drag reduction of a
slender body. Viswanath (2001) performed an investigation to analyse the
aerodynamics of the flow around a multi-step afterbody and compared the
drag of multi-step afterbodies with that of the blunt afterbody. The obtained
result showed that the multi-step afterbody has smaller total drag than the
baseline model. Viswanath and Patil (1990) conducted an experimental
investigation into the effect of several base modifications, namely, base
cavities, ventilated cavities, and two vortex suppression devices, on the
reduction of total drag and base drag. The main conclusion drawn from his
work is that, while several devices can provide appreciable base drag
reduction, the net total drag reduction is relatively lower, possibly due to
additional losses related to the devices. Fu and Liang (1994) carried out a
numerical study on optimal drag reduction for a spinning projectile at
transonic speeds with a passive control device. Mariotti et al. (2017)
conducted numerical and experimental investigations to assess the
efficiency and performance of a control method to delay boundary layer
separation consisting of the introduction on the surface of contoured
transverse grooves. Mahdi and Al-Atabi (2008) predicted the impact of
forebody and afterbody geometries on the aerodynamic performance of
several projectile bodies at supersonic speeds using analytical methods.
The results of this work have shown that the lowest drag was obtained with
a cone-cylinder configuration for the forebody and drag can be reduced by
boattailing the afterbody. Ma et al. (2020) carried out a comparative study
of the aerodynamic characteristics of a spinning projectile with cylindrical
and boattailed afterbodies.

The research studies conducted so far have mostly focused on
investigating the effect of a separate afterbody configuration on the drag
reduction magnitude and the main research method is through
experiments. In addition, the research objects of these studies are of
different calibers and shapes; hence, it is impossible to summarize and
generalize the obtained results. Moreover, of all components of the
aerodynamic drag coefficient, the zero-lift drag coefficient is the most
interesting parameter to be studied. It indicates the drag that a flying body
experiences when no lift is generated. This coefficient provides deep
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insights into the efficiency and performance of the flying object. Therefore,
the primary objective of this paper is to compare the zero-lift drag reduction
effectiveness of several most widely used afterbody configurations by
determining the drags of projectiles with the same caliber and the same
forebody configurations using the modern numerical simulation technique.

Computational methodology

Computational geometry

In this paper, five Army-Navy Spinner Rocket (ANSR) models with
different afterbody configurations were evaluated on drag reduction
effectiveness. These ANSR models with the corresponding afterbodies are
presented in Figure 1, including the baseline, conical boattail, base cavity,
multi-step, and a combination of conical boattail and base cavity afterbodies.

(a) Baseline afterbody (b) Conical boattail afterbody

S

(c) Base cavity afterbody (d) Multi-step afterbody

(e) Combination of a boattail and a base cavity

Figure 1 - Different ANSR afterbody configurations: (a) baseline afterbody; (b) conical
boattail afterbody; (c) base cavity afterbody; (d) multi-step afterbody; and (e) conical
boattail + base cavity afterbody

These configurations have the same total length of 5 calibers (1 caliber
is 20mm) and the same 2-caliber secant ogive nose followed by a cylindrical
bearing part of different length. The first configuration has the most simple
afterbody and is used for baseline configuration. The second afterbody
configuration consists of a conical boattail of 1-caliber length and a 7°




inclination angle (Figure 2). The third afterbody configuration is a cylindrical
base cavity with 0.8-caliber diameter and 1-caliber height. The fourth
afterbody configuration consists of two steps with the same 0.5-caliber height;
the first step diameter is 1/3-caliber and the second step diameter is 2/3-
caliber. The fifth afterbody configuration is a combination of the second
configuration with a cylindrical base cavity of 0.6-caliber diameter and 1-
caliber height.

40 20

100

Figure 2 - Computational domain

Computational domain

Computational domains with the same dimensions were created for
all model configurations in a cuboid form with 40L of length, 10L of width,
and 10L of height (L is the total length of the computational model). This
computational domain was created with dimensions large enough to
accurately capture the aerodynamic phenomena taking place at the
boundary layer and in the wake region behind the projectile base. The
computational model was placed on the symmetrical longitudinal axis of
the fluid domain and was 15L and 24L away from the Inlet and Outlet
boundary respectively, as displayed in Figure 3.

10L A i 1L 24L
———————— e = — ] L ——
’ 1 1
’
r
h 4

Figure 3 - Computational domain
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Turbulence model

In order to simulate the flow around the models investigated in this
work, the SST k-w turbulence model were adopted. This is a two-
equation eddy-viscosity turbulence model developed and improved by
Menter (1994). This turbulence model blends the Standard k-¢ and the
Standard k-w models to combine their advantages for enhancing the
simulation accuracy and robustness. Near the wall region, it behaves like
the k-w model. In the free-stream region, it transitions to the k-¢ model.
This model provides more accurate predictions of flow separation than
most RANS models and shows good performance in regions with
adverse pressure gradients (Menter, 1994; Ameri et al., 2019). The two
transport equations of the SST k-w turbulence model are defined as
follows (Menter, 1994):

0 0 0 ok

—(pk)+—(pku.)=—| I, — |+G_-Y +S,, 1

S i) S n 2 e, o
0 0 0 ow
— — N=—T —|+G -Y +D_ +S§ , 2
o P0) o (pon) 8xj[ waxj} oY, +D,+S, (2)

where Gk is the turbulence kinetic energy due to the mean velocity
gradients; Gy is the generation of w; N« and I, are, respectively, the
effective diffusivity of k and w; Yrand Y, are, respectively, the dissipations
of k and w due to the turbulence; S; and S, are the user-defined source
terms; Dy, is the the cross-diffusion term; and D, is the cross-diffusion term.
The turbulent viscosity u; is defined as follows:

Pk 1
0] max[l/a*,SFz/ala)]’ (3)

where a; is a constant of the turbulence model, S is the strain rate
magnitude, and F; is a blending function. In the SST k-w model, the
turbulent Prandtl numbers ok and ¢, are given as:

1 1

O-k_ 1 1_E’G(u_ E I_F;’ (4)
—_—t —+

o-k,l Gk,z o o

w,1




where F; is a blending function and o, ,, 0,,, 0,,,and o, ,are
constants.
The parameters G, and G, are defined as:

G, = min(G, 1008 ko), G, =G, (5)
Ut

The cross-diffusion term D, is determined as follows:

1 ok ow
D =2(1-F)po, ,——.
o =201-F)p “’za)ax, ox;
The model constants are given as follows: gi1=1.176, 0,1= 2.0, 0k2=
1.0, 0w2=1.168, B:1= 0.075, Bi>=0.0828, 8*= 0.09, k = 0.41.

Solver and setup

In this study, the commercially available CFD software Ansys
Fluent 2021 was used to evaluate the drag reduction of each afterbody
configuration. A pressure-based solver with the Couple algorithm was
chosen due to its robustness and accuracy. The air was set as an ideal
gas. For the air viscosity model, the three-component Sutherland
model were selected. The Inlet flow was defined as the Pressure far
field and the Outlet flow was set as the Pressure outlet. On the body
surface, the stationary, adiabatic and no-slip conditions were imposed.
According to the ICAO atmosphere, the conditions for the atmosphere
parameters were defined as follows: pp = 101325Pa and T, = 288.16K
(ICAO, 1993). The simulations were considered converged once the
flow residuals had reduced at least 5 orders in magnitude and the drag
coefficient varied less than 1% over the last 100 iterations.

Mesh sensitivity study and result validation

It is well known that meshing is one of the factors affecting the simulation
results. In this paper, a mesh sensitivity study was conducted to ensure the
independence of the simulation results from the mesh resolutions. Firstly, the
mesh sensitivity study was performed for the configuration with the baseline
afterbody. To do that, six unstructured meshes with different resolutions were
created by adjusting the size of the elements on the model surface as well as
in the fluid domain to gradually refine the mesh while maintaining the
dimensionless distance y+ less than 1 along the way. Numerical simulations
were performed at the Mach number of 1.5 with the zero angle of attack under
the same boundary conditions and the solver setup as presented above. The
effect of the mesh resolutions on the simulated drag coefficient was presented

(6)

in Table 1 and Figure 4.
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Table 1 - Influence of the mesh resolutions on the simulation results

Mesh Number of cells c Deviation from the result of
(x106) po the previous mesh (%)
Mesh 1 0.734 0.536 -
Mesh 2 1.508 0.471 12.13
Mesh 3 2.492 0.422 10.40
Mesh 4 4.901 0.405 4.03
Mesh 5 7.553 0.404 0.25
Mesh 6 11.672 0.404 0
0,550 = L R r L R |
0500 [\ RN S S S
R e
o i | | | | |
b T
0.350 : : : : : :
0 2 4 6 8 10 12
Number of cells (x10°)

Figure 4 - Effect of the mesh resolutions on the total drag coefficient

Clearly, from the mesh size of 7.553 million of cells (Mesh 5), the
subsequent mesh refinement practically will not affect the simulation results.
For that reason, Mesh 5 was applied in this study for the ANSR baseline
configuration taking into account a compromise between good accuracy and
reasonable computation time. The adopted mesh was the finest on the
projectile surface with the maximum cell size of 0.25mm and gets coarser
from the region near the projectile surface to the fluid boundaries with the
maximum cell size of 5mm. In order to maintain the dimensionless distance
y+ less than 1, an additional 15-layer inflation with the first cell height of 5x10-
“mm and a growth rate of 1.15 was added for better capturing the
aerodynamics phenomena taking place in the vicinity of the projectile surface




and in the region directly behind the projectile base. The mesh structure used
for the ANSR baseline afterbody configuration in this research is shown in
Figure 5.

7o
Ay
£ay i)

0P Wy ey
[y a Sy
Var a

y
o

(b) A close-up view of the refined mesh near the afterbody surface
Figure 5 - Unstructured mesh used for the ANSR baseline configuration:

(a) computational domain mesh; (b) a close-up view of the refined mesh near the
afterbody surface

Next, the meshes for the remaining ANSR configurations were created
based on the mesh structure used for the baseline ANSR after conducting an
additional mesh sensitivity study for each case. Specifically, two meshes were
created for each remaining ANSR configuration: the first mesh is based on
the mesh configuration used for the baseline ANSR, while the second mesh
has twice as many cells as the first mesh. The numerical simulations were
then performed for these two meshes. In all cases, the numerical simulations
have shown the same results. This has indicated that there is no need for
further refinement of the meshes. Therefore, the meshes created for the
remaining ANSR configurations based on the mesh structure used for the
baseline ANSR were employed in this study. As a result, the meshes for the
ANSRs with a conical boattail afterbody, a base cavity afterbody, a multi-step
afterbody, and a combination of a conical boattail and a base cavity afterbody
consist of 7.281, 7.781, 7.207 and 7.341 million of cells, respectively. The
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close-up views of the meshes near the surface of the computational models
for each ANSR configuration are displayed in Figure 6.

Eventually, the simulated total drag coefficient of the ANSR with
a baseline afterbody was employed to validate the adopted
computational methodology. The total drag coefficient obtained for the
ANSR with a baseline afterbody through numerical simulation at the
Mach number of 1.5 is 0.404, while the corresponding value obtained
by Platou (1975) through experiments is 0.409. The relative deviation
is only 1.22% demonstrating that the created meshes can be used with
high confidence in this study.
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(c) Multi-step afterbody (d) Boattail + Base cavity afterbody

Figure 6 - Close-up views of the refined mesh near the afterbody surface:
a) conical boattail (top left); b) vase cavity afterbody (top right); c) multi-step afterbody
(bottom left); and d) boattail + Base cavity (bottom right)

Results and discussion
Drag reduction effectiveness of different afterbody
configurations

In this paper, to evaluate the drag reduction effectiveness of
afterbody configurations at supersonic speeds, numerical simulations




were carried out for each configuration at Mach numbers ranging from
1.5 to 4.0 with an increment of 0.5. The obtained total drag coefficients
Cpo are listed in Table 2. The relative drag reduction of each
configuration compared to the baseline configuration was also calculated
and presented in Table 2.

Based on the obtained results, several remarks can be derived.
First of all, if not taking into account the combination of a conical boattail
and a base cavity, then the conical boattail is the most effective
configuration for drag reduction showing a drag reduction of up to
12.46% and the average drag reduction of the conical boattail
configuration is 10.99% for the Mach number interval from 1.5 to 4.0.
Meanwhile, the base cavity afterbody seems to be the least effective
configuration with the maximum drag reduction of only 1.73% and the
average drag reduction for the entire Mach number interval is 1.33%.
However, adding a base cavity to the conical boattail configuration can
provide additional drag reduction with the maximum drag reduction of
up to 13.48%. Although the multi-step configuration is a better
alternative for drag reduction than the base cavity configuration, the
drag reduction provided by this configuration is still small compared to
the conical boattail configuration. Overall, the multi-step configuration
can provide a total drag reduction of 2.15% on the average. Generally
speaking, the most effective afterbody configuration in terms of total
drag reduction is the combination of a conical boattail and a base cavity
showing an average drag reduction of 11.96%. The second most
effective configuration is the conical boattail providing a total drag
reduction of 10.99% on the average. Additionally, the least effective
configuration is the base cavity afterbody with the average drag
reduction of only 1.33%.

The results obtained in this study have shown a very good
agreement with other simulations. Namely, Suliman et al. (2009)
pointed out that for a 155mm M549 artillery shell, the case of using a
base cavity alone has shown the smallest reduction in the drag
coefficient of only 1-2%, while having a boattail afterbody can reduce
the total drag coefficient by about 12%. An experimental investigation
conducted by Kidd et al. (1990) for a spin-stabilized and a fin- stabilized
projectiles also revealed that the multi-stepped afterbody does not
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significantly reduce the total drag at supersonic flight regimes compared
to the flat baseline afterbody.

Table 2 - Total drag coefficient and relative drag reduction for different afterbody
configurations

Drag reduction compared to the

Total drag coefficient Coo baseline configuration (%)

M Baseline | Conical | Base Multi- | Boattail | Conical | Base Multi- | Boattail
boattail | Cavity | step + boattail | Cavity | step | +
Cavity Cavity

1.5 | 0.404 0.355 0.397 | 0.391 | 0.351 12.13 1.73 3.22 | 13.12

2.0 | 0.356 0.312 0.351 | 0.347 | 0.308 12.36 1.40 2.53 | 13.48

25 |0.313 0.274 0.309 | 0.307 | 0.271 12.46 1.28 1.92 | 13.42

3.0 | 0.275 0.245 0.271 | 0.270 | 0.242 10.91 1.45 1.82 | 12.00

3.5 | 0.243 0.220 0.240 | 0.238 | 0.217 9.47 1.23 2.06 | 10.70

4.0 | 0.221 0.202 0.219 | 0.218 | 0.201 8.60 0.90 1.36 | 9.05

Average 10.99 1.33 215 | 11.96

The total drag coefficients obtained for each afterbody
configuration as functions of the Mach number are presented in Figure
7. Obviously, the curves of the total drag coefficients follow the same
fluctuation trend showing a constant decrease with the increase in Mach
numbers. The curve of the baseline configuration is the highest followed
by the curves of the base cavity and the multi-step configurations. The
lowest curves are those of the conical boattail and the combined
configurations. However, the curves of the base cavity and the multi-
step configurations are situated very close to the curve of the baseline
configuration. That means the drag reductions provided by these two
afterbody configurations are insubstantial. Conversely, the curves of the
conical boattail and the combined configurations located far below the
curve of the baseline configuration show a significant drag reduction for
all Mach numbers of interest.

Apart from the total drag coefficients, it is interesting to see how
the base drag changes in each case of configurations. The base drag
coefficients Cps of the investigated afterbody configurations as
functions of the Mach number are presented in Figure 8.
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Figure 7 - Total drag coefficient for different afterbody configurations versus Mach
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Figure 8 - Base drag coefficient for different afterbody configurations versus Mach

Clearly, as in the case of the total drag coefficients, the base drag
coefficients of the studied configurations also follow the same
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fluctuation trend. The relative positions between the curves of the
base drag coefficients follow the same manner as the curves of the
total drag coefficients. The conical boattail configuration and the
combined configuration provide the most significant reduction in base
drag. The base cavity configuration and the multi-step configurations
are the least effective for base drag reduction for the entire interval of
the Mach numbers of interest.

Flow field visualization

One of the main advantages of numerical simulation methods is the
ability to visualize the flow field around a flying object. In this study, the
flow Mach number profiles obtained at Mach 2.0 are presented in Figures

9to 13.

The presence of the phenomena such as normal and oblique shock
waves which characterize the supersonic flow regime can be clearly seen
in all cases. Moreover, the flow separation takes place at the projectile
base edge leading to the formation of a recirculation flow behind the
projectile base. However, the near-wake regions for the conical boattail
and the combined configurations are significantly smaller than those of the
remaining configurations. That flow behavior has led to a significant
change in the pressure distribution on the projectile base surface resulting
in appreciable total drag reduction as expected.

Figure 9 — Mach number profile around the projectile with the baseline afterbody at Mach
2.0




Figure 10 - Mach number profile around the projectile with the conical boattail afterbody
at Mach 2.0

Figure 11 - Mach number profile around the projectile with the base cavity afterbody
at Mach 2.0

Figure 12 - Mach number profile around the projectile with the multi-step afterbody
at Mach 2.0

Nguyen, Q. T., A computational study on the drag reduction effectiveness of a spinning projectile with different afterbody

configurations at supersonic speeds. pp.1307-1326



ﬁVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

Figure 13 - Mach number profile around the projectile with a combination of the conical
boattail and the base cavity at Mach 2.0

Conclusion

In this paper, numerical simulations were performed for ANSRs with
five different afterbody configurations to investigate their effect on the
aerodynamics and flow structure around the afterbody region. Based on
the research results, several important insights can be gained. Firstly, the
conical boattail afterbody is the most effective passive device to lower the
total drag acting on the projectile, reducing it by up to 12.46 % of the total
drag. A combination of the conical boattail and a base cavity can potentially
reduce the total drag coefficient by up to 13.48%. For the 5-caliber ANSR,
a base cavity alone as well as a multi-step afterbody alone can reduce the
total drag coefficient but not significantly, by 1.33% and 2.15%,
respectively. These simulation results agree well with other experimental
and simulation data for larger caliber projectiles. Secondly, the afterbody
modifications greatly affect the structure of the flow field around the
projectile base, changing the recirculation region and the base pressure.
The findings of this research are significant contributions to a better
understanding of the effectiveness of different passive drag reduction
devices for small caliber spinning projectiles in particular, and to a
broadening knowledge about aerodynamics of slender bodies in general.
The results obtained in the present study can be applied for selecting
appropriate means for drag reduction of small caliber projectiles.

Future work

The presented study has clarified certain questions about the
performance of different afterbody configurations regarding the zero-lift
drag reduction of a small caliber projectile. However, further works need




to be done to quantify their efficiency of drag reduction with a varying angle
of attack, as well as to evaluate their effect on the dynamic characteristics,
namely, roll damping moment, pitch damping moment, and Magnus force
and moment to assess their overall aerodynamic performance. Therefore,
further analysis of the aerodynamic performance of these afterbody
configurations would be recommended for a deeper understanding of
effects that each of them have on the general aerodynamic performance
of a projectile.
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PauyHapcka cTtyaunja o epukacHOCTM CMakbersa oTnopa poTupajyhmx
npojeKkTuna ca pasnuunuTum KoHdurypalmjama 3agrer Tena npm
CynepCoHNYHUM Bp3nHama

KeaH TyaH HyveH, ayTop 3a npenucky

OpxaBHn TexHuukn yHusepsuTeT Jle Kyu [oH”, dakynteT cneumjanHor
MaLLuHcTBa, XaHoj, Counjanuctuyka Peny6nuka BujetHam

OBJTACT: MmawmrHCcTBO, AMHaMuKa dnynaa
KATEFOPWJA (TUM) YNAHKA: opurnHanHu HayyYHu pag

Caxemak:

Yeod/yurb: Y osom paly Hymepuyku je npouereHa egukacHocm
CMaHseHa omriopa rpu Had3eyyHUM 6p3uHama rnem KoHgbuaypauuja ca
pasnudumum 3adHUM mesioM pakema ,CriuHep” Koje nocedyje 8ojcka u
MOpHapuya.

Memode: JedHayuHe PeuHondc-Asepazed Hasuep-Cmokec ca SST k-w
modlerniom mypbyneHyuje KopuwheHe cy 3a Hymepuyke cumynauuje.
Cmyduje ocemrbusocmu Mpexe rpedyseme cy Kako bu ce ocuzypana
He3asucHocm pe3ynmama cumyrayuje 00 sesiuduHe Mpexe. Pesynmamu
cumyrnayuje cy nomepheHU Ha OCHOBY apXUBCKUX eKCrepumMeHmarnHux
rnodamacka. MsspuwieHo je nopehere KoegbuuujeHama aepoduHamuUyKoe
omriopa 3a OCHOBHY JIUHUjy U MoOugbukogaHa 3ala merna.
Busyanu3oeaHa Cy u aHasnu3supaHa rosba cmpyjarba OKO pa3nuyumux
KOHbueypayuja HakHaOHoe merna.

Pesynmamu: Pe3ynmamu ucmpaxugear-a Cy rokasanu 0a cy KOHYCHU
yamay unu KoMmbuHayuja KOHycHO2 4Yamua ca b6as3sHOM Wy bUHOM
HajegpukacHuje memolde Koje rokasyjy y npoceky 10,99%, OOHOCHO
11,96% cmarber-e omropa. Cama KoHgpuzypayuja b6asHe wWyrnrbuHe je
Hajmarbe ehbukacaH Memoo Koju rokasyje rnpoceyHo cMaH-eH-e omriopa 00
camo 1,33% y nopefjersy ca 0CHO8HOM KOHbuzypauyujom. BuwecmeneHa
KOHGbueypauuja HakHaOHO2 mesia Moxe 0a 0cmeapu NPOCEYHO CMaH-EeHE
omropa 00 2,15% y nopeliery ca OCHOBHOM KOHGbu2ypauyujom.

Sakrbyyak: KoHgpueypauuje 3ade2 mena 3HamHO ymudy Ha
aepoduHaMu4yKku omrop rpojekmuna koju ce okpehe. OO0 pasmampaHux
KOHebueypayuja 3adme2 merna KoMbuHauuja KoHycHoz pera u 6asHe
wyrnrbuHe je HajeghukacHuju Ha4yuH Oa ce cmarsU Omrop npojekmurnia.
Hanasu npedcmaesrbeHu y 080j cmyduju npyxumnu cy 3HadajaH yeud y
borbe pasymegare nacusHux memooda 3a CMaH-eH-e aepOoOUHaMUYKO2
omropa.

KmbyyHe peyu: HymepuyKa cumynauuja, aepoduHamuyke
Kapakmepucmuke, CMaH-eHe omropa, KoHycHu 6oamaurn, b6a3Ha
wynrbuHa.
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Abstract:

Introduction/purpose: The goal of this paper is to show the importance of
reliability and availability regarding artificial intelligence (Al) which is
nowadays applied in almost every area of human life, both civilian and
military. Everything can fail, including Al as any other product or device. Al
also needs to be reliable. It is mainly realized as software, but also involves
hardware, data and the human factor, so it is complex for building in and for
reliability assessment.

Methods: This study has used the published articles of this author as well
as some other papers and documents.

Results: The research has resulted in brief definitions of reliability,
availability, artificial intelligence, reliability of hardware, software, data, the
human factor, and Al as well as in a brief analysis of some reasons for the
unreliability of Al, such as data quality, a small or insufficient amount of
training and test data, training on unreal data, the nature of learning
algorithms and user incompetence.

Conclusion: The reliability of artificial intelligence is very complex and due
fo its importance it must be considered during Al design and application.

Key words: artificial intelligence, reliability, availability, hardware,
software, human factor, data.

This paper, under a similar title, was presented at the 717 International Scientific
Conference on Defensive Technologies OTEH 2024, 09-11 October 2024.

Introduction

Everything can fail, and artificial intelligence (Al) is not an exception.
If Al is an attempt to replace human intelligence with machine intelligence,
and human reasoning can sometimes fail, so Al can fail in a similar way
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(Pokorni, 2021, Pokorni, 2024). In the sense of Al reliability, failure can
mean that, when needed, it will not react, or it will not react as expected.
Artificial intelligence is mainly realized as software, but it involves
hardware, data and the human factor - and software, hardware, and
people can also fail. If something can fail, one speaks about reliability, and
if something can be repaired, one speaks about maintenance.

Reliability is related to failures, and failures can cause consequences
from minor to major ones, for example, material and financial ones, and
sometimes they can lead to the loss of human life. Reliability is thus
important, and sometimes critical, depending on the area where Al is
applied (airplanes and autonomous vehicles both civilian and military,
medical devices, products and services based on people’s interest, etc.).
It implies that the reliability of Al is important in order to use it with
confidence and safety for the benefit of all people, without its misuse.

As mentioned before, artificial intelligence is mainly realized as
software, but it also involves hardware, data and the human factor.
Therefore, when Al reliability is concerned, it obviously includes hardware,
software, data and the human factor reliability.

The importance of reliability can be illustrated by the following
statement from a well-known book of (Kececioglu, 2002): “No industry in
any country can progress effectively without the knowledge and
implementation of reliability engineering®. This also applies to Al.

Definition of reliability and availability

In general, reliability is defined as the ability of an item to perform a
required (expected) function under stated conditions for a stated period of
time (Pokorni, 2021b). Instead of the term item, this paper will use the term
product as a general term, and this will include a device, an element or a
system realized in hardware, software or both. Al can also be treated as a
product, so the reliability of Al can be defined in a similar way as the
reliability of a product.

Quantitatively, reliability is expressed as a probability, and it is very
important in reducing downtime and both operational and maintenance
costs of a product. Reliability and maintenance are mutually connected.
Higher reliability means less costly maintenance. There are many factors
which can influence reliability. For example, reliability of hardware can
change if the environment changes (temperature, mechanical stresses,
etc). Similarly, the reliability of Al changes if data and user behaviour
change.




High reliability is of high importance, especially in professional
equipment such as military, medical or driverless cars, and it comprises
hardware reliability, software reliability, and human reliability (Pokorni,
2021a); it can also include Al, so the reliability of Al is significant as well.

In calculating reliability, prognostic reliability is essentially calculated.
That is why one does not talk about determination, but about reliability
assessment or reliability prognostic. Reliability prognostic has been done
since the sixties of the last century using MIL-HDBK-217, mostly for
electronic hardware (Pokorni, 2016), but it has not been updated since the
nineties of the last century.

Reliability is built in during the product design phase, provided in
production and supported in use. It is also connected with cost. A more
reliable product is more expensive, but a more reliable product is also
cheaper for maintenance.

Artificial intelligence is, in essence, software but it also involves
hardware, data and humans. Having this in mind, one can define the
reliability of Al starting from the definition in (Pokorni, 2023): “reliability is
the probability that a product will meet the intended standards of
performance and deliver the desired results within a specified period of
time under specified (environmental) conditions”.

Availability is a metric used to assess the performance of repairable
systems, incorporating both the reliability and maintainability properties of
a component or a system. There are different definitions of availability and
different ways to calculate it (Pokorni, 2021a).

Unlike reliability, availability is a probability whether a product is ready
to perform its function when it is required, and represents a characteristic
of repaired devices.

Reliability of hardware

Al as software runs on hardware, so the reliability of Al depends on
the reliability of that hardware. As said in (Pokorni, 2021a), up to now,
hardware reliability has been calculated mostly using MIL-HDBK-217
military manual for the calculation of the reliability of electronic devices.

Hardware usually comprises different components concerning quality
and reliability: very often of a commercial type, without established
reliability, and very often without any data about the failure rate or the
mean time to failure (MTTF), or the mean time between failures (MTBF),
thus making precise reliability calculation very difficult.

Since the sixties of the previous century, hardware reliability has been
calculated mostly using MIL-HDBK-217 military manual. However, MIL-

Pokorni, S. Reliability of artificial intelligence in civilian and military applications , pp.1327-1343



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

HDBK-217 has its limitations and has not been updated since 1995.
RIAC’s 217Plus™ methodology and a software tool is a replacement for
MIL-HDBK-217, but it is not free (Pokorni, 2021a).

Reliability of software

Since Al is predominantly a type of software, it is connected with
software reliability. Software errors are the dominant cause of software
unreliability. Software can contain errors, and errors can produce faults.
Errors in software are produced by programmers, so it is important to be
familiar with these errors.

Software reliability is an important attribute determining the quality of
the software as a product. There are many models of software reliability
assessment, but none of them is generally accepted (Pokorni, 2016,
Pokorni, 2021a). The problem is that the requirements for the reliability of
software are often not adequately specified, if specified at all, and the
problem is in the different nature of software compared to hardware.

Reliability assessment of software is more complicated than hardware
reliability. The problem also lies in the different natures of software and
hardware.

Reliability of the human factor

Al can learn from humans, and human knowledge can be erroneous,
so it is connected with human reliability.

There are different approaches and models to human reliability
assesment (Pokorni, 2016).

Procedures, rules, codes, standards and laws cannot completely
prevent system failures, but, in this author’s experience, they can reduce
system failures.

Humans can be and are involved in the artificial intelligence system.
A human action can influence the reliability or unreliability of the artificial
intelligence system.

This author has considered human reliability important from the
beginning of his work in reliability; hence, human reliability is included in
his textbooks published in the Military Academy and the Information
Technology School in Belgrade, Serbia.

Reliability of data

Data reliability means that data is complete and accurate, and it is a
crucial foundation for building data trust across any organization. Ensuring




data reliability is one of the main objectives of data integrity initiatives,
which are also used to maintain data security, data quality, and regulatory
compliance (Pokorni, 2023).

Data is crucial for Al. Al uses data and can learn from data, and data
can be accidentally or intentionally corrupted, so Al can fail. Consequently,
Al reliability is connected with data reliability.

Data is also very important in calculating reliability of hardware.
Reliability is not easy to calculate or evaluate. In calculation reliability of
hardware, input data is the biggest problem. Not because there is too much
data, but because sometimes there is too little data or no data at all. When
dealing with maintenance, the problem is very often that there is not
enough data.

How much data does one have about Al reliability, especially if they
deal with a new application?

Definition of artificial intelligence

There is no generally accepted definition of artificial intelligence
(Government of the Republic of Serbia, 2019). According to the
Encyclopaedia Britannica Dictionary (Pokorni, 2024), artificial intelligence
is the ability of a digital computer or computer-controlled robot to perform
tasks commonly associated with intelligent beings.

According to the Merriam-Webster Dictionary, Al is a branch of
computer science dealing with the simulation of intelligent behaviour in
computers, or the capability of a machine to imitate intelligent human
behaviour.

The Government of the Republic of Serbia (Government of the
Republic of Serbia, 2019, Sl. glasnik RS, 2023) has accepted the following
definition of Al, also used in (European Commission, 2019): “Artificial
intelligence (Al) refers to systems that display intelligent behaviour by
analysing their environment and taking actions — with some degree of
autonomy — to achieve specific goals.”

Artificial intelligence-based systems can be purely software-based
and operate in a virtual world (for example: virtual assistants, photo
analysis software, web browsers, recommendation systems, speech and
face recognition systems) or they can be embedded in devices - hardware
(for example: advanced robots, autonomous vehicles, drones, etc.)
(Government of the Republic of Serbia. National Al Platform, 2023,
European Commission, 2019).

Artificial intelligence was founded as an academic and scientific
discipline in the middle of the fifties of the last century, and since then its
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development has gone in different directions, being divided in sub-fields.
Therefore, it is not a surprise that the definition of Al has been changed
during time.

In the history of Al, there have been ups and downs, starting with the
logic-based approach (during the 1950s and 1960s), the knowledge-based
expert systems approach (1970s and 1980s), and the data-based
approach (since 2000) years onwards - with periods of disappointment and
reduced investment (Government of the Republic of Serbia, 2019). In the
last decades, Al has been defined as a study of intelligent agents - any
device that perceives its environment and takes actions (by learning or
using knowledge) to achieve its goals (Pokorni, 2021b).

Essentially, the use of Al is an attempt to replace human intelligence
with machine intelligence. Because of that, Al is sometimes called
machine intelligence. However, it does not mean that Al learns just by
copying humans. Nowadays, Al can learn in its own way, and it, maybe,
gives it a potential to outperform the human (brain).

Reliability of artificial intelligence

As mentioned before, everything can fail, and artificial intelligence is
not an exception. If Al is an attempt to replace human intelligence with
machine intelligence, and human reasoning can sometimes fail, so can Al
fail in a similar way. Therefore, does this happen because of erroneous
reasoning (erroneous concluding, decision making) or wrong learning?
Having that in mind, can we raise the question about the reliability of Al, or
how to avoid Al to fail? (Pokorni, 2021b).

If Al fails, this means it is unreliable — ergo, can we trust it?

In (University of Cambridge, 2016) under the title “Enhancing the
reliability of artificial intelligence®, it is stated that “computers that learn for
themselves are with us now. As they become more common in 'high-
stakes' applications like robotic surgery, terrorism detection and driverless
cars, researchers ask what can be done to make sure we can trust
them.“ So, are they reliable? Or, can they fail? Or can we fool them?

Deep learning Al can easily be fooled. An example is in a self-driving
car application in a real situation. But it can happen in a case of sabotage
as well.

There are examples of erroneous Al. From these examples, we can
derive some reasons for Al to fail, such as: quality of data, a small or
insufficient amount of training and test data, training on unreal data, the
nature of learning algorithms, and user incompetence.




Definition of the reliability of artificial intelligence

In the document entitled “Ethical Guidelines for Development,
Implementation and Use of Robust and Accountable Al” (Government of
the Republic of Serbia, National Al Platform), so-called technical reliability
means that “systems are developed under constant risk assessment and
prevention, and that they behave reliably and as intended, while
minimising possible unintended and unforeseen damage”.

The reliability of an artificial intelligence system is defined as the
probability, at a certain level of confidence, that the system will
successfully, without failure, perform the function for which it is intended,
within the specified performance limits, during the specified duration of the
tasks, when it is used in the prescribed manner and for the purpose for
which it is intended, under defined load levels, taking into account the
previous system usage time.

In [NIST, nd], reliability is defined in the same standard as the “ability
of an item to perform as required, without failure, for a given time interval,
under given conditions” (Source: iso/iec ts 5723:2022). Reliability is a goal
for the overall correctness of Al system operation under the conditions of
expected use and over a given period of time, including the entire lifetime
of the system.

A wider term is trustworthy. According to (NIST, nd), for Al systems to
be trustworthy, they often need to be responsive to a multiplicity of criteria
that are of value to interested parties. Approaches which enhance Al
trustworthiness can reduce negative Al risks. This framework articulates
the following characteristics of trustworthy Al and offers guidance for
addressing them. Trustworthy Al systems are: valid and reliable, safe,
secure and resilient, accountable and transparent, explainable and
interpretable, privacy-enhanced, and fair with harmful bias managed.
Creating trustworthy Al requires balancing each of these characteristics
based on the Al system’s context of use. While all characteristics are
socio-technical system attributes, accountability and transparency also
relate to the processes and activities internal to an Al system and its
external setting. Neglecting these characteristics can increase the
probability and magnitude of negative consequences.

Trustworthiness can be considered important because it attracted the
attention of ISO/IEC. In (ISO, 2020), there are surveys of topics related to
the so-called trustworthiness in Al systems, including the following: (1)
approaches to establish trust in Al systems through transparency,
explainability, controllability, etc.; (2) engineering pitfalls and typical
associated threats and risks to Al systems, along with possible mitigation
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techniques and methods; and (3) approaches to assess and achieve
availability, resiliency, reliability, accuracy, safety, security, and privacy of
Al systems. In that document, trustworthiness is defined as an ability to
meet stakeholders’ expectations in a verifiable way, including the
characteristics of trustworthiness such as reliability, availability, resilience,
security, privacy, safety, accountability, transparency, integrity,
authenticity, quality, and usability.

Because of the complexity of Al as a system, and since Al includes
hardware, software, data and sometimes humans, which can be treated
as subystems, and if all of the subsystems must function in order for an Al
system to function, then the reliability block diagram is as in Figure 1 while
the reliability of an Al system can be calculated by the formula based on
(Pokorni, 2021a)

RAI = RHW RSF/HW RD/HW,SF RH/HW,SF,D (1)
where R, , R, R, and R, are hardware reliability, software reliability,

data reliability and human reliability, respectively, and Rgsp/py IS
conditional reliability that software will function reliably if hardware is
functioning reliably, Rp/uw sr is conditional reliability that the data
subsystem will function reliably if hardware and software are functioning
reliably, and Ry/uw sr,p is conditional reliability that the human subsystem
will function reliably if hardware, software and data subsystems are
functioning reliably.

If one can consider that failures of hardware, software and humans
are mutually exclusive, then equation (1) can be rewritten as

Ra; = Ryw Rsp Rp Ry (2)

This is not always the case, but this formula is simpler for caculation,
and can show an indication of the whole reliability, which is better than not
to do any calculation.

In all cases, relaibilities are usually time dependent.

R R R, R,

— T
input output

Figure 1 — Reliability block diagram of an atrtificial intelligence system



https://www.iso.org/obp/ui/#iso:std:iso-iec:tr:24028:ed-1:v1:en:term:3.37

Let us discuss some reasons for unreliability such as the quality of
data, a small or insufficient amount of training and test data, training on
unreal data, the nature of learning algorithms and user incompetence.

Impact of data on reliability

As stated before, reliability has always been data-driven (if being
data-driven means that all decisions and processes are based on data),
and valid and relevant data has always been the main problem.

Quality of data

Quality of data can have a significant impact on the reliability of Al.
What if Al learns from corrupted data or data which are corrupted on
purpose (for example by an enemy)? The consequences can be different,
from insignificant to catastrophic. Therefore, we need some kind of control
on the data which Al uses to learn from. This problem does not imply not
to use Al, or not to allow Al to learn from data, but to be aware of the
problem in order to prevent serious consequences.

Some examples can be found in (Bathaee, 2018) about Al failures
from IBM, Microsoft, Apple, and Amazon. The example from IBM
happened in 2013, when IBM partnered with the University of Texas MD
Anderson Cancer Center which developed a new “Oncology Expert
Advisor” system with the goal to cure cancer (Pokorni, 2024).

Obviously, data quality influences reliability. That is the reason to
speak of data reliability. Data reliability refers to the completeness and
accuracy of data as a measure of how well it can be counted on to be
consistent and free from errors across time and sources. The more reliable
data is, the more trustworthy it becomes (IBM, 2023).

There are authors who ask questions about potential risks such as
whether Al will pose an existential threat to humanity, or whether Al
technology will be concentrated in the hands of the few (Bathaee, 2018).
It is not only the question of reliability, though.

Amount and the nature of data

One of the important questions is whether Al can work on a small
amount of data, for example, the number of failures of a product. In
(Pokorni, 2024), it is concluded that model's predictive accuracy depends
on the relevancy, sufficiency, and quality of the training and test data. Two
questions are commonly asked with regard to failure history data: (1) How
many failure events are required to train a model? And (2) how many
records is considered as "enough"?
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In July 2018, StatNews reviewed internal IBM documents and found
that IBM’s Watson was giving erroneous, downright dangerous cancer
treatment advice. In (Heaven, 2019), it was concluded that a probable
reason was the fact that the software had been trained on a small number
of hypothetical cancer patients, rather than on real patient data.

Reliability is also important for the security of Al (for example,
protection of unauthorized access).

Nature of the algorithm

There is also a question raised whether Al can fail to function as
expected, and the reason is because of the nature of the machine-learning
algorithms on which modern Al techniques are commonly built. These
algorithms are capable of learning from massive amounts of data, and
once that data is internalized, they are capable of making decisions
experientially or intuitively like humans. This means that for the first time,
computers are no longer merely executing detailed pre-written instructions
but are capable of arriving at dynamic solutions to problems based on
patterns in data that humans may not even be able to perceive. This new
approach comes at a price, because many of these algorithms can be
black boxes, even to their creators (Bathaee, 2018). An algorithm of Al is
good if data from which this algorithm learns is good. So, again we can
speak about data reliability.

User competence

It seems that user competence or incompetence in using Al can also
be a reason for inadequate results which Al can deliver. An important
question is whether humans can control Al.

As a conclusion for Al reliability, or trustworthiness (which is a broader
term), let us use the statement from (European Commission, 2018):
“Having the capability to generate tremendous benefits for individuals and
society, Al also gives rise to certain risks that should be properly managed”
and “It is known that humans are biased in their decision making. Since Al
systems are designed by humans, it is possible that humans inject their
bias into them, even in an unintended way*.

Analysing Al failures can help to improve Al reliability. On the other
hand, the use of Al can help to improve its reliability, and evaluate other
products, and also improve maintenance (methodology and training).




Al and human reliability

As stated before, Al can learn from humans, and human knowledge
can be erroneous. Since humans are involved in Al, obviously Al reliability
is connected with human reliability and, consequently, human actions can
influence the reliability of Al.

This author has considered human reliability important from the
beginning of his work in reliability, so human reliability is included in his
textbooks and lectures for students in the Military Academy and the
Information Technology School in Belgrade, Serbia.

Artificial intelligence in military applications

The theory and practice of reliability arose from the problems of
malfunction in military equipment in the middle of the previous century.

Artificial intelligence is also applied in the military area across different
branches and types (army, navy, space forces) of the military, and the
unreliability of Al can have more severe consequences than in other areas.

The problem of the reliability of Al is not only in that it will not function,
but also, or more importantly, in that it can produce unwanted actions.

We cannot be sure if we can trust humans who are to decide to start
nuclear weapons, but can we trust Al?

Al has been used in the military long before its today's use in civilian
aplications. Al can benefit the military in numerous areas, just to mention
a few such as autonomuos vehicles, use of drones, decision making, etc.

The study (Hunter et al. 2023) examined how Al technology is applied
in the militaries in the US, China, and Russia and analysed the implications
for the future of Al, global military competition, and international security.
This study is based on previous research and expert interviews and
reinforce the pivotal role that Al will play in shaping international security
in the near future.

In this study, it is concluded that currently the US and China are
applying Al across numerous sectors within their economies, societies,
and militaries. This trend is likely to accelerate at a rapid pace in the years
ahead as Al technology becomes more powerful and efficient. Russia’s Al
related command-and-control developments have been split between
more traditional intelligence collection formats and innovative monitoring
and various facial recognition programmes for both civilian and military
applications. China may be more inclined to rely on strategies calculated
by Al programmes that have been trained through wargaming scenarios in
potential conflicts.
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In (Oluyemi, O.A. 2024), it is stated that recent developments in the
field of Al have demonstrated that this emerging technology would have a
deterministic and potentially transformative influence on the military power,
strategic competition, and international security in general. It is argued in
this research that there are various military uses of Al technologies and
that national interests of powerful states are to endlessly pursue these
advanced technologies as preliminary for future warfare in order to gain
strategic advantages over potential emerging adversaries. It is also
concluded that Al can be integrated into diverse applications, which is an
improvement to the “Internet of Things” whereby different devices can be
networked together for optimization of performance, and that another
attribute of Al is the dual-use of many of its applications which means Al
applications are useful in both military and civilian domains.

Drones are now very often used in civilian and military applications.
In (Deebak & Hwang, 2023), it is stated that drone applications have
gained prominence for various military observations including surveillance,
medical transport, aerial photography, and medical transport.

In (Marasco & Bourlai 2025), Large Language Models (LLMs) are
examined. It is stated that LLMs have the potential to enhance decision
making significantly in core military operational contexts that support
training, readiness, and mission execution under low-risk conditions, but
still, their implementation must be approached carefully, considering the
associated risks. This paper examines the integration of LLMs into military
decision making, emphasizing the LLM’s ability to improve intelligence
analysis, enhance situational awareness, support strategic planning,
predict threats, optimize logistics, and strengthen cybersecurity. This
paper also considers misinterpretation, bias, misinformation, or
overreliance on Al-generated suggestions, potentially leading to errors in
routine but critical decision-making processes.

(Roberson et al. 2022) described a case study based on the question
what it means to be responsible and responsive when developing and
deploying trusted autonomous systems in defense. The lessons from this
case study are: the value and impact of embedding responsible research
and innovation-aligned, ethics-by-design approaches and principles
throughout the development of technology at high translation readiness
levels.

(Abaimov & Martellini, 2020) explored cyber vulnerabilities in
autonomous technologies, highlighted critical issues of the Al use in
autonomous weapons systems, incorporation of ethical principles into
development of technologies, revealed legal complications and
consequences of Al arms race, forecast future challenges, and




argumented that generated neural networks and machine learning
algorithms, being of a complex nature, still remain unpredictable,
unreliable and even dangerous when fully autonomous.

(Schwarz, E. 2021) explored the (im)possibility of human control and
questioned the presupposition that humans can be morally adequately or
meaningfully in control over Al-supported lethal autonomous weapons
systems.

Standardization and certification are also imortant. In (Jurado et al.
2024), an overview of the current state of development regarding
certification and standardization efforts for Artificial Intelligence systems in
military aviation is given.

From the previously mentioned, it can be concluded that nowadays
military applications of Al have become a prominent topic of interest in the
field of artificial intelligence, which holds a significant potential to support
the military in their missions. In the past several years, the use of Al has
made tremendous leaps forward in both capability and availability, such as
in the field of generative Al.

As the general public has gained access to Al, this means that it can
be a treat to the military, so the military must adapt to the changing threat.
The military needs to keep pace with these developments in order to
maintain security and a technological edge. With new ways of using Al
constantly developing, it can be challenging to keep up with ways in which
it can aid military operations. As Al becomes more essential, military
dominance will not be defined by the size of an army, but by the
performance of its algorithms, so it deserves examination of how the
military currently uses Al and how it may use Al in the future.

This means that military applications of Al can give advance to small
countries. For example, Al’'s algorithms are able to collect and process
data from numerous different sources to aid in decision making, especially
in high-stress situations.

Conclusion

Artificial intelligence (Al) is nowadays applied in almost every area of
human life, and can have a big impact. Everything can fail to function
properly or as expected, and Al is not an exception; therefore, as any other
product, Al must be reliable.

Some reasons why Al is not reliable are inadequate quality of data
used for learning, a small or insufficient amount of training and test data,
training with unreal data, change of data, the nature of learning algorithms,
and changes of user behaviour.
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It must be kept in mind that Al is mainly software and uses data to
learn.

In order to avoid situations when Al becomes unreliable, it is important
to be familiar with causes of its unreliability.

To build successful Al, there is a need to be familiar with cases when
Al failed in order not to make the same mistakes. But if Al can learn itself,
it is not easy to predict mistakes it can done. Analysing Al failures can help
to improve Al reliability. Designers who want to apply Al must have in mind
its reliability.

If humans are biased in their decision making, this can happen also
with Al since Al learns from humans.

Al is predominantly software, but can involve hardware and humans,
and of course data, so the reliability of Al is related to software reliability,
hardware reliability, human reliability and data reliability. Software
reliability is usually a more complex problem than hardware reliability, and
Al reliability is more complex than any of these including human and data
reliability.

Obviously, the reliability of Al is very complex and must be considered
during its design and usage.
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Yeod/yurs: Lurb ogoz pada jecme Oa rokaxe 3Hadaj rnoyadaHocmu u
pacronoxueocmu eewimadke uHmernuaeHyuje, koja ce 0aHac rpuMersyje
y eomoso csum obriacmuma xusoma. Kao u 6usno koju npoussod uniu
ypehaj, mako u eelumayka UHmMesiueeHyuja Moxe 0a omkaxe. Mnak, oHa
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Abstract:

Introduction/purpose: This research introduces a novel approach for
designing a dataset of multilayer rectangular planar coils by the integration
of a complementary software tools. MATLAB works as a high-level design
environment, facilitating the creation of complex geometries and FastHenry
acts as a computational engine to solve Maxwell's equations and extract
inductance values. Two diverse synthetic datasets are generated using
advanced sampling techniques, including Latin hypercube sampling, for
different configurations. These datasets are then processed and trained
using machine learning algorithms to predict inductance values based on
the derived geometric parameters.

Methods: Initially, MATLAB is used to generate extensive synthetic
datasets, comprising 20000 rows for 2-layer coil configurations and 15000
rows for 3-layer configurations. After the generation process, the datasets
are checked for the readiness for training. Six machine learning models (
Gaussian Process Regressor (GPR), KNeighborsRegressor (KNN),
BayesianRidge, ElasticNetCV, = GammaRegressor, and Bagging
Regressor) are trained and evaluated using metrics such as R? and RMSE.
The models are further tested on unseen test data and validated using the
cross-validation technique to check how much the models can generalize.

Results: The datasets were generated successfully, and the models
KNeighborsRegressor, Gaussian Process Regressor (GPR), and Bagging
Regressor performed the best and showed a high accuracy and low error.

Conclusion: The results show that machine learning is a practical and
effective method for predicting inductance in multilayer rectangular planar
coils based on the geometry.
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Introduction

Multilayer planar coils combine superior inductance and energy
efficiency properties with efficient space utilization making them ideal for
compact electronic applications using a parallel architecture alignment of
layers. They offer an enhanced efficiency and performance in such
systems, which makes them vital for advanced applications in power
transmission and high-precision energy management in modern
applications  (Alghrairi et al., 2022). Flexible  multilayer
microelectromechanical systems (MEMS) coils further improve energy
efficiency and space utilization and demonstrate high integration capability
in arbitrary spaces, significantly enhancing the utilization of the space
magnetic field and output performance in energy harvesters; their vibration
energy harvesters achieve up to a 43% increase in open-circuit voltage
and compact dimensions suitable for small electronics in constrained
environments (Zhang et al., 2024). Furthermore, planar on-silicon
multilayer inductors have proven highly beneficial in clinical applications,
particularly in electromagnetic tracking (EMT) systems. These inductors
achieve a stringent requirement for precise tracking in medical
environments (Sidun et al., 2023). These technologies also enable the
development of wireless intracranial pressure (ICP) monitoring systems,
where carefully designed spiral planar coils improve the coupling factor
and detection range of miniature implanted sensors, enhancing wireless
power transfer efficiency and sensor performance (Wang et al., 2018).
Recent designs of wireless resistive analog passive sensors have
demonstrated the feasibility of bio-signal monitoring using optimized
planar spiral coil pairs which are critical for long-term body signal
monitoring. By employing inductive coupling and coil design optimization
with genetic algorithms, these sensors achieve high sensitivity and reliable
performance (Noroozi & Morshed, 2024).

Higher inductance can be achieved by increasing the number of
parallel layers. However, estimating inductance remains a challenge, as
directly solving Maxwell's equations for complex shapes is impractical. To
address this, a versatile analytical tool has been developed for calculating
the self-inductance of planar coils with general geometries. Based on
Grover's equations, this method aims to combine speed, precision,
intuitive use, and geometric flexibility (Faria et al., 2021). Additionally,
inductance behavior in printed-circuit rectangular spiral coils, especially in
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eddy-current testing applications, can be effectively modeled using
analytical methods that simplify multi-turn geometries and account for
practical PCB constraints, aiding in accurate mutual inductance prediction
and design optimization without relying on coil thickness (Wu et al., 2023).
In superconducting circuits, mutual coupling decreases exponentially with
distance between striplines, while microstrips exhibit long-range coupling,
limiting scalability for large-scale integration. In addition, analytical
expressions provide inductance estimations (Tolpygo et al., 2022).
Another method for calculating mutual inductance between planar spiral
coils with arbitrary geometries has been proposed, using a partial
inductance approach that simplifies the coils into polygonal segments,
allowing accurate and generalizable analysis validated by simulations and
measurements (Tavakkoli et al., 2019). All these techniques are based on
equation estimation and require a precise coupling factor to determine
inductance.

The integration of supervised learning has demonstrated great
promise in planar coil applications. Deep learning has been applied to
model complex polyphase inductive coils in wireless power transfer
systems, significantly reducing computational effort while maintaining high
accuracy in predicting mutual inductance, with a normalized root mean
square error (NRMSE) of 3.3% and a coefficient of determination of 0.985
(Gastineau et al., 2024). In magnetic resonance imaging (MRI), deep
learning has shown promise for quickly predicting RF-induced heating of
conductive implants based on their geometry and position, offering a faster
alternative to traditional phantom experiments (Chen et al., 2023). In
single-layer planar coils, a machine learning-based method has been
proposed for calculating self- and mutual inductance and multiple linear
regression with polynomial features achieved near-reference precision
while being orders of magnitude faster(Stillig et al., 2023). Additionally,
machine learning techniques have been applied to accelerate the design
of magnetic couplers for wireless power transfer systems; by training on
synthetic datasets from ANSYS Maxwell, these models can efficiently
predict optimal coil parameters such as inner radius and number of turns
while accounting for constraints like inductance and core materials (Ding
et al.,, 2025). After recognizing the potential of machine learning in
predicting the planar coil behavior and addressing the challenges of
deriving precise empirical equations, we propose a machine learning-
based methodology for multilayer rectangular spiral micro-coil inductance
estimation.




Diving into specific algorithms, GPR proven effective for inductance

estimation under magnetic saturation, significantly reduces prediction
errors from 9.6% to 4.7% by improving training datasets. Its ability to
minimize computational costs while maintaining accuracy highlights its
potential in inductance prediction tasks (Bayazit et al., 2023). Furthermore,
inductance modeling for planar meander structures using the Restricted
Boltzmann Machine (RBM) and KNN demonstrated good performance
with analytical and simulation datasets and showcase the potential of
these algorithms for compact inductor designs (Ansari & Agarwal, 2024).
Among those using ML, none have specifically addressed the inductance
of multilayer rectangular planar coils using supervised data-driven models.
The  primary  contributions of this work are twofold:
1- The development of a systematic methodology for designing multilayer
rectangular planar coils and generating a comprehensive synthetic dataset
through simulations, capturing diverse coil geometries and inductance
behaviors.
2- The implementation of supervised machine learning models to predict
inductance values, bypassing the computational complexity of traditional
coupling factor calculations and empirical formulations. This approach
offers a scalable framework for rapid and accurate inductance estimation
in multilayer configurations.

Methodology flowchart

The following flowchart, shown in Figure 1, illustrates the proposed
methodology for the design and inductance prediction of multilayer
rectangular planar coils. This structured approach integrates all key
stages, including coil conception, simulation, dataset generation, and
machine learning model deployment. The process begins with geometry
modeling in MATLAB, where user-defined coil specifications (e.g., turns,
layer alignment, trace dimensions) are translated into precise
configurations. The geometries are then discretized into nodes and
segments compatible with FastHenry, an open-source field solver software
used to compute inductance values through electromagnetic simulations.
The resulting data combining geometric parameters and simulated
inductance is preprocessed to normalize features and split into training
and validation sets. Supervised machine learning models are
subsequently trained to map geometric inputs to inductance outputs, with
performance rigorously evaluated using metrics like RMSE and MAE. The
finalized model is tested on unseen configurations to validate
generalizability before deployment and that enable an accurate inductance
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prediction for new designs. This structured approach bridges physical
simulations with data driven modeling, which eliminates reliance on
complex analytical derivations.

Start Merge Geometry + Data
Inductance Results Preprocessing
Input: Planar Coil  prepare input Files Model
Specifications & for Data Analysis Training
Geometry T .
1 ek Model
nductance
Evaluation
tode: "':‘M:.I;LAB Calculation via .
Lo Mok FASTHENRY
Geometry Teston
l T Unseen Data
Data Collection: G:;?::atio i
Geometry & Ty J  Performance
P Nodes & Segments Evaluation
for FASTHENRY /

Deploy Best Model for
il Prediction

Figure 1 — Methodology flowchart for designing and predicting inductance of multilayer
rectangular planar coils

Single-layer design framework for planar coils as a
foundation

Before delving into the complexity of multilayer rectangular planar
coils, it is essential to first understand the characteristics and behavior of
a single-layer design, as it forms the basis of the multilayer coil. In the
conception of planar coils for inductance estimation, a lot of estimation
formulas are available such as Wheeler Expression, Modified Wheeler
Expression, and Current Sheet Expression, shown in Equations 1, 2, and
3 (Wheeler, 1928) (Mohan et al., 1999), respectively. However, by
analyzing these formulas, it shows that the geometry of the planar coil
plays an important role in determining the inductance.

NZTZ
Lwn = 8r+114 (1)
2d
Lipwn = klNﬂﬁ (2)
ﬂﬂ”ZdanCI
L=—"— (n(C;/p)+C3p+Cap”) 3)




In these equations, N represents the number of turns of the coil, and
r is the radius of the planar coil. The parameter 4 is defined as half the

difference between the outer and inner diameters, i.e., 4 = M, while

d.vg denotes the average diameter, given by dg,, = @. The term p

. . Ao —ds
is the fill factor, expressed as p = d"“tT‘”. The constants k4 ,k,, C;,C,, C; and
out in

C,are empirical coefficients that depend on the specific geometry of the
coil and x4, represents the permeability of free space.

By consequence, our design approach for the planar coil layer focuses
on deconstructing the concept into multiple geometric variations to
generate a substantial and diverse dataset for analysis, as Figure 2 shows.

doutZ

duutl

Figure 2 —2D representation of a single layer rectangular planar coil geometry with the
labeled parameters

Geometric variables such as s the spacing between traces, w the
trace width , n the number of turns and the inner and outer diameters d;,,4,
dinz » doyt1 and d,y,:, are commonly used and can be derived from
established equations like the Wheeler's formula but these equations
assume symmetrical shapes using only two diameters d;, and d,,;
instead of four and that reflect the symmetrical nature of the geometry. We
introduced additional geometric parameters such as distances A, B, C and
D in our approach of design and geometric data. Collecting these
distances represents the bone diameters of the spiral shape excluding the
trace width. We added hypothenuses EF and GH which are also variable
distances incorporated into the design data to provide a broader range of
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input parameters and to enable exploring a wider variety of geometric
patterns and maximizing design versatility.,specifically EF? = d(,utl2 +
doutzz and GHZ = dinlz + dinzz.

Extending the single layer concept to a multilayer concept

The advantage of multilayer planar coils is their ability to increase
inductance while minimizing space, making them ideal for miniaturized
electronic applications. The modeling of a single layer is extended into
multilayer configurations, connected in parallel through via connections
that ensure seamless current flow between layers. To achieve real-world
applicability, a height of 1 oz (28.35 grams) of copper material is
incorporated, transforming the design into a 3D structure. Then, a
FastHenry compatible input file is generated, encompassing node
definitions and segment connections with material properties. This enables
precise simulation of the coil's inductance and resistance, facilitating the
systematic design and optimization of compact, high-inductance planar
coils for advanced electronic systems. Figure 3 illustrates 3D
representations of multilayer rectangular planar coils with spiral segments
and via connections plotted.

3D Coil Configuration

Three-Layer Square Spiral (3 turns)

’II

8 P a0
20.002
20.004

5\\ ‘ B 10° 20.006 0 Y (m) —— Layer 3
X (m) \e % X (m) Via L1(out-L2(in)
E Y (m) Via L2(out)-L3(in)

(a) 2-layer rectangular planar coil (b) 3-layer rectangular planar coil
Figure 3 —3D representation of a 2-layer and 3-layer rectangular planar coil with spiral
segments and via connections

For multilayer planar coils, the total inductance L; can be
approximated by the sum of the self-inductances L,, L, of each layer and
the mutual inductance M between them (Zhao, J .2010), which is given by

LT=L1+L2iM (4)
nZ

M =2,/LL
172 0 64[(0.18423-0.52522+1.0382+1.001)(1.67n%—5.84n+65)]

()




where n is the number of coil’s turns, and z the distance between the
layers.However, these formulas are typically valid for coils with 5 to 20
turns, and layer distances between 0.75 mm and 2 mm, are not suitable
for rectangular shapes. Additionally, as the number of turns increases, the
formula changes so our model will use a range of 3 to 30 turns, with wire
widths varying from 40 ym to 180 ym. Unlike these analytical methods, we
propose using ML to predict inductance values, which will allow us to
bypass the need for these analytical formulas.

Dataset generation

After establishing the logical concept of creating multilayer planar
coils, we delve into generating a dataset for training machine learning
models. The dataset focuses on two configurations: two-layer and three-
layer planar coils, containing 20000 rows and 15000 rows, respectively.
Each row in the dataset represents a single data entry which includes
multiple geometric input variables, with the output being the inductance
value for each configuration.

The geometric variables include those mentioned earlier, such as the
A,B,C and D segment lengths, the inner diameters and the outer
diameters dj,1, dino » doyrr @nd d,y 2, the spacing s, the trace width w,
and the diagonals (EF, GH). In addition, the loop creation variables (i, j)
are used, representing the incremental steps of the spiral design along the
vertical and horizontal directions, respectively. These are defined as i =
first segment distance/Ax and j = second segment distance/Ax where
Ax is a fixed step size as shown in Figure 4.

Y

e

«—>
Second segment

A
Y

First segment

Figure 4 — Initial segments and design steps in the spiral creation

The vertical spacing between the layers, Z, represents the via
distance, and that completes the foundational geometry. To enhance the
dataset, feature engineering variables are introduced, such as d;, ,, and
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doyt r defined as d;, » = \/din1dina and doye » = \/dour1doue2 respectively,
These equations are adapted from the formulas used for elliptical shapes
(Farooq et al. 2023) and modified for rectangular geometries by applying

the area equality method, the average diameter d,,, = M , the fill

ratio p = dout_r_din_r

dout r+din r

These features engineered variables are commonly used in
inductance estimation equations (Asadi Et all. 2023) (Wheeler, 1928). It
will significantly enhance the robustness of our models and the predictive
power of the dataset. This comprehensive approach ensures that the
dataset captures all critical factors influencing the inductance of multilayer
planar coils, making it suitable for supervised machine learning models,
after defining all input parameters. A structured parameter sampling
approach was implemented to generate two datasets for two and three
layers planar coils. The physical and geometric parameters of the coils,
along with their respective ranges, are summarized in Table 1. These
ranges were chosen to cover a broad spectrum of coil designs that balance
the manufacturability and performance requirements.

Table 1 — Design parameters and ranges

Minimum Value | Maximum Value
n| 3 30
i1 15
jl1 15
w| 20 um 200 um
s| 30 um 250 um
z| 40 um 180 pym

To ensure a diverse and representative dataset, we combine three
techniques, i.e., Latin Hypercube Sampling (LHS), parameter mapping,
and physical validation and that leads us to explore a wide design space
while ensuring practical manufacturability constraints were met. The main
idea of LHS is dividing the range of each parameter into equally spaced
intervals and it guarantees that one sample is drawn from each interval to
minimize redundance in variables and clustering in the sample space. In
addition, small perturbations with a value of 2% were introduced to each
sampled value to simulate real word variability. Parameterization involves
mapping normalized values generated through Latin Hypercube Sampling
(LHS) to real-world ranges relevant to the coil design; for example, the




number of turns was mapped to [3—-30], wire width to [20-200um], and
spacing to [30-250um], while physical validation ensures that the
generated coil configurations are physically feasible and adhere to
manufacturability constraints with a minimum wire spacing of 30 pm to
prevent electrical shorts. A layer separations [40—180um] is compatible
with standard fabrication processes.

Distribution of d_in1 Distribution of d_in2
70 70
60 60
50 50
z oy
o 40 o 40
: di : di
© 3 inl == in2
20 20
10 10
0 0
S 3 [ o d gv zn’ & 7’,0" P & g ¥ & g
Q.QQJ ’\,‘Pﬁ ‘:QQQ' f\"’bz‘ -&QQQ' -\'ﬁz \,"PZ‘ \‘ﬁ.vz ,'LLP o 4 ":S "TQ@ \‘PE \,Qd?’ \ﬁz '»"0?‘ \’\HE
d_inl(m) d_in2 (m)
(a) Destitution of d;,; (b) Destitution of d;;,

o s Distribution of d_out2
Distribution of d_outl

17.5
15.0
15.0
125
o 125 ?
E 10.0 é 100 d
8 outl e out2
73
5.0 A
2.5 25
0.0 0.0
&£ 8 $ S & & g S¥ z& S
le Tanz, )Qi:‘“ ﬂﬁnz %Q“z QQBZ "LQQ & kFQ Q,QQ
d_outl (m) d_out2 (m)
(c) Destitution of d 5,41 (d) Destitution of d ¢

Y. Benazzouz et al, Conception and application of machine learning for inductance prediction in multilayer rectangular spiral

micro coils , pp.1344-1375



ﬁ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

Distribution of din_r

20.0
100 17.5
15.0
80
o 125
G 6 &
< a d 3! 5 10.0
o n_r a
40 15
5.0
20
25
0 0.0
& 6@ e'& z‘@ z'& z}é\' z‘ﬂL z'&
& o o of & o o &
& A7 AT S 0
din_r (m)
(e) Destitution of d;;, ,-
Distribution of d_avg
0.040
35
0.035
30
0.030
25
= 0.025
i d ]
@
& av 2 0.020
15 g A
0.015
10
0.010
5
0.005
o
§ & v > & &
Qq.“ 0& S!Z Qme Gu"‘ D::z 0.000
o° ~ 2 » b o
d_avg (m)
(9) Destitution of d g
Distribution of i
0.07
0.06 0.07
0.05 0.06
> 0.05
£
‘o 0.04
2 e >
] I g 004
0.03
&
0.03
0.02
0.02
0.01
0.01
0.00
0.00

0.0 2.5 5.0 75 100 125 150 175
i

(i) Destitution of i

1354

Distribution of dout_r

& v;e." . 3 & i
o ) o' o
,\Q ,’Q 6“ q;“
dout_r (m)

(f) Destitution of d;;,

Distribution of n

(h) Destitution of d,,

Distribution of j

=

00 25 50 75 100 125 150 17.5

j

(j) Destitution of j



Distribution of Z

7000
6000
5000
4000

3000 Z

2000

Density

1000

z

(k) Destitution of z
Figure 5 — Distribution of the geometric parameters in the 2-layer planar coil design

Figure 5 shows the density distributions of the key geometric
parameters for the two-layer planar coil design and it demonstrates the
effectiveness of our Latin hypercube sampling approach for multiple
dimensional parameters. The inner and outer d;;,1, din2 , dourr @Nd dyyer
diameters of the two layers show uniform distributions within their
respective ranges and that indicates complete coverage of possible coil
configurations. Feature engineering variables such as d;,; , and d,,; »
show slightly asymmetrical distributions and the average diameter
dqvg follows a bell-shaped distribution, suggesting a natural convergence
towards optimal intermediate values. The rotation parameters n,i and
j show uniform distributions in their discrete ranges, validating the
efficiency of the LHS in sampling the design space. The distribution of the
separation distance z guarantees adequate spacing between the layers
while respecting manufacturing constraints. These distributions
collectively confirm that our sampling strategy successfully explores the
design space while maintaining physical feasibility, as shown by the
smooth, well-defined boundaries of each parameter distribution.
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Figure 6 — Correlation matrix of the geometric variables and the inductance (L) for the
two layers planar coil dataset

To gain deeper insights into the relationships among geometric
variables and their influence on inductance prediction, a correlation
analysis was conducted, as shown in Figure 6. The purpose of this
analysis is to assess the interdependencies between the design
parameters and to identify the key predictors of inductance prior to training
machine learning models. The correlation matrix reveals several notable
trends and positive correlations were observed between the inductance L
and the parameters such as n number of turns, d,,, average diameter
and the engineered features d;;, , and d,,; , showing a direct impact on
inductance. The geometric A,B,C and D also demonstrate high
correlations with L and that reflects their role in defining the overall
dimensions of the coil. On the other hand, the parameters such as the (w)
trace width, the spacing s, and the z vertical separation show less




correlation with L . However, even variables with weak linear correlation
may contribute through non-linear interactions, especially when using
models like the GPR and BaggingRegressor that can capture such
complex relationships.The motivation for including both directly measured
and engineered geometric variables dg, 4 , 0 din » and d, » is based on
their relevance in well-established inductance calculation equations,
including those proposed in (Wheeler, 1928) (Mohan et al., 1999) and
more recently in (Farooq et al. 2023). This correlation analysis serves as
a foundational step to the dataset to ensure the inclusion of critical features
like d4,g and p fill ratio, which give an enhancement and a predictive
power of the data driven models. Furthermore, retaining a broad set of
features allows machine learning models with internal feature selection
mechanisms to determine their usefulness automatically.

Machine learning models selection

The data generated for inductance estimation was evaluated using
various machine learning models which can be classified according to their
methodologies. All models were implemented using Scikit-learn, a widely
used open-source Python library that provides a consistent interface and
efficient implementations for a wide range of machine learning algorithms.
Unless otherwise stated, all models were used with their default
parameters as defined in Scikit-learn version 1.5.2. Probabilistic models
include the GaussianProcessRegressor (GPR), which assumes that the
data follows a Gaussian process. As described by Rasmussen and
Williams (Williams & Rasmussen, 2006), GPR predictions at a new point
x* are given by

fr&x) =kTK+o2D7ly (6)

where k* represents the vector of covariances between x* and the
training points, K is the covariance matrix between the training points, o2
denotes the noise variance, I is the identity matrix and y is the vector of
the training outputs.

In the category of instance-based learning, KNeighborsRegressor
(KNN) was employed, a non-parametric model that predicts on the basis
of nearest neighbors, thus capturing local relationships in the dataset
(Altman, 1992). KNN uses the Euclidean, Manhattan and Minkowski
distance metrics presented respectively:
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d
d(x, X;) = \]Zi=1(xj - Xij)z (7)

d(x,y) = Xitq |x; — yil (8)
dx,y) = (X, (x; — y)P)HP 9)

Only one distance metric is used during model training. KNN does not
use multiple distance functions simultaneously, while Euclidean measures
straight-line distance in a d-dimensional space, Manhattan sums absolute
differences for total travel distance, and Minkowski generalizes both,
adapting to diverse data structures with the parameterp (e.g, p =2 for
Euclidean, p =1 for Manhattan).

We also used linear and regularized models, such as BayesianRidge
and ElasticNetCV. BayesianRidge applies Bayesian inference to linear
regression, balancing bias and variance (MacKay, 1992). The model
assumes

f(x) = Bo+ Pixi + Box2+...4+ Poxl + ¢ (10)

where p; represents the coefficient and ¢ is the measurement error.

ElasticNetCV combines Lasso and Ridge penalties to manage
multicollinearity and perform feature selection. We applied 5-fold cross-
validation to automatically select the optimal values for the regularization
parameters, including the overall penalty strength and the mixing ratio
between the two techniques.

The BaggingRegressor model is used to combine the predictions of
several instances of KNeighborsRegressor, with a total of 10 estimators in
the set, each trained on different bootstrap samples of the dataset as
indicated by setting (bootstrap = True).

Finally, a distribution-specific model, the GammaRegressor, has been
included, designed for target variables with a Gamma distribution. The
model was implemented using the default settings: alpha = 1.0 which
controls regularization to balance bias and variance; link = 'log', ensuring
that the predicted values remain strictly positive, suitable for Gamma-
distributed targets; and solver = 'lbfgs', a quasi-Newton optimization
algorithm known for efficient convergence.




To assess the performance of the machine learning models
developed to estimate the inductance of multilayer planar coil designs, we
employed multiple evaluation metrics. They were chosen for their ability to
provide insights into the prediction capabilities of the models from different
perspectives like accuracy, robustness and generalization to unseen data.
By comparing these models based on these criteria, we can evaluate their
suitability for inductance estimation. The metrics used for model evaluation
includes the coefficient of determination R? and the root mean square error
RMSE, which are defined by Equations (11) and (12), respectively:

N

Z_ ()"obs,i_Ypre,i)2
1=1

R?=1-Zi
Zizl(yobs,i_M)2

(11)

1

N
1
RMSE = \]ﬁz__l(YObs,i - Ypre,i)2 (12)
where y,,si Is the observed inductance value, yp.e; Is the
corresponding predicted value, and y,,5) is the mean of the observed

inductance values. The variable n represents the total number of samples
in the dataset.

Dataset splitting and models training results

All geometric variables were considered for experiment training of the
selected models. The data was split into training and testing datasets with
80% used for training and 20% for testing. For the 2-layer dataset, there
were 16000 samples for training and 4000 samples for testing. For the 3-
layer dataset, it resulted in 12000 samples for training and 3000 samples
for testing. All data was thoroughly checked for missing values, and the
health of the data was verified before training to ensure that everything is
perfect and all rows value are in a healthy condition.

The performance of the selected machine learning models was
assessed on both training and testing datasets and through cross-
validation. By this evaluation, we ensure the model's ability to generalize
unseen data and avoid overfitted and underfitted models and to identify
the most suitable methods for inductance prediction. Table 2 summarizes
the results.

micro coils , pp.1344-1375

Y. Benazzouz et al, Conception and application of machine learning for inductance prediction in multilayer rectangular spiral



@ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

Table. 2 — Performance on train and test sets for the 2-layer planar coil

Train set Test set
R? RMSE R? RMSE
GPR 0.999 4.410°° 0.993 7.9107
BaggingRegressor 0.999 31077 0.997 4.7107
KNN 0.998 3.2.107 0.997 5.2.1077
BayesianRidge 0.945 2.3.10°6 0.943 2.3-10°6
ElasticNetCV 0.922 2.710°8 0.922 2.7-10°8
GammaRegressor 0.760 4.710°° 0.736 5.1.10°8

As shown in Table 2, the Gaussian Process Regressor (GPR)
demonstrated exceptional performance, achieving an R? of 0.999 on the
training set and 0.993 on the testing set with a low RMSE, making it the
top performing model. Bagging Regressor and KNN also performed well,
maintaining high R? values on both training and testing sets and that
indicates a strong predictive capability too. Linear models like Bayesian
Ridge and ElasticNetCV showed moderate performance, achieving values
around 0.94. The Gamma Regressor, however, displayed significantly
lower R? square and higher RMSE values.

Table. 3 — Performance on the train and test sets for the 3-layer planar coil

Train set Test set

R? RMSE R2 RMSE
GPR 0.999 4.10° 0.998 3.2.107
BaggingRegressor 0.998 3.31077 0.998 4107
KNN 0.998 3.6-1077 0.997 4.510°7
BayesianRidge 0.943 2.310°° 0.946 2.210°
ElasticNetCV 0.922 2.710°° 0.926 2.610°8

GammaRegre 0. 4.9 0.7 4.71

ssor 747 1078 65 0*

A similar pattern was observed for the 3-layer dataset as shown in
Table 3. The GPR model again demonstrated the best performance,
achieving an R of 0.999 on the training set and 0.998 on the testing set.
Bagging Regressor and KNN closely followed, with minimal discrepancies
between training and testing metrics. Linear models, including Bayesian
Ridge and ElasticNetCV, performed consistently achieving a moderate
accuracy, while the Gamma Regressor once again showed low results.




The cross-validation was applied to validate the models. This
technique evaluates model performance by splitting the dataset into
multiple folds and then compute the existed metrics for each fold. Table 4
summarizes the results of the cross-validation

Table. 4 — Cross-validation results using the k-fold method (k=5)

2layers 3layers
R? RMSE R2 RMSE
GPR 0.998 3.3:1077 0.998 3.7-10°°
BaggingRegressor 0.998 3.8:1077 0.998 4.1107
KNN 0.998 4.2.10°7 0.997 4.51077
BayesianRidge 0.945 2.3.10°° 0.944 2.2.10°6
ElasticNetCV 0.922 2.710°6 0.923 2.710°6
GammaRegressor 0.760 4.710°° 0.754 4.810°%

The cross-validation results for both datasets confirmed the trends
from experiment training and testing. In this context, the cross-validation
(k=5) was applied on the training data only, in order to assess the model's
robustness and consistency without involving the held-out test set. For the
two-layer dataset, the GPR achieved the best performance with an
R* of 0.998 and the lowest RMSE of 3.3:107, followed by Bagging
Regressor and KNN. the linear models, such as Bayesian Ridge and
ElasticNetCV, showed moderate performance R around 0.94, while the
Gamma Regressor struggled with the highest RMSE. Similar results were
observed for the three-layer dataset, with the GPR again leading R? of
0.998, followed by Bagging Regressor and KNN, while the linear models
performed moderately and the Gamma Regressor lagged.

Table. 6 — Monte Carlo cross-validation through 50 iterations

2layers 3layers
R? RMSE R? RMSE
GPR 0.998 3.9-107 0.998 3.8-107°
BaggingRegressor 0.998 3.8:1077 0.998 4.2107
KNN 0.998 2.241077 0.997 4.6-107
BayesianRidge 0.945 2.2710° 0.943 2.3-10°6
ElasticNetCV 0.922 2.7-10°8 0.922 2.6-10°
GammaRegressor 0.760 4.710°° 0.753 4.810°%
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To further validate model performance and assess robustness against
data splits, Monte Carlo cross-validation through 50 iterations of
randomized subsampling was applied on both 2-layer and 3-layer
datasets. This method randomly splits the dataset into training (80%) and
testing (20%) subsets across multiple iterations. The procedure yields
distributions of performance metrics across all splits. Table 5 summarizes
the performance of the models using this approach.

The Monte Carlo cross-validation results presented in Table 6 are
consistent with the findings from the k-fold cross-validation presented
inTable 4 and that reenforces the reliability of the models. In both the 2-
layer and 3-layer datasets, the GPR consistently delivered the highest R?
values of 0.998 and the lowest RMSE and that confirms its superior
performance and robustness to data splits. Bagging Regressor and KNN
also maintained strong and stable performance across all iterations. The
linear models such as Bayesian Ridge and ElasticNetCV demonstrated
moderate accuracy, while the Gamma Regressor exhibited the weakest
results, with the highest RMSE and lowest R? values.
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Figure 7 — Scatter plot of predicted vs. actual values for 2-layer configurations
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Figure 8 — Scatter plot of predicted vs. actual values for 3-layer configurations

Figures 7 and 8 present the scatter plots of predicted versus actual
values for all models across both two-layer and three-layer configurations
and they provide a visual confirmation of the quantitative metrics
previously discussed. The diagonal dashed line represents a perfect
prediction (y=x), allowing for a direct assessment of the model
performance through deviation patterns.

The GPR model exhibits remarkably tight clustering along the
diagonal line in both configurations, with minimal scatter and virtually no
systematic deviation, corroborating its superior R? value. The plot
demonstrates exceptional predictive accuracy across the entire range of
inductance values, with only occasional minor deviations at higher values
in the three-layer configuration. The KNN and Bagging Regressor plots
display similarly strong adherence to the diagonal, though with slightly
more visible scatter than that of the GPR, particularly at higher inductance
values. The consistency of the scatter patterns between the two-layer and
three-layer configurations supports their robust generalization capabilities.
In contrast, the Bayesian Ridge and ElasticNetCV models exhibit
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noteworthy systematic deviations from the diagonal, particularly evident in
their curvilinear patterns. These models occasionally produce negative
inductance values due to their linear nature and lack of constraint
mechanisms, which makes them inadequate for capturing the highly non-
linear and strictly positive behavior of inductance. This behavior suggests
these linear models struggle to capture the inherent non-linearities in the
inductance relationships and it is manifested as a systematic
underprediction at higher inductance values.

The Gamma Regressor demonstrates the most significant departure
from the ideal behavior, with a distinct non-linear pattern and substantial
scatter. The graph shape reveals systematic overprediction pronounced at
higher inductance values and that explains the lower R? value. This visual
evidence reinforces its inferior performance metrics and suggests
fundamental limitations in capturing the underlying physical relationships.
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Testing 20 micro-planar coils with known actual inductance values,
chosen randomly to ensure unbiased analysis, was visualized in Figures
9 and 10 for two-layer and three-layer configurations, respectively, and it
provides evidence of model performance stability. These plots are zoomed
to focus on 20 samples, allowing better visualization of variations, which is
why this sample size was chosen. The plots reveal distinct error
distribution patterns across different models, with the GPR, KNeighbors,
and Bagging Regressor demonstrating superior prediction stability as
evidenced by their tight clustering around the zero-error line, with residuals
predominantly contained within a small range. This contrasts markedly
with the more erratic behavior observed in the ElasticNet and Bayesian
Ridge linear models, and the systematic deviations displayed by the
Gamma Regressor, particularly at higher inductance values. The three-
layer configuration exhibits similar patterns, though with a slight increase
in residual spread, reflecting the enhanced complexity of the prediction
task. Based on the comprehensive evaluation of quantitative metrics,
scatter plots, and residual analyses, the GPR emerges as the optimal
model for inductance prediction, followed in a close way by Bagging
Regressor and KNeighbors, all demonstrating robust generalization
capabilities and reliable performance on unseen data across both
geometric configurations.

Conclusion

The study demonstrates a new approach based on supervised
learning models to achieve high accuracy in estimating the inductance of
multilayer rectangular planar coils. The methodology utilized geometric
parameters to train machine learning models, with the Gaussian Process
Regressor achieving superior performance, demonstrating R? values
exceeding 0.99 for both configurations. This approach eliminates the need
for complex empirical equations compared to traditional analytical
methods. The proposed data-driven framework provides higher precision
and adaptability to diverse rectangular multilayer coil configurations. The
simulation results validated the accuracy of the machine learning models,
highlighting the significant role of the parameters such as the number of
turns, the average diameter, and the fill ratio in predicting inductance. As
future work, the methodology can be extended to include more complex
coil configurations and explore alternative shapes using other machine
learning models or even using deep learning techniques to further
enhance its accuracy and versatility.
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KoHuenT 1 npnMeHa MallnHCKOr y4eHla y I'Ipe/ZI,BMf]aH:y MHOYKTUBHOCTU
Yy BMLLIeCJ'leHI/IM npaBoyraoHMM cnnpanHum MI/IKpO3aBOjHI/ILI,aMa

JyHec beHasys, ayTop 3a npenucky, Llunanuja lenays

YHuepautet y OpaHy 2 Moxamea beH Axmen, IHCTUTYT 3a MHOYCTPUjCKO
oppxaBane n 6e3degHocT (IMSI), Opgerbene 3a ogpxaBake MHCTPyMeHaTa,
JlTabopaTopuja 3a NPON3BOAHO MHXEHEPCTBO U MHOYCTPUjCKO OApXKaBaHe
(LGPMI), OpaH, HapogHa emokpaTcka Penybnuka Amxup

OBJIACT: padyHapcke Hayke, enekTpoHuKa
KATETOPWUJA (TUM) YNAHKA: opurnHanHm HayydHu pag,

Caxemak:

Ye8od/yurb: O8um ucmpaxusarem y8olu ce Ho8 npucmyr rpojekmosarby
CKyrna nolamaka [pasoy2aoHUX [/laHapHUX 3aesojHuya romohy
KomrinemeHmapHux cogpmeepckux anama. MATIIAE ¢yHKUUOHUWE Kao
OKPYXeH€ 3a MpojeKmosaH-e 8UCOKO2 Hugoa, a FastHenry dernyje kao
padyHapCcKu OKeup 3a peuwasan-e Makcgernosux jeOHaqyuHa u dobujar-e
epedHocmu  uHOykmueHocmu. [eHepuwy ce @dea  pasnuyuma
cuHmemuyka cKyna riodamaka rnoMohy HarpedHUX MexHUKa y30pKoear-a
3a pasnuyume KoHgbuaypauuje, ykrbydyjyhu memody y3opkosar-a
namuHcke xuriepkouke. Osu cKyriogu rnodamaka ce 3amum obpalyjy u
obyuyaeajy rnomohy anzopumama MalUHCKO2 ydyersa 3a npedsufjare
gpedHocmu UHOYKMUBHOCMU Ha OCHO8Y OO0bUjeHUX 2e0MempujCKuX
napamemapa.

Memode: 3a eeHepucare €KCMEeH3UBHUX CUHMEeMUYKUX CKyrnosa
rnodamaka koju cadpxe 20 000 pedosa 3a d8ocriojHE KOHU2ypayuje
3aeojHuya u 15 000 pedosa 3a mpocriojHe KOHgbuaypauuje rpeo ce
kopucmu MATJIAB. HakoH nipoueca eeHepucarba, rnposepasa ce da fu cy
CKyrosu rnoGamaka cripeMHu 3a 0byKy. LLlecm modena MawuHCKoz2 y4ersa:
Gaussian Process Regressor (GPR), KNeighborsRegressor (KNN),
BayesianRidge, ElasticNetCV, GammaRegressor, kao u Bagging
Regressor oby4yeHo je u npouyer-eHo MoMohy Mempuka kao wmo cy R? u
RMSE. Modenu ce 3amum ucriumyjy Ha HeriosHamum rodayuma 3a
ucnumusarbe U ouersyjy noMohy mexHuke yHakpcHe eanudauuje kako 6u
ce ymepOusio KOMUKo Moay Oa eeHepanusyjy.

Pesynmamu: CKyrnosu rioGamaka Cy yCreuwHo 2eHepucaHu, a modenu
KNeighborsRegressor, Gaussian Process Regressor (GPR) u Bagging
Regressor ocmeapunu cy Hajborbe pesynmame, uckasanu cy 6esiuKy
mayHocm U Marsiy 2peuwKy.

Sakrbyyak: Pesynmamu nokasyjy 0a je MaWuUHCKO y4YeHe rpakmu4yaH u
ehukacaH mMemod 3a npedsufjarbe UHOYKMUBHOCMU Yy BUWIECIIOHUM
rpasoy2aoHUM riaHapHUM 3aB0jHUUaMa Ha OCHOBY eeomempuje.




Krby4He peyu: npasoyeaoHa rnnaHapHa MUKpPO3asojHUya, sullecsiojHa
nnaHapHa 3aeojHuya, UHOYKMUBHOCM, MaWUHCKO y4YeHse, CUHMEMUYKU
CKyn nodamaka
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Abstract:

In this paper, the analysis of bending of sigmoid functionally graded
materials (S-FGM) plates is presented using a four-variable high-order
shear deformation theory.This theory reduces the number of unknown
functions simply from five to four compared to other shear deformation
theories; it does not require shear correction factors, and it satisfies the
conditions of zero shear stresses for the top and bottom surface of the plate
since the variation of shear stresses is parabolic through the thickness. The
equilibrium equations of this theory are derived from the principle of virtual
work, and the Navier solution is used to solve these equations. For this S-
FGM plate, according to the power law, the materials are distributed in
terms of volume fractions of the constituents, and their properties are
gradually varied in the thickness direction. This analytical study gave very
satisfactory results, and the comparison between the numerical results
obtained from the presented theory and those obtained from the classical
plate theory (CPT) and high-order shear deformation theories (HSDTs)
demonstrated the simplicity, accuracy, and reliability of this presented
theory in analyzing the static bending behavior of thick S-FGM plates.
Methods:This study presents a four-variable shear deformation theory that
determines the stresses and displacements of a simply supported
functionally graded (S-FGM)plate. The equilibrium equations and
boundary conditions were obtained from the principle of virtual work.
Navier's method was then used to solve the equilibrium equations. The
comparison of the results of this new theory with other solutions using
the CPT and HSDTs was presented in this work.
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Results:The comparison between the presented refined theory and the
HSDT(Reddy's theory) also showed that the deformations and stresses
of these theories are almost identical, while the classical plate theory
underestimates the deflection of these plates.

Conclusion:The calculated different stresses and dimensionless
displacements clearly demonstrated the effectiveness and accuracy of
the presented theory in studying the static behaviors of simply supported
S-FGM plates.

Key words:S-FGM plates, classical plate theory, higher-order theory,
powerlaw, bending.

Introduction

In recent years, Functionally Graded Materials (FGMs) have seen
wide applications in several diverse engineering and industrial fields such
as civil, mechanical, electronic, automotive, aerospace, etc., due to their
attractive and distinctive properties, which are high wear resistance,
significant reduction in residual stresses and high resistance to
temperature gradients (Reddy, 2000; Eltaher et al., 2013; Kar & Panda,
2015; Ahmed et al.,, 2019; Karami & Karami, 2019; Selmi, 2020;
Abdulrazzaq et al., 2020; Dehshahri et al., 2020).

FGMs are used in these important fields in the form of plates,
characterized by a gradual variation in the volume fraction of their
constituent materials, which leads to a continuous and smooth change in
the properties of these materials from one surface to another (Birman et
al., 2013; Dai et al., 2016). This technology contributes to reducing thermal
stress concentrations and effectively eliminating interface problems for
devices using FGM plates, such as environmental sensors, biomedical
industry, and fast computers (Avcar, 2015; Boukhari et al., 2016).

In order to effectively investigate the behavior of these FGM plates,
many modern scientific studies have been conducted,leading to the
development of different plates theories. Among these theories is the
classical plate theory (CPT) which is considered the simplest theory
because it does not take into account the effects of transverse shear of
these plates. However, it gives very satisfactory analytical results
withregard to isotropic and thin plates (Mechab et al., 2010; Taczata et al.,
2022).

Since these transverse shear effects cause instability and failure of
plates structures, especially composite plates, the First-order Shear
Deformation Theory (FSDT), proposed by Mindlin (1951) and Reissner
(1945), has been relied upon to conduct an effective study of FGM plates
because they take these effects into account. However, it requires a
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correction coefficient often set at 5/6 (Hosseini-Hashemi et al., 2010;
Hosseini-Hashemi et al., 2011). The violation of equilibrium conditions at
both the bottom and top surfaces of the FGM plate is considered the most
significant drawback of the FSDT (Fallah et al., 2013), which necessitated
the development of the Higher-order Shear Deformation Theory (HSDT).
This theory takes into account the transverse shear effect and ensures the
state of zero shear stresses in the top and bottom surfaces of the plate
without the correction factor (Thai & Choi, 2012; Thai & Kim, 2013; Sobhy,
2013; Pandey et al., 2020).

Recently, plates based on Sigmoid Functionally Graded Materials (S-
FGM plates) have been studied in a very precise analytical manner by
(Beldjelili et al., 2016; Duc, 2017; Singh, Harsha, 2019; Singh, Harsha,
2020; Tao & Dai, 2021; Karakoti et al., 2022; Kurpa et al., 2023; Kumar &
Pandey, 2024).

The aim of this work is to study the bending behavior of S-FGM plates
using the present high-order theory with a sinusoidal shear function. The
results obtained have been compared with those calculated using Reddy's
shear function and the classical plate theory (CPT). To carry out an
efficient and precise analytical study, the influence of the powerlaw index
p on the deflection and different non-dimensional stresses of S-FGM
plates made of aluminum/alumina mixture has been investigated for
various values of the dimension ratios (a/h and a/b).

Refined FGM plate theory

Geometric configuration

Figure 1 presents a rectangular S-FGM plate with the dimensions a
and b in the plane, as well as with a uniform thickness h. This S-FGM plate
is made of a material with a property gradient that varies in the thickness
direction, as shown in Figure 1, and is subjected to a transverse load
q(x,y). TheCartesian coordinate system is used such that the x, y plane
coincides with the median plane of the plate.




FGM Plate

Figure 1 — Geometry of an FGM plate(Chi, Chung, 2006)

The S-FGM plate studied in this work is delimited by the planes at
the coordinates x=0,a and y=0,b. The middle surface, defined by z=0,
serves as the reference surface of this plate, where z represents the
thickness coordinate measured from this undeformed middle surface. For
an S-FGM plate with a ceramic-metal mixture, the functional relationship
between E and z can be given as:

P
gl(z)zl—l(h/z_zj for0<z<h/2

2\ h/2

1(h/2+z)
=— for—=h/2<z<0
2:(2) 2[ e ) 2=0(1)

E(z)=g,(z)E, +[1-g,(2)|E, for 0<z<h/2

E(z)=g,(2)E, +[1-g,(z)]E, for—h/2<2z<0

where p is the volume fraction exponent, and the properties of the
ceramic and metal materials are represented by Ec and Em, respectively.

To determine the different effective characteristics of metal-ceramic
plates, the power law hypothesis is used as a simple rule regarding
mixtures. As shown in equation (1), the top surface (z= h/2) of the S-FGM
plate is ceramic, while the bottom surface (z= -h/2) is metal-rich. This
explains that the metal and ceramic volume fractions are high near the
bottom and top surfaces of the plate, respectively.To simplify thestudy of
the S-FGM plate, Poisson's ratio v is assumed to be constant across the
thickness of this plate.
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Figure 2 shows the distribution of the volume fraction across the
thickness of the S-FGM plate for different values of the power law index p.
From this figure, for p=1, the composition of the ceramic and the metal
varies linearly, while the p values of zero and infinity represent an all-
ceramic and all-metal plate, respectively.
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Figure 2— Volume fraction distribution across the thickness of the S-FGM plate

Refined theory assumptions

The RPT theory is based on the following four important
assumptions:
1. The strains involved are infinitesimal since the displacements are
small compared to the thickness of the plate.
2. The transverse displacement W is decomposed into two
components: bending wy, and shear wg, which depend only on the
x and y coordinates.
W(x,y,z) = wy(x,y) + ws(x,¥)(2)
3. The transverse normal stress o, is negligible compared to the other
stresses oy and oy.
4. The U and V displacements in the x and y directions respectively
consist of bending, shear components, and extension.

u=u,+u, +u v=y,+v, +v (3)
The bending components uy, and vy, are assumed to be similar to the
displacements described by the classical plate theory (CPT). Therefore,

s




the expressions for these components can be formulated as follows:
ow, ow, (4a)

U, =—2z——=,V, =—Z
ox

The strain components vy,, and vyy,are derived component
displacement state u(x,y,z) and v(x,y,z) respectively, together with the
transverse displacement w(x,y,z), as shown in equation 5.These strains
vary parabolically across the thickness of the S-FGM plate, while satisfying
the condition of zero shear stress t,, and 1y, at the top and bottom
surfaces of this plate. Therefore, the expressions for ug and vi,can be
formulated as:

U= f(2) 52, ve= f(2) 52(4.b)

Constitutive equations and kinematics
The displacement field of the S-FGM plate can be found by exploiting
the assumptions of the refined theory and using the following equations:

ulx,y,z) =up(x,y) _Zw £z )aws(x ,Y)
v(x,y,z) =vy(x,y) — awb(xy} —f(z )3Ws(Xy) 5)

w(x, y,Z) = M;f(x y) +ws(x,y)
f(z)=z—- (E) * sin(m * z/h)

where f(z) is Touratier’s shear function. The deformations associated
with the displacements in equation 5 are:

s (2] (2] () g
£, p=1¢6, (+z3ky v+ f(2)1 k] ;{ yz}=g(z){ ff};ezzO(G)

< o

N 7 Xz Xz
7 xy 7/ J(C)y kfv kxy
2
ou, _ o’w, ' _9 szs
gl Ox k" ox’ k. aazx
where | o | _ ov, S o’w, |, Jpslo) _ 9% | and
& v (= o v (= - o > y ayZ
7/0 o o kb Y ks )
xy U, Vo Xy 82Wb Xy _5 o w,
oy x Ox0Oy Ox0y
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ow,

7 ey ()
vel o |ow.

ox
9@)=1-f(2)
The stress-strain relationships of an S-FGM plate can be expressed
as:
SXW
(0x) [Qn Q2 O 0 0] €
Oy Qiz Q22 O 0 0 Y
Txy =| 0 0 Q66 0 0 HYXY >(8)
| o o 0 Qu o]
w) Lo o o o0 Qul|M
Yz

where g, , &y, Yxy, Yyz, Yxz @re the strain components, and oy 0y, Txy,
Tyz, Txz @re the stress components. In accordance withdifferent properties
of metal and ceramic materials specified in equation (1), the expressions
of the stiffness coefficients Q; can be given as:
E(z) .

=—— —VE(Z) —o. - E@ (9
Q Q22 _Vz ) le _ ’Q44 QSS_Q66_2(1+V)( )

Equilibrium equatlons

The principle of virtual displacements can be used to derive the
equilibrium equations, and in the present case, the principle of virtual

h/2

[[lode+08e+5,87,+1.67, +1.07.]ddz-[ g5 wa=0 (10)
-h/2Q Q

where Q is the top surface of the S-FGM plate.

By substituting equations (5), (6), and (8) into equation (10) and integrating
it through the plate thickness, equation (11) can be written as:

[(N.G6)+ N6 &)+ N 06) + MISK + MIS K, + MUS K., + MGk + M5 k) + M5k,

Q

8107, + S5 7,)dQ~ [ g(6w, +6w,)dQ2 =0 (a1
Q

h/2 h/2
(Nx ,N ny) f}{/z(o-x!ay xy)dZ (M}g’Mb M y) fl'{/z(o-x’o-yrx}’)ZdZ




h/2
(M3, M5, M5,) = f_h/z(ax, o, 7,,)f(2) dz;

(85,.85,) = [*(7,., 7,.)9(2)dz(12)

By substituting equation (8) into equation (12) and then integrating
equation (12) through the thickness of the plate, equation (13) can be
written as follows:

(Nx\  [Ay1 A By Biz BY B &0
Ny A1, Az BBy, Bi, B3 !
{ M2 Bi1 Bz Di1Dy, D§; Dj, { kx )
M;? Biz Bzz Di2Dy; Di; D3|k

y
M; B{, By, Di\D{, Hi; Hi, kS
\My, [Bf, B3, Di;D3, Hip H3L1|™
\k3J

N A By B 7’3y

M,fy =|Bgs  Dgs D6Se kfy ; {S;Z} = Ay 0 }{7}7} (13)
, , : , : 0 A
M; Bg6 D656 H 26 k;y > - s

Xz

hl/2
(4,,8,.D,,B;,D;,H; )= [(.2.22, £(2). 2 (2). S *(2))Q, = (14)

—h/2

h/2

And A} = f_,:/z 9(2)? * Q;jdz
By integrating equation (11) by parts, and setting the coefficients
Sug; 6vy; 6wy, and 6w, to zero separately, the resulting equilibrium
equations for this FGM plate are:

ON
Su,: N, +—==0
ox oy
ON, ON
SV, axy+ ay=0
X o4
82Mb asz aZMb (15)
Sw,: - +2 —+——>+¢=0
Ox Ox0y oy
2 s aZMA‘ aZMS s aS\
Sw,: 61\?+2 =+ 2y+aS"z+ Z4+g=0
ox Ox0y oy Ox Oy
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Analytical solutions for S-FGM plates
Navier presented the external force in the form of a double trigonometric
series in order to solve this problem:

4(6,Y) = Times Tivs Gmnsin (B x) sin (S0 y) (16)
In the case of application of a distributed sinusoidal load, m and q11 are
the following:

m=n=1 andqy; = qo ;A =""u = E(17)

where q0 is the intensity of the charge in the center of this S-FGM plate.
By satisfying the boundary conditions and from Navier's solution, the
displacements uo, Vo, Wp and ws can be written in the form of double Fourier
series.

u, U, cos(/l x)sin(u y)
m=1 n=1 bmn Sln(/1 x) Sln(ﬂ y)
w; WS"H’I Sin(l x) Sin(ﬂ y)
where Uy, Vi Womn » and We,,,,are considered as arbitrary parameters
to be determined.

After substitution and simplification, the following operator equation is
obtained:

(KA} ={F}19)

{A} {Um”,V W Wi [K]is the symmetric matrix given by:

mn°"" bmn? smn

= Ty _ . _
a13 a23 (133 a34 And {F } - {0101 an: qmn}(zo)

for which
ay = _(’41112 + A()()/Uz)
p=—Au (Alz + A66)
ay, =+A[B) A" +(By, +2B) 1]




a, =A[B 2 + (B, +2B. ) u’]

a,, = —A6622 - Azz,u2

tyy = ul(By, + 2By )4 + By ]

ayy = ,Ll[(lez +2B%6 )/12 + B“zz,uz] (21)
ay, =—D,,A* =2(D,, + 2D A’ u* + D, u*

a,, =—D;A* —=2(D}, + 2D )P u* — D3,

ay, =—H\A' =2(H\ +2H )2 i* —Hyu* — AL X — A1

Numerical results and discussions
The results were obtained for S-FGM plates and compared
withthose determined by the classical plate theory (CPT) and the high-
order shear deformation theory (HSDT) (Reddy, 1984) to validate the
presented theory.

f(z) = z - Zsin (Z)[Touratier 1991](22.a)

f@)=z-2z(1- %)[Reddy1984](22.b)

To carry out this analytical study on the S-FGM plate by applying the
presented method, aluminum (Al) and alumina (Al2O3) were used as metal
and ceramic, respectively, for this plate. These materials possess the
following properties: aluminum metal (E,, = 70GPa, v = 0.3) and alumina
ceramic (E. = 380GPa,v =0.3). In addition, the following different
dimensionless parameters were used:

— 3 — ~ =
w= 104 f" g’é > O, :—h (o g,é,ﬁ 5 O-y __O-y(_’_a_ja
q.a 272 q.a 2°2°2 q,a 2273
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Table 1 — Dimensionless deflections and stresses for a square S-FGM plate, subjected to
a sinusoidal load (a/h=10), obtained by the presented theory and the HSDT

w T, G, 7,

P

HSDT Present  HSDT Present  HSDT Present  HSDT Present
Ceramic 0.2960 0.2960 1.9943 1.9955 1.3124 1.3121 0.2121 0.2132
1 0.5890 0.5889 3.0850 3.0870 1.4898 1.4894 0.2608 0.2622

2 0.6551 0.6550 3.1915 3.1935 1.5992 15988 0.2916  0.2930
3 0.6912 0.6911 3.2663 3.2682 1.6398 1.6395 0.3117  0.3129
4 0.7120 0.7119  3.3126  3.3145 1.6540 1.6537 0.3249  0.3261
5 0.7248 0.7247 3.3421 3.3440 1.6589 1.6586 0.3336  0.3347
6 0.7332 0.7331 3.3617 3.3636 1.6606 1.6603 0.3394  0.3404
7 0.7390 0.7388 3.3754 3.3773 1.6613 1.6610 0.3432 0.3442
8 0.7431  0.7430 3.3852  3.3871 1.6616  1.6613  0.3457  0.3466
9 0.7462 0.7460 3.3925 3.3944 16618 1.6615 0.3473  0.3483
10 0.7485 0.7483 3.3980 3.3999 1.6619 1.6616 0.3484  0.3493

Metal 1.6071  1.6070 1.9943 1.9955 1.3124 1.3121 0.2121  0.2132

Rl

sz xy
HSDT Present  HSDT Present
Ceramic 0.2386 0.2462 0.7067 0.7065

0.2386 0.2462 0.6111  0.6110

P

-

2 0.2373  0.2447 0.5212  0.5211
3 0.2361 0.2434 0.4902  0.4902
4 0.2354  0.2425 0.4857 0.4856
5 0.2348 0.2418 0.4893  0.4892
6 0.2345 0.2414  0.4943  0.4942
7 0.2342  0.2411  0.4987  0.4986
8 0.2340 0.2408 0.5022  0.5021
9 0.2338  0.2407 0.5050  0.5048
10 0.2337  0.2405 0.5071  0.5070

Metal 0.2386 0.2462 0.7067  0.7065

Table 1 illustrates different dimensionless deflections and stresses
of a square S-FGM plate, subjected to a sinusoidal load with a ratio a/h=10,
for different values of the power law index p, obtained by the present
refined plate theory (RPT) and the HSDT. As shown in this table, and since
both theories take into account the transverse shear effect, the results
obtained by the present theory, both for deflection and stresses, are in
agreement with those obtained by Reddy's high-order shear deformation




theory. In addition, the dimensionless deflection w and the longitudinal
stresses oy, in the plane are directly proportional to the increase in the
power law index p. It should also be noted that the stresses for the ceramic
plate are identical to those for the metal plate, since this S-FGM plate in
both cases is completely homogeneous and these stresses are
independent of the modulus of elasticity.

Table 2 — Dimensionless deflections and transverse shear stresses of the square S-FGM
plate calculated by the present theory, HSDTand CPT

ah  p (WE,)/(qoh) 7,,(0, bl2)/qq
CPT HSDT Present HSDT Present

0.25 0.3049 03715 0.3714 0.1191 0.1228

0.5 03207 0.3874 0.3873 0.1192  0.1230

5 1 0.3514  0.4180 0.4178 0.1190  0.1228
4 0.4288  0.4936 0.4932 0.1175  0.1209

10 0.4518 0.5157 0.5152 0.2387  0.2463

0.25 4.8782 5.1453 5.1450 0.2386  0.2462

0.5 51310 5.3985 5.3981 0.2389  0.2465

10 1 5.6228 5.8895 5.8891 0.2386  0.2462
4 6.8604 7.1200 7.1187 0.2354  0.2425

10 7.2289  7.4849 7.4831 0.2337 0.2405

Table 2 shows a comparative study of the deflections and transverse
shear stresses of a simply supported square S-FGM functionally graded
plate, subjected to a sinusoidal load with two ratios (a’/h=5 and a/h=10) for
five values of the power law exponent p, calculated by the present, HSDT
and CPT theories. According to these results, it can be confirmed that
there is an excellent agreement between the values of deflection and
transverse shear stress obtained by the present theory and HSDTs, for all
values of the power law exponent p and the two ratios a’/h. On the other
hand, the classical platetheory (CPT) underestimates transverse plate
displacement because it does not take into account the impacts of
transverse shear deformation, which is the biggest disadvantage of this
theory.

The analytical values illustrated in Tables 1 and 2 demonstrate the
effectiveness of this present theory in the study of S-FGM plates because
its results are in high agreement with theHSDTand better than the CPT.
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Figure 3 —w vs ratios: (a) - a/b, (b) - a’h, of an S-FGM plate

Figures 3-a and 3-b show the evolution of the dimensionless
deflection w as a function of the thickness ratios a/b and a/h of an S-
FGM plate, respectively, for different values of the power law index pusing
the present theory. The present theory shows that the dimensionless
deflection of the S-FGM plate decreases sharply within the ranges of 0 to
1.5 and 2 to 8 for the ratios a/b and a/h, respectively; after that, it becomes
less affected by these ratios.

According to these results, the deflection values of the metal plate
are higher than those of the ceramic plate. They increase with the power
law index p and remain almost constant when going from a moderately
thick to a very thick plate. This indicates that the response of the S-FGM




plate lies between those of isotropic plates, i.e., between the ceramic-rich

plate and the metal-rich plate.

In this section of our analytical study, the distribution of different

shear stresses of the S-FGM plate under a sinusoidal load was

investigated, where the exponent of the volume fraction of this plate is p=2.
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Figure 4 — Distribution of stresses: (a) - T,;, (b) - T,,, across the thickness of the S-FGM
plate

Figures 4-a and 4-b respectively represent the variation of the
transverse tangential stresses T,, and T, across the thickness of an S-
FGM plate for different a/b ratios. These shear stress values are zero at
the two top and bottom edges of the plate and then gradually increase with
decreasing the a/b ratio, reaching the maximum values at Z = 0.154, which

Djidar, F et al, A four-unknownhigher-order shear deformation theory for theanalysis of bending in sigmoid-FGM plates,
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represents the inhomogeneous case. Moreover, the maximum values of
Ty, stresses are larger compared to those of T, at the ratios a/b=2, 3, and
4.
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Figure 5 — Distribution of normal stresses: (a) - oy, (b) - 7,,, across the thickness of the S-
FGM plate

Figures 5-a and 5-b show the variation of the normal stresses o, and
6, according to the thickness of an S-FGM plate for different values of the
ratios a/b and a/h, respectively. As shown in these figures, the normal
stresses are in compressive throughout the S-FGM plate up to Z = 0.154,
then in tensile beyond this value. Furthermore, the maximum compressive
and tensile values of these stresses are produced respectively at points




located on the bottom surface and the top surface of this plate. In addition,
for the normal stresses 6, and when the a/h ratio increases, the tensile
stress at the top surface increases, while the compressive stress at the
bottom surface decreases for this S-FGM plate. On theother hand, and for
normal stresses oy, the tensile and compressive stresses decrease and
increase respectively as a function of the increase in the ratio a/b, as
shown in Figures 5-a and 5-b.

According to the results of the variation of the transverse tangential
stress T,y across the thickness of the S-FGM plate for the three values of
a/b ratio, presented in Figure 6, the tensile and compressive stresses
occur on the bottom and top surfaces of this plate, respectively, and this is
inconsistent with what was found for the normal stresses o, and oy.
Furthermore, the zero value of this transverse tangential stress
corresponds to z = 0.154.
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Figure 6 — Distribution of the transverse tangential stress T, across the thickness of the

S-FGM plate

Figure 7 shows the effect of the moduli ratios Em/Ec on the
dimensionless deflection w of S-FGM plates with various ceramic-metal
mixtures p studied at a thickness of a’/h = 10. As shown in these results,
the dimensionless deflection is strongly affected by the moduli ratios, as it
decreases significantly with these ratios up to the value Em/Ec = 0.25, after
which this effect diminishes. In addition, the dimensionless deflection
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increases with the increase in the percentage of metal (aluminum) in the
plate made of a mixture of metal and ceramic.

2,14

184\

154 \\
12 124
09

0,64

03 T T T T T T T T T
0,0 0,1 0,2 0,3 04 0,5

E /E
Figure 7 — w vs E,,/E, ratio of the S-FGM plate
Conclusion

In this work, a refined two-variable theory was presented for the
bending analysis of S-FGMs plates with ceramic-metal mixture and under
sinusoidal load distribution. Although no shear correction factors were
used, this theory satisfied the conditions of zero shear stresses on the
plate surfaces and gave a parabolic distribution of transverse shear
stresses. The calculated different stresses and dimensionless
displacements clearly demonstrated the effectiveness and accuracy of the
present theory to study the static behaviors of simply supported S-FGM
plates.The comparison between the present refined theory and the HSDT
(Reddy's theory) also showed that the deformations and stresses of these
theories are almost identical, while the classical plate theory
underestimates the deflection of these plates. It was observed from the
results obtained that there is an excellent agreement between the
deflections of ceramic plates and those rich in metals, while the deflection
value is directly proportional to the power law index p, which proves the
importance of gradients in material properties in determining the response
of S-FGM plates.

References
Abdulrazzaq, M., A., Fenjan, R., M., Ahmed, R., A., Faleh, N., M. 2020.
Thermal buckling of nonlocal clamped exponentially graded plate according to a




secant function based refined theory. Steel Compos Struct, 35(1),pp.147-157.
Available at: https//doi.org/10.12989/scs.2020.35.1.147

Ahmed, R., A, Fenjan, R., M., Faleh, N., M. 2019. Analyzing post-buckling
behavior of continuously graded FG nanobeams with geometrical imperfections.
Geomechanics and  Engineering, 17(2), pp.175-180. Available at:
https//doi.org/10.12989/gae.2019.17.2.175

Avcar, M. 2015. Effects of rotary inertia shear deformation and non-
homogeneity on frequencies of beam. Struct. Eng. Mech,55(4), pp.871-884.
Available at: https//doi.org/10.12989/sem.2015.55.4.871

Beldjelili, Y., Tounsi, A., Mahmoud, S., R. 2016.Hygro-thermo-mechanical
bending of S-FGM plates resting on variable elastic foundations using a four-
variable trigonometric plate theory. Smart Structures and Systems, 18(4), pp.755-
786. Available at: https//doi.org/10.12989/sss.2016.18.4.755

Birman, V., Keil, T., Hosder, S. 2013. Functionally graded materials in
engineering. In: S Thomopoulus, V Birman and GM Genin (eds) Structural
interfaces and attachments in biology. New York: Springer,pp.19-41. Available at:
https//doi.org/10.1007/978-1-4614-3317-0 2

Boukhari, A., Ait Atmane, H., Houari, M., S., A,, Tounsi, A., AddBedia, E., A,,
Mahmoud, S., R. 2016.An efficient sheadeformation theory for wave propagation
of functionally gradedmaterial plates. Struct. Eng. Mech, 57(5), pp.837-859.
Available at: https//doi.org/10.12989/sem.2016.57.5.837

Chi, S., H. Chung, Y., L. 2006. Mechanical behavior of functionally graded
material plates under transverse load—Part |: Analysis. International Journal of
Solids and Structures, 43(13), pp-3657-3674. Available at:
https//doi.org/10.1016/j.ijsolstr.2005.04.011

Dai, H., L., Rao, Y., N., Dai, T. 2016. A review of recent researches on FGM
cylindrical structures under coupled physical interactions. Compos Struct,152,
pp.199-225. Available at: https//doi.org/10.1016/j.compstruct.2016.05.042

Dehshahri, K., Nejad, M., Z., Ziaee, S., Niknejad, A., Hadi, A. 2020. Free
vibrations analysis of arbitrary threedimensionally FGM nanoplates. Adv. Nano
Res, 8(2), pp.115-134. Available at: https//doi.org/10.12989/anr.2020.8.2.115

Duc, N., D, Quang, V., D, Anh, V., T., T. 2017. The nonlinear dynamic and
vibration of the S-FGM shallow spherical shells resting on an elastic foundations
including temperature effects. Int. J. Mech. Sci, 123,pp. 54—63. Available at:
https//doi.org/10.1016/j.ijmecsci.2017.01.043

Eltaher, M., A., Alshorbagy, A., E., Mahmoud, F., F. 2013.Determination of
neutral axis position and its effect on natural frequencies of functionally graded
macro/nanobeams. Composite Structures, 99, pp.193-201. Available at:
https//doi.org/10.1016/j.compstruct.2012.11.039

Fallah, A., Aghdam, M., M., Kargarnovin, M., H. 2013. Free vibration analysis
of moderately thick functionally graded plates on elastic foundation using the
extended Kantorovich method. Arch. Appl. Mech, 83(2), pp.177-191. Available at:
https//doi.org/10.1007/s00419-012-0645-1

Hosseini-Hashemi, S., Rokni Damavandi Taher, H., Akhavan, H., Omidi, M.
2010. Free vibration of functionally graded rectangular plates using first-order

pp.1376-1396

Djidar, F et al, A four-unknownhigher-order shear deformation theory for theanalysis of bending in sigmoid-FGM plates,


http://doi.org/10.12989/scs.2020.35.1.147
https://doi.org/10.12989/sem.2015.55.4.871
https://doi.org/10.12989/sem.2016.57.5.837
https://doi.org/10.12989/anr.2020.8.2.115
https://doi.org/10.1007/s00419-012-0645-1

QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

shear deformation plate theory. Appl. Math. Model, 34(5), pp.1276-1291.
Available at: https//doi.org/10.1016/j.apm.2009.08.008

Hosseini-Hashemi, S., Fadaee, M., Atashipour, S., R. 2011. A new exact
analytical approach for free vibration of ReissnerMindlin functionally graded
rectangular plates. Int. J. Mech.Sci,53(1), pp.11-22. Available at:
https//doi.org/10.1016/j.ijimecsci.2010.10.002

Kar, V., R, Panda, S., K. 2015.Nonlinear flexural vibration of shear
deformable functionally graded spherical shell panel. Steel Compos. Struct, Int.
J., 18(3), pp.693-709. Available at: https//doi.org/10.12989/scs.2015.18.3.693

Karakoti, A., Pandey, S., Kar, V., R. 2022. Nonlinear transient analysis of
porous P-FGM and S-FGM sandwich plates and shell panels under blast loading
and thermal environment. Thin-Walled Structures,173, 108985. Available at:
https//doi.org/10.1016/j.tws.2022.108985

Karami, B., Karami, S. 2019. Buckling analysis of nanoplate-type
temperature-dependent heterogeneous materials. Advances in Nano Research,
7(1), pp.51-61. Available at: https//doi.org/10.12989/anr.2019.7.1.051

Kumar, A., Pandey, S. 2024. Transient analysis of size-dependent S-FGM
micro-folded plates based on exact shear correction factor in the thermal
environment. Arch  Appl Mech, 94, pp.1335-1357. Available at:
https//doi.org/10.1007/s00419-024-02578-6

Kurpa, L., Shmatko, T., Awrejcewicz, J., Timchenko, G., Morachkovska, I.
2023, Analysis of Free Vibration of Porous Power-law and Sigmoid Functionally
Graded Sandwich Plates by the R-functions Method. Journal of Applied and
Computational Mechanics,9(4), pp.1144-1155. Available at:
https//doi.org/10.22055/jacm.2023.43435.4082

Mechab, I., Ait Atmane, H., Tounsi, A., Belhadj, H., A., Adda Bedia, EI-A.
2010. A two variable refined plate theory for the bending analysis of functionally
graded plates. Acta Mech Sin, 26, pp.941-949. Available at:
https//doi.org/10.1007/s10409-010-0372-1

Pandey, H., K., Agrawal, H., Panda, S., K., Hirwani, C., K., Katariya, P., V.,
Dewangan, H., C. 2020. Experimental and numerical bending deflection of
cenosphere filled hybrid (Glass/Cenosphere/Epoxy) composite. Struct.
Eng.Mech,73(6),pp.715-724. Available at:
https//doi.org/10.12989/sem.2020.73.6.715

Reddy, J., N.2000. Analysis of functionally graded plates. Int. J. Numer.
Method. Eng, 47(1-3), pp.663-684. Available at:
https//doi.org/10.1002/(SICI)1097-0207(20000110/30)47:1/3<663::AlID-
NME787>3.0.CO;2-8
Reddy, J., N. 1984. A simple higher-order theory for laminated composite plates.
J Appl Mech,51, pp.745-52. Available at: https//doi.org/10.1115/1.3167719
Selmi, A.2020. Dynamic behavior of axially functionally graded simply supported
beams. Smart  Struct.  Syst, 25(6), pp.669-678. Available at:
https//doi.org/10.12989/sss.2020.25.6.669

Singh, S., J., Harsha, S., P.2019. Nonlinear dynamic analysis of sandwich S-
FGM plate resting on pasternak foundation under thermal environment. European



https://doi.org/10.1016/j.apm.2009.08.008
https://doi.org/10.1016/j.ijmecsci.2010.10.002
https://doi.org/10.12989/sem.2020.73.6.715
https://doi.org/10.12989/sss.2020.25.6.669

Journal of Mechanics - A/Solids, 76, pp.155-179. Available at:
https//doi.org/10.1016/j.euromechsol.2019.04.005

Singh, S., J., Harsha, S., P.2020.Thermo-mechanical analysis of porous
sandwich S-FGM plate for different boundary conditions using Galerkin Viasov's
method: A semi-analytical approach. Thin-Walled Structures, 150, 106668.
Available at: https//doi.org/10.1016/j.tws.2020.106668

Sobhy, M. 2013. Buckling and free vibration of exponentially graded
sandwich plates resting on elastic foundations under various boundary conditions.
Compos. Struct, 99, pp.76-87. Available at:
https//doi.org/10.1016/j.compstruct.2012.11.018

Taczata, M., Buczkowski, R., Kleiber, M. 2022. Analysis of FGM plates based
on physical neutral surface using general third-order plate theory. Composite
Structures,301, 116218. Available at:
https//doi.org/10.1016/j.compstruct.2022.116218

Tao, C., Dai, T. 2021. Analyses of thermal buckling and secondary instability
of post-buckled S-FGM plates with porosities based on a meshfree method.
Applied  Mathematical =~ Modelling, 89, pp.268-284.  Available  at:
https//doi.org/10.1016/j.apm.2020.07.032

Thai, H., T., Choi, D., H.2012.A refined shear deformation theory for free
vibration of functionally graded plates on elastic foundation. Compos. Part B: Eng,
43(5), pp.2335-2347. Available at:
https//doi.org/10.1016/j.compositesb.2011.11.062

Thai, H.,, T., Kim, S., E. 2013. A simple quasi-3D sinusoidal shear
deformation theory for functionally graded plates. Compos. Struct, 99, pp.172-
180. Available at: https//doi.org/10.1016/j.compstruct.2012.11.030

Touratier, M. 1991. An efficient standard plate theory. Int J Eng Sci. 29(8):
901-16. Available at: https//doi.org/10.1016/0020-7225(91)90165-Y

Teopuja cMuLajHe aeopmaumje BuLIEr pefa ca YeTupu HemnosHaTte 3a
aHanuay caeujaka S-FGM nnoya

®amuma 3oxpa Llngap, Xabub Xebanu, aytop 3a npenucky
YHusepauteT ,Myctacda Ctambonun”, Oncek 3a rpafeBnHapcTBo, Mackapa,
HapopgHa [lemokpatcka Penybnvka Amxup

OBJNACT:rpaheBnHapcTBo
KATETOPWJA (TUM) YNAHKA:opurnHanHu HayyYHu pag

Caxemak:

Yeod/yurb: Tlnoye 00 cuaMOUOHO YHKUUOHaNHO 2padujeHmHo
pacrnopeheHux mamepujana (S-FGM) ucnumaHe cy Ha casujame
nomohy meopuje cmuuyajHe dehopmayuje suwez peda ca Yemupu
MpOMeHsbUSe.

lMpedcmasrbeHa meopuja jeOHOCMasHO cMamyje 6poj HernosHamux
yHKUUja ca nem Ha Yemupu y 0OHOCY Ha Opyzae meopuje Koje ce base
cmuyajHom deghopmauujom. Takohe, He 3axmesa hakmope Kopekyuje
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cMmuuyara u 3adososbasa ycrioe 0a He nocmoje cMuyajHu HaroHU Ha
20pH0j U O0H0f nmospwuHU rriode, bydyhu Oa cmuuyar-e sapupa y
0b6s51uKy napabosne kpo3 0ebsbuHy rrode. JeOHa4YUHe pasHomexe 08e
meopuje uzsedeHe cy u3 npuHyuna supmyenHoz pada u pewasajy ce
rnomohy Hasujeoeoe pewera. Ha ocHogy 3akoHa CHaze, Mamepujanu
oge S-FGM nnodye pacrnopeheHu cy no 3anpeMuHckum ydenuma
KOHCmumyeHama, a bUxo8a Ceojcmea ce MoCMeneHo MeHajy o
dy6buHu. Osa aHanumu4yka cmyduja Oana je eeoma 3adoeosbasajyhe
pesynmame, a rnopehere HeHUX HYMEPUYKUX pe3dyimama U OHUX
dobujeHux nomohy knacuyHe meopuje nnoda (CPT) u meopuja
cMmuyajHe Oeghopmayuje euweez peda (HSDTs) ykasano je Ha
jedHocmasHocm, ma4yHocm U oy30aHocm 08e meopuje y aHanu3u
rnoHawarba 0ebenux S-FGM nnoya npu cmamu4ykoMm casujarby.
Memode: lNpedcmasrbeHa je meopuja cmuyajHe deghopmaliuje ca yemupu
rPOMeHsbUBE KojoM ce o0pellyjy HaroHu u romepara y jeGHoCmasHo
OC/TOHEHOj nio4u 00  QQYyHKUUOHAarNHO epadujeHmHO pacriopefjeHux
mamepujana (S-FGM). JeOHaduHe pasHOmMexe U epaHU4yHUX ycrioea
dobujeHe cy u3 npuHyuna supmyesnHoa pada. Hasujeoe memaod je 3amum
npuUMereH y pewasary jedHadyuHa pasHomexe. Pesynmamu oge Hoge
meopuje nopefjeHu cy ca peweruma dpyaux meopuja (CPT, HSDT).

Pesynmamu: Nopehere ose npepaheHe meopuje u Pedujese meopuje
(HSDT) makofje je nokasaso da cy deghopmauuje u HarloHU 08UX meopuja
2o0moeo udeHmuyHU, OOK Kjlacu4dHa meopuja rnnoda rnomuemyje
Oecbriekcujy osakgux rsoqa.

Sakrbyyak: W3padyHamu pasnudumu  HarnoHu u 6e30umeH3uoHasHa
romMeparsa jacHO rokasyjy egbukacHocm U mayvyHocm rnpedcmaerbeHe
meopuje pu fpoy4asarsy CMamu4Yykux roHawara jeOHOCmasHo
ocrioneHux S-FGM nnoya.

KmyyHe peyu: S-FGM nnodve, knacuyHa meopuja nrnoya, meopuja
guwez peda, 3aKOH CHaze, casujare
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Abstract:

Introduction/purpose: Environmental protection through waste recycling
is one of the major challenges of our time. Inert waste, mainly generated
by industry, makes up a significant portion that harms the environment
due to its accumulation in nature.

Methods: The primary objective of this study is to examine the influence
of marble waste valorization as sand and gravel on the rheological and
mechanical properties of self-compacting concrete (SCC). For this
study, marble was used as fine aggregate sand (MAS) at rates of 10%,
20%, and 30%, and as coarse aggregate gravel (MAG) at a rate of
100%.

Results: The results of this study demonstrate that the introduction of
marble waste (MW) as aggregate positively influenced the rheological
characteristics, notably reducing the need for superplasticizer dosage.
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Conclusions: Additionally, in terms of mechanical outcomes, the use of
MAG led to improved mechanical strengths.

Key words: self-compacting concrete, marble waste, rheological
behavior, superplasticizer dosage, mechanical strength, environment

Introduction

In the construction industry, technological advancements in concrete
aim not only to enhance its performance but also to reduce its
environmental impact. Concrete, an essential material in most modern
infrastructures, has a significant environmental impact, particularly due to
the extraction of its components, such as aggregates. Natural aggregates
represent about 80% of the total volume of concrete (Yu et al., 2024), and
their extraction from natural areas such as rivers and mountains causes
numerous ecological issues. The excessive exploitation of these
resources can lead to the degradation of local ecosystems, loss of
biodiversity, and disruption of natural cycles (Mathodi et al., 2022).
Therefore, it is crucial to seek ecological alternatives to traditional
aggregates in order to minimize the negative effects of their extraction and
promote more sustainable construction practices (Makul, Fediuk, Amran,
Zeyad, Azevedo, et al., 2021).

One of the most promising solutions lies in the use of recycled
materials, such as marble, to replace natural aggregates in concrete (Kore
and Vyas, 2016). Marble is an abundant material, and when recycled, it
can offer significant environmental benefits. It helps reduce the amount of
waste produced by the construction industry, while alleviating the pressure
on natural resources (Thakur, Pappu and Thakur, 2018). However,
recycling marble is not without its challenges. Although the recycling
process offers ecological advantages, it also requires energy consumption
for crushing and transforming the material into reusable aggregates. This
energy consumption must be taken into account to fully evaluate the
environmental benefits of recycled marble. If this energy can be minimized
or offset by the reduction in carbon footprint generated by the extraction of
natural aggregates, then recycling marble could represent an
environmentally and economically viable solution (Gazi, Skevis and
Founti, 2012).

Recent studies have highlighted the positive effects of recycled
marble on concrete properties. For example, the incorporation of marble
as coarse or fine aggregates can improve the workability of concrete due
to its low water absorption and the smooth surface of its aggregates (Kore
and Vyas, 2016). Furthermore, research has shown that partially replacing
natural sand with marble sand can increase the compressive strength of




concrete, although this effect is limited to certain replacement rates
(Demirel, 2010; Alyamag and Aydin, 2015; Houria et al., 2020). This opens
up new possibilities for optimizing concrete formulations, taking into
account not only mechanical performance but also the environmental
benefits of recycling materials.

In this context, self-compacting concrete (SCC) emerges as a
particularly valuable innovation due to its exceptional fluidity and its ability
to flow effortlessly into complex formworks, even when dense
reinforcement is present. The rheological behavior of SCC plays a critical
role in its performance, especially when incorporating recycled aggregates
(Ouldkhaoua et al., 2019). However, the use of recycled materials poses
specific challenges, as their variable characteristics such as water
absorption and surface roughness can negatively affect the mix’'s
flowability and stability (Silva, Brito and Dhir, 2018).

Despite these challenges, recent advancements in mix design
techniques and the application of chemical admixtures, such as
superplasticizers and stabilizers, have made it possible to overcome these
limitations. These innovations allow for improved workability and
consistency, even when recycled aggregates are used (Makul, Fediuk,
Amran, Zeyad, Murali, et al., 2021).

As a result, SCC incorporating recycled materials proves highly
advantageous for placement in heavily reinforced or difficult-to-access
areas, ensuring uniform filling without defects. Moreover, this approach
contributes to environmental sustainability by reducing construction waste
and the reliance on natural resources, all while maintaining the structural
performance and durability of concrete (Rich, 2014). Ultimately, the
development of SCC with recycled aggregates offers a promising solution
to current environmental and technical challenges in the construction
industry (Khairi et al., 2020).

This study aims to investigate the enhancement of the properties of
self-compacting concrete (SCC) through the incorporation of recycled
marble aggregates, both fine and coarse. Specifically, the goal is to assess
how the addition of recycled marble aggregates affects the workability,
stability, and long-term durability of SCC. Furthermore, the study will
explore the potential of recycled marble to offer an environmentally
sustainable solution in concrete production by reducing dependence on
natural resources. The ultimate objective is to contribute to a circular
economy in the construction industry, where recycled materials not only
improve performance but also help mitigate the environmental impact of
traditional construction practices.
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Materials and methods

Materials

The cement utilized in this study is CEM II/B, a type of ordinary
Portland cement produced by GICA. This cement has a minimum
compressive strength of 42.5 MPa at 28 days, making it suitable for various
applications in construction.

For this study, the sand utilized is sourced from the Oued Souf region,
located approximately 500 km south of Algiers.

Two types of aggregates, G 3/8 and G 8/15, derived from the crushing
of limestone rocks, were used in this study. These aggregates were
selected for their specific size gradation and mechanical properties, which
are essential for achieving the desired performance characteristics in the
concrete mixtures.

Marble waste was obtained through a crushing process using a jaw
crusher, which produced a material with particle sizes ranging from 0 to 5
mm for the sand fraction, and two granular classes for the aggregates. This
processed marble waste serves as a supplementary material in the
concrete mixtures, contributing to their overall properties and performance.

In this research, a third-generation superplasticizer (SP) with high
water-reducing capabilities was employed. This superplasticizer, supplied
by Granitex-NP and marketed under the name Medaflow 30, is a yellowish
liquid with a pH of 6 and a density of 1.07.

Formulation

The formulation of self-compacting concrete (SCC) is a delicate
process that requires finding a balance among various seemingly
contradictory characteristics. An SCC mixture must possess high fluidity,
allowing it to flow solely under the influence of gravity, while minimizing the
risks of segregation (both static and dynamic) and instability, without
compromising mechanical strength. Therefore, SCC must meet three
essential criteria: fluidity, homogeneity, and robustness. In this study, we
selected three relevant tests to quantify the following properties:

e Confined flowability,

e Stability and homogeneity, and

¢ Resistance to segregation and bleeding.

The different components of the SCM studied are presented in Table




Table1 — Different components of the SCC studied (source author)

Mixture | CE€Ment | Sand SM Gravel GM wic | SP
(kg/m3) | (kg/m3) | (kg/m3) | (kg/m?3) (Kg/m?3) (%)
Control 536.04+
469.59 906.22 0 0 0,4 0.8
SCC 266.10
SCCG 536.04+
M 469.59 906.22 0 0 266.10 0,4 0.7
SCCG
536.04+
M10%S | 469.59 815.52 90.7 0 0,4 0.7
M 266.10
SCCG
536.04+
M10%S | 469.59 724.92 181.3 0 0,4 0.7
M 266.10
SCCG
536.04+
M30%S | 469.59 634.32 271.9 0 0,4 0.6
M 266.10
Testing

Fresh properties

To evaluate and characterize fresh self-compacting concrete (SCC),
the following tests were conducted:
e Slump flow diameter test,
e V-funnel test,
e [-Box test, and
o Sieve stability test for segregation.

Hardened properties

The compressive strengthwas measured at 7, 14, and 28 days using
square specimens 15x15x15 (cm). In our case, the compression test was
performed on six pieces from three specimens. Each specimen was
subjected to a progressively increasing load until failure, using a hydraulic
press with a capacity of 2000 kN.

The measurement of wave propagation velocity was conducted using
a sonic monitoring device (ultrasonic tester). The device generates
electrical pulses that travel through the concrete sample from a
transmitting transducer applied to a flat surface. The pulse is captured by

Mohamed EI Ghazali B. et al, Sustainable self-compacting concrete: effect of combined marble waste as fine and coarse
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a receiving transducer, which is also applied to a flat surface, positioned
opposite and parallel to the first. When the pulse is detected by the
receiver, the instrument displays the propagation time. Knowing the
distance ‘d’ between the two transducers, the velocity of sound in the
concrete (VAS) is calculated using the following formula:

d
VAS = —
t

where d is the distance between the transducers and t is the time
taken for the pulse to travel through the concrete.

The test was conducted in accordance with ASTM C642-97 Standard.
The method involves drying prismatic specimens in an oven at 105 £ 5°C
for 72 hours. After drying, the specimens are removed from the oven,
allowed to cool, and then weighed (M1). They are subsequently fully
immersed in water at 21°C for 72 hours. After this period, the specimens
are removed, wiped with a towel to remove excess surface water, and then
weighed again (M2). The absorption rate is calculated using the following

formula:
Ab (%) Mi-M 100
e *
0 M1

where M1 is the initial weight of the specimen and M2 is the weight
after immersion.

The dynamic modulus of elasticity was determined using non-
destructive testing methods. A sonic testing device was employed to
measure the velocity of ultrasonic waves propagating through the concrete
specimens. The dynamic modulus of elasticity (Ed) can be calculated
using the following formula:

Ed=p-V?

where p is the density of the concrete and V is the velocity of the

ultrasonic waves measured in the specimens.

Results and discussion

Optimization of G/S and SP/L ratios

For the selection of SCC, we utilized the AFGC method. The
superplasticizer/binder (SP/L) and sand/mortar (G/S) ratios were adjusted
to achieve highly fluid concrete with a slump flow between 750 and 850
mm (SF3) and a suitable viscosity, with a flow time of less than 5 seconds,
as well as high resistance to segregation and no visual signs of bleeding.
Optimizing the SP percentage aims to develop the best fresh-state
characteristics of the concrete, ensuring optimal hardened performance.




In this study, we tested four compositions with varying SP
percentages, from 0.6% to 0.8%. We fixed G/S ratios at 0.9 and 1% and
maintained a water/cement (W/C) ratio of 0.40. Table 2 illustrates the
spread test results and flow times for selecting the optimal SP percentage
and the S/M ratio.

Table 2 — Different components of the SCC studied (source author)

Composition of SCC
MIXTURES SCC1 SCC2 SCC3 SCC4
SP % 0,6 0.7 0,75 0.8
G/S 0.9 0.9 0.9 0.9
0.95 0.95 0.95 0.95
1 1 1 1
G/S=0.90 500 570 650 700
Slump | G/S=0.95 520 595 692 730
Flow G/S=1 580 620 725 780
G/S=0.90 8 6.25 5.19 4.49
Flow | G/S=0.95 7.5 5.36 4.20 4
Time G/S=1 7 5 4.05 3.5
Mixture Mixture within . Fluid mixture, no
X . Fluid . .
_ outside recommendati . signs of bleeding
G/S=0.90 . mixture )
recommendati on SF1 SF1 or segregation
on Less fluid (SF2)
c
_ 2 Mixture Mixture within . Fluid mixture, no
T ® . - Fluid . :
32 _ outside recommendati . signs of bleeding
Z G/S=0.95 . L mixture )
> o recommendati on limit SF2 or segregation
o} on SF1 (SF2)
Mixture within | Mixture within . _Very Fluid
. . Fluid mixture, no signs
_ recommendati | recommendati . .
G/S=1 L L mixture of bleeding or
on limit on limit SF3 segregation
SF1 SF2 (SF3)

Table 2 shows that increasing the percentage of SP improves the
flowability of concrete. With a dosage of 0.6%, the slump flow was 500
mm. An increase of 0.1% in the SP dosage leads to an increase of 700
mm in the diameter of concrete.

At a dosage of 0.8%, the concrete exhibited good flowability with a
slump flow of 700-780 mm. A G/S ratio of 1 with an SP dosage of 1% is
adequate for achieving very fluid (SF3) and homogeneous concretes that
can flow through the most congested areas. Numerous studies have
shown that a G/S ratio of 1 is the optimal ratio for obtaining very fluid self-

compacting concrete.
1403

Mohamed EI Ghazali B. et al, Sustainable self-compacting concrete: effect of combined marble waste as fine and coarse

aggregates, pp.1397-1420



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

Effect of marble aggregate on fresh self-compacting
concrete

To better understand the effect of recycled marble aggregates, the
dosage of SP is fixed in the reference mixture.

Yuu T T ™ T T T = T T |
Hors recomandation/550-850 mm /o 2.6
880 E J L 24
E 860 o/ / _-22
E 2.0 ?
- 840 L Q
2 L1g D
:—2 820 - : L6 B
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Figure 1 — Slump flow and T50 as a function of RMA for the SCC mix (source
author)

The effect of substituting recycled marble aggregates (RMA) on the
slump properties and the flow time of SCC is illustrated in Figure 1. From
the figure, it is observed that the use and increase in the substitution rates
of RMA enhance the slump diameter of SCC while decreasing the flow
time, with values exceeding the recommended limits by (EFNARC, 2005)
and showing significant signs of segregation and bleeding (Figure 2).

(Uygunogdlu, Topgu and Celik, 2014) studied the properties of SCC
with marble aggregate and noted that flowability increased as the quantity
of marble aggregate increased, particularly with a higher substitution rate
SP. (Vaidevi, Kala and Kalaiyarrasi, 2019) investigated the effect of
incorporating marble aggregate as fine aggregate on the properties of
SCC.

The results indicate that flowability and filling ability are improved
when natural sand is partially replaced with marble aggregate.




In summary, the introduction of marble aggregate into SCC mixtures
at significant levels enhances fluidity, necessitating a reduction in SP to
achieve values according to the required standards. This reduction in SP
has minimized the negative impact of SCC on the total cost of 1 m?® of
concrete.

Concentration of gravel in the middle Bleeding Laitance flow arround the slump
( Segregation)

Figure 2 — Visual control of SCC with 30% RM as sand and 100% RM as gravel
(source author)

Effect of marble aggregate on the dosage of
superplasticizer in SCC

Figure 3 illustrates the variation of SP dosage based on the content
of recycled marble aggregates (RMA) used in SCC mixtures. The data
presented in this figure indicates a clear proportional relationship between
the dosage of SP and the percentage of RMA incorporated into the
mixtures. As the amount of RMA increases, it becomes necessary to
reduce the SP dosage to achieve the desired fluidity and viscosity in
accordance with the specified recommendations. This adjustment is
crucial for maintaining the workability and performance of concrete,
especially in applications where flowability is essential for effective
placement and consolidation.

Specifically, the incorporation of 10%, 20%, and 30% of marble
aggregate as a fine aggregate, while fully substituting 100% of natural
gravel with marble gravel, results in significant reductions in the SP
dosage. The reductions are approximately 14%, 31%, and 50%,
respectively, for each level of marble aggregate substitution. This trend
suggests that higher proportions of RMA not only enhance the fluidity of
SCC but also reduce the reliance on chemical admixtures to achieve the
necessary performance characteristics.
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Figure 3 — Effect of marble aggregate on the dosage of superplasticizer in SCC
(source author)

These findings underscore the importance of optimizing the mix
design when utilizing recycled materials in concrete production. By
effectively managing the dosage of SP in relation to the amount of RMA, it
is possible to maintain high performance in terms of flowability while also
minimizing the overall costs associated with the use of chemical additives
in the concrete mix.

Slump flow with desired superplasticizer

The results for the slump of various SCC mixtures utilizing recycled
marble aggregates (RMA) are illustrated in Figure 4. The figure indicates
that the slump diameters for all SCC mixtures fall within the range of 760
mm to 810 mm. This range signifies a notable level of deformability in SCC,
which is essential for ensuring effective flow and filling in complex forms
without the need for mechanical vibration. These slump flow values are in
compliance with the guidelines set forth by EFNARC (EFNARC, 2005),
placing them within the category of (SF3). This classification denotes a
high level of fluidity and workability, indicating that concrete can effectively
fill molds and reach tight spaces, a crucial characteristic for modern
construction practices.
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Figure 4 — Slump flow as a function of RMA with a desired superplasticizer (source
author)

The observed improvement in diameter can be primarily attributed to
the unique texture and properties of marble aggregate. Specifically, the
low water absorption capacity of marble aggregates contributes to
enhanced fluidity in the mixture, allowing for a more uniform distribution of
the components and reducing the risk of segregation during placement.

Additionally, a study conducted by (Belaidi et al., 2012) explored how
substituting natural aggregates with marble aggregates affects the
properties of SCC. Their research highlighted that the inclusion of RMA
not only enhances workability but also positively influences other
mechanical properties of concrete. The improvements in workability
facilitate easier handling and placement, making the construction process
more efficient and reducing labor costs.

Flow time using the V-funnel test

Figure 5 illustrates the variation in flow time for the different SCC
mixtures studied. According to the results obtained from the V-funnel test,
all SCC mixtures exhibited high stability, as their flow times were below
the values recommended by EFNARC (EFNARC, 2005). This indicates
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favorable viscosity characteristics and resistance to segregation within the
mixtures.

From Figure 5, it can be observed that the addition of recycled marble
aggregates (RMA) increases the flow time of SCC compared to the
reference mixture without RMA.
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Figure 5 — V-funnel flow time as a function of RMA with a desired superplasticizer
(source author)

However, the recorded flow times remain within acceptable limits,
demonstrating that the properties of SCC can still be maintained despite a
reduction in SP dosage. Even with moderate dosages of RMA, the
measured flow times indicate that the incorporation of RMA contributes to
reducing the SCC viscosity.

In research conducted by (Ofuyatan et al., 2021), the fresh properties
of SCC incorporating marble waste were examined. The study found that
the flow time decreased as the quantity of marble aggregate increased,
particularly with a lower dosage of SP. Optimal flow times were achieved
when 30% marble aggregate was added to the mixture, which resulted in
reduced viscosity and improved pumpability of concrete in confined areas.
This suggests that the inclusion of RMA not only enhances the flow
characteristics but also facilitates easier placement in challenging

construction scenarios.
1408



L-box Test

The variation of the H2/H1 ratio as a function of the percentage of
marble aggregates used as sand and gravel is depicted in Figure 6.
Regarding the filling capacity estimated by the H2/H1 ratio measured
through the L-box test, all groups of self-compacting concrete (SCC)
exhibited excellent filling capacity, mobility, and the ability to pass through
highly confined areas.

It is observed that substituting sand with marble and introducing
marble as 100% gravel positively influences both the passing ability and
filling capacity of the mixtures. Consequently, the H2/H1 ratio varies
between 90% and 100%. This variation indicates a significant advantage
in achieving rapid flow through the reinforcement bars in the L-box test,
which converges more quickly toward the upper threshold. As a result, the
values of the H2/H1 ratios increase, reaching up to 100%.

100

Targeted field

L-BOX (%)

Figure 6 — L-BOX as a function of RMA with a desired superplasticizer (source
author)

The high H2/H1 ratios demonstrate that SCC mixtures containing
marble aggregates can effectively fill complex geometries and pass-
through tight spaces, which is crucial for ensuring uniformity and
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performance in concrete applications. These enhanced flowability and
filling capacity are essential for optimizing the placement of concrete in
intricate designs, thereby contributing to overall structural integrity and
durability.

Results of the sieve stability analysis

The stability of the mixtures was evaluated using a sieve stability test,
and the results are illustrated in the histogram form in Figure 7. The
percentages of laitance passing through the sieve were observed to range
from 5% to 15%. This variation indicates a relatively low amount of
laitance, suggesting that all the powder-based SCC produced exhibit
commendable resistance to both segregation and bleeding.

Visual inspections of the SCC samples further corroborate these
findings, revealing that the mixtures maintain a consistent and
homogeneous appearance throughout, as shown in Figure 8. This
homogeneity is critical, as it implies a well-dispersed particle distribution,
which contributes to the overall stability and performance of concrete in
practical applications.

20

Segregation (%)

Figure 7— Segregation as a function of RMA with a desired superplasticizer (source
author)

(Safawi, lwaki and Miura, 2005) have established that the flow time
measured in the V-funnel is an effective tool for assessing the potential for




segregation in concrete mixtures. Specifically, they observed that flow
times below 2 seconds are indicative of a high susceptibility to segregation,
highlighting that lower viscosity mixtures are more prone to separation of
components. Our results align with these observations, reinforcing the
notion that the measured flow times in our study correspond directly with
the sieve stability results.

SCCGM SCCGM20SM SCCGM30SM

Figure.8 — Visual control of segregation and bleeding of RMA of different SCC
mixtures (source author)

Furthermore, a direct correlation between concrete viscosity and
stability were investigated, indicating that reductions in viscosity are
associated with decreased stability. This relationship is critical for
understanding the behavior of self-compacting concrete mixtures. Our
findings, which will be further supported by the data collected on flow
times, suggest that maintaining an optimal viscosity is essential for
achieving the desired performance characteristics in SCC.

In conclusion, the results of our study indicate that the SCC mixtures
tested demonstrate robust resistance to segregation, confirmed by both
sieve stability tests and visual assessments. The flow time data further
support these findings, suggesting that careful control of viscosity is key to
optimizing the performance of self-compacting concrete.

Effect of marble aggregate on the compressive strength

Figure 9 presents the compressive strength development of different
SCC mixtures at 7, 14, and 28 days. The results indicate a noticeable
increase in compressive strength with the replacement of natural gravel by
marble aggregate. For instance, the reference SCC exhibits a
compressive strength of 32 MPa at 28 days. With a full 100% substitution
of natural gravel by marble aggregate, the strength improves significantly
to 43 MPa. This enhancement is attributed to the superior hardness of
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marble waste compared to natural gravel, which contributes to a denser,
stronger concrete matrix.

Control
45
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SCCGM30SM SCCGM

X,
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SCCGM20SM SCCGM10SM

Figure 9 — Compressive strength of RMA of different SCC mixtures (source author)

Additionally, the compressive strength of SCC incorporating marble
as a fine aggregate (denoted as SCC-MA) reaches 43 MPa at 28 days.
However, when 30% of fine natural sand is replaced by marble sand, the
compressive strength decreases slightly to 40 MPa. Despite this reduction,
the SCC containing marble aggregate still demonstrates higher strength
than conventional SCC without any recycled or alternative aggregates.

This observation aligns with findings from (Choudhary et al., 2021),
who investigated the impact of marble aggregate on the mechanical
properties of self-compacting concrete. Their study reported that adding
marble aggregate at substitution levels of 20% and 30% reduced the
compressive strength compared to the reference concrete without marble,
suggesting that the optimal marble content for enhancing strength may
vary depending on its role as coarse or fine aggregate in the concrete mix.

Effect of marble aggregate on the sonic pulse velocity

Figure 10 shows the effect of using 100% GMR as coarse aggregate
on the sonic pulse velocity (SPV) test results after a 28-day curing period.
The data indicate a steady decrease in SPV values with an increasing
proportion of GMR, both as coarse aggregate and in cases where 20% to
30% of natural sand is substituted with marble-based sand.
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Figure 10— VAS as a function of SCC with RMA ( (source author)

SPV, or the velocity of sound waves through concrete, is an indicator
of the material's quality and integrity. Higher SPV values generally
correspond to denser, more homogeneous concrete with fewer pores,
voids, or microcracks that might impede the wave path. When concrete
contains recycled marble aggregate, however, several factors come into
play that impact SPV:

1 Density: The presence of GMR tends to reduce the overall density of
the concrete matrix. This is because GMR particles often have a mortar
coating from previous use, which is less dense than natural aggregates.
This lower density material slows down ultrasonic waves, contributing
to lower SPV readings.

2 Porosity and voids: The residual mortar on GMR particles introduces
additional pore space within concrete, creating more voids. This porous
structure increases the distance ultrasonic waves need to travel through
non-solid areas, thus reducing the overall pulse velocity.

3 Homogeneity: In standard SCC, natural aggregates contribute to a
uniform, compact matrix that allows sound waves to travel quickly.
However, the variability introduced by the GMR's residual mortar can
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disrupt this uniformity, causing inconsistencies that further delay wave
transmission.

4 Wave path length: With higher porosity and greater discontinuity due
to residual mortar, the sonic wave encounters more obstacles, which
effectively lengthens the path it has to travel. As a result, the wave takes
longer to pass through concrete, resulting in lower SPV values.

Effect of RMA on capillary water absorption

The impact of RMA on capillary water absorption in hardened
concrete is shown in Figure 11, where a clear trend of reduced water
absorption is observed with increasing RMA content.

The reference concrete mix, which contains only natural aggregates,
shows the highest absorption coefficient, suggesting a greater porosity
and capillary network that can absorb more water. By contrast, as GMR
content increases, the absorption coefficient decreases significantly.

20

Water Absorption (%)

Figure 11 — Water absorption as a function of SCC with RMA (source author)

This reduction can be attributed to several key factors:
Low Water Absorption of GMR Particles: Marble-based aggregates
are less porous than natural aggregates, meaning they absorb less water.




This characteristic inherently reduces the overall capillary action in the
concrete, limiting how much water the material can absorb.

Reduced Connectivity of Capillary Pores: GMR’s coarse particles
(typically in the 0-5 mm range) help disrupt the capillary network within the
concrete matrix. Larger particles reduce the overall connectivity between
pores, effectively blocking some pathways that water would normally travel
through, leading to a lower capillary absorption rate.

Dense Microstructure: GMR’s low porosity leads to a denser concrete
microstructure, minimizing the spaces through which water can penetrate.
As a result, concrete with GMR exhibits improved resistance to water
infiltration and, consequently, greater durability under exposure to
moisture cycles.

Enhanced Durability against Cyclic Moisture Exposure: With a
reduced absorption rate, concrete is better able to resist the expansion
and contraction stresses associated with cyclic wetting and drying. This
stability under moisture fluctuations helps prevent internal micro-cracking,
which can otherwise weaken concrete over time.

When GMR content reaches around 30%, these benefits become
particularly pronounced. The combination of GMR’s low water absorption
coefficient and its larger particle size means that concrete is less
susceptible to capillary water absorption. This makes GMR an effective
material for enhancing the durability and lifespan of concrete structures
exposed to environments with frequent moisture variation, as the lower
capillary absorption limits water-related damage mechanisms.

Dynamic elastic modulus of SCC with RMA

According to Figure 12, the dynamic elastic modulus of self-
compacting concrete (SCC) with recycled marble aggregates follows a
similar trend to the sonic pulse velocity (SPV) results. Additionally, SCC
containing marble aggregates as both sand and gravel shows high elastic
modulus values, likely due to the high compressive strength of these
mixtures. The dynamic elastic modulus is highly influenced by the type of
aggregate, as well as the material's compressive strength and density.

Replacing natural gravel with 100% marble gravel reduces the elastic
modulus by approximately 30% compared to the reference concrete.
Similarly, substituting natural sand with marble sand at 10%, 20%, and
30% decreases the elastic modulus by 21%, 11%, and 5%, respectively,
relative to the reference SCC.
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Figure.12 — Dynamic elastic modulus as a function of SCC with RMA (source
author)

The reduction in the elastic modulus can be attributed to increased
porosity, which influences how ultrasonic waves travel through the
material. Higher porosity results in more wave absorption and a lower
elastic modulus. Consequently, while recycled marble aggregates
contribute to a high initial compressive strength, their influence on porosity
and the dynamic elastic modulus must be considered in applications
requiring high material stiffness.

Conclusion

The primary objective of this study was to evaluate the impact of
recycled marble waste (RMW), utilized at various percentages as both
sand and gravel, on the performance of self-compacting concrete (SCC).
Based on the comprehensive analysis of the results, the following
conclusions can be drawn.

The investigation revealed that for the effective formulation of SCC
using local materials, an optimal water-to-cement (W/C) ratio of 0.4 and a




gravel-to-sand (G/S) ratio of 1 were necessary. Additionally, incorporating
0.8% superplasticizer (SP) was essential to achieve the desired workability

and mechanical properties. These parameters are crucial for ensuring
that SCC meets the required performance standards while maintaining
cost efficiency.

The introduction of RMW as both fine and coarse aggregates led to a
significant reduction in the demand for SP, approximately by 60%. This
reduction not only highlights the effectiveness of RMW in enhancing the
flow characteristics of concrete but also contributes to lower overall
material costs, making SCC more economically viable.

The presence of RMW demonstrated a marked improvement in the
flowability and filling ability of SCC. This characteristic is vital for ensuring
that concrete can adequately fill complex forms and achieve a high level
of homogeneity, which is essential for structural integrity.

An increase in the percentage of marble used as coarse aggregate
resulted in a substantial enhancement of compressive strength, with an
increase of approximately 26% compared to traditional self-compacting
concrete (TSCC). This improvement indicates that RMW can effectively
contribute to the structural performance of concrete, potentially leading to
more durable and resilient construction materials.

Notably, a decrease in compressive strength was observed when
marble was used as sand, compared to its application as gravel. However,
it is important to highlight that the compressive strength of SCC with
marble as sand remained superior to that of TSCC. This finding suggests
that while the choice of aggregate type influences strength characteristics,
RMW continues to offer viable performance.

The total immersion water absorption of SCC decreased with an
increasing proportion of marble, whether used as sand or gravel. This
reduction in water absorption is indicative of improved impermeability and
durability, which are critical factors for the longevity of concrete structures.

The addition of RMW also led to a significant enhancement in the
elastic modulus of the SCC studied. A higher elastic modulus is associated
with improved stiffness and stability, contributing positively to the overall
performance of the concrete under load.

In conclusion, this study underscores the promising potential of
recycled marble waste as a sustainable alternative in the formulation of
self-compacting concrete. By utilizing RMW, the construction industry can
achieve enhanced performance characteristics while simultaneously
addressing environmental concerns related to waste management. These
findings pave the way for future research aimed at optimizing the use of
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recycled materials in concrete applications, ultimately contributing to more
sustainable construction practices.
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OppxmBu camos3bujajyhn 6eToH: yTuuaj KOMOGMHOBAHOr MepMepHOr
oTnaga y obnuky doumHOr 1 KpynHor arperaTa

Beneacem Moxamen En lasanu, aytop 3a npenucky, Oyndkaya JyHec,
Xepuxupu Oyvpaen, Cadydu Jbacuja, Apyy Kapuma
YHuBep3uTeT Hayka n TexHonorunje Xyapu bymegjeH

OBJACT: maTepujanu
KATETOPWJA (TUM) YNAHKA: opurnHanHu HayyYHu pag

Caxemak:

Yeod/yurb: awmuma xueomHe cpeduHe rmymem peyuknupara omnada
jedaH je 00 Hajeehux usaszoea daHawruue. MlHepmHu omnad, Hacmao
yanasHom y uHOycmpuju, npedcmaesrba 3HamaH y0eo Koju wmemu
JKUBOMHOj cpeOUHU jep ce aKyMyrnupa y rnpupoou.

Memode: VicnumusaH je ymuuyaj eanopusayuje mepmepHoe ommnada y
06MuUKy necka U WJbyHKa Ha peosiowka U MexaHu4Yka ceojcmea
camo3sbujajyhee 6emona (SCC). 3a nompebe ucmpaxxusarb-a MepMep je
KopuwheH Kao ¢uHu aepezamHu necak (MAS) y konuduHama 00 10%,
20%, u 30%, a kao KpynHu aepesamHu wisbyHak (MAG) y konu4uHu o0
100%.

Pesynmamu: Noka3aHo je da je yeohene mepmepHoea omnada (MW) kao
aspesama uMasio no3umueaH ymuyaj Ha PeosioWKe Kapakmepucmuke,
3HamHo cmarbyjyhu nompeby 3a 0o3upar-eM cyrneprnacmugukamopa.

Sakrbyyak: UMajyhu y eudy mexaHu4dke momeHme, kopuwhere KpyrnHoe
agpezamHoe wibyHKa 0oeeno je 0o rnobosrbwara MexaHu4ke Yepcmohe.
KrbyyHe pedu: camosbujajyhu 6emoH, mepmepHU ommnad, peosiowKo

nMoHaware,  Oosupare  cyrnepriacmugukamopa,  MexaHuyKka
yepcmoha, xueomHa cpeduHa
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Abstract:

Introduction/Purpose: The leather industry in Algeria contributes
significantly to the economy, but its unhairing process generates highly
polluted wastewater. This study aimed to characterize the chemical
composition of unhairing bath effluents and assess their environmental
toxicity.

Methods: The study focused on wastewater samples from the Batna
tannery unit, where sheep and goat skins were processed. Thirteen
samples were collected manually over 35 days (April 5~May 10, 2022), and
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standard chemical analyses were conducted to evaluate parameters such
as pH, conductivity, total suspended solids (TSS), sulfides, ammonia ions,
and proteins.

Results: The results showed that the wastewater had a high pH (12.47 on
average), high conductivity (13.38 mS/cm), and significant levels of
pollutants: sulfides (1120-1650 mg/L), TSS (862-2220 mg/L), and
chemical oxygen demand (10.422-43.747 mg/L). Additionally, the
wastewater contained free amino acids and proteins, products of partially
hydrolyzed skin proteins, increasing its toxicity.

Conclusions:The study highlighted the severe environmental risks of
untreated unhairing wastewater, underscoring the need for effective
treatment solutions to mitigate pollution. The findings provide important
insights into the environmental challenges of the leather industry and stress
the importance of sustainable wastewater management.

Key words: leather industry, pollution, unhairing effluent,
characterization, wastewater, toxicity

Introduction

In Algeria, the leather industry has a significant contribution to the
economy and is represented by 6 units specializing in "wet blue" leather
tanning operations. Tanning activities involve transforming animal skin into
leather by removing lipids and hair. Several processes are used in this
transformation, including unhairing, deliming, and tanning (Tamersit and
Bouhidel, 2020). As a result, tanning industries consume a large amount
of water (30 to 40 liters per kilogram of treated skin) and produce
significant amounts of wastewater and solid waste (Benhad;ji et al., 2018).
The unhairing process is the first and most pollutant-intensive operation
(Hasan et al., 2024) which results in a partial hydrolysis of the animal skin
(Morera et al., 2016). Consequently, the produced wastewater is dark
brownish, malodorous, and characterized by very high pH, conductivity,
and COD. It is also loaded with sulfides, total suspended solids, and by-
products of hydrolyzed skin proteins (keratin) (Tamersit et al., 2018).

In leather production, only approximately 20% of the chemicals used
are retained within the final leather product, while the remaining 80% are
discharged into the resulting wastewater. Notably, around 40% of the
sulphide applied in industrial liming processes is released into wastewater
effluents. According to literature, tannery wastewater ranks among the
most hazardous forms of industrial effluents, posing serious environmental
and health risks.

Tannery wastewater constitutes a serious threat to the environment
due to the high concentration and non-biodegradability of the majority of




pollutants present (Durai and Rajasimman, 2011). In addition, the final
quality of unhairing effluent depends mainly on the nature and number of
raw materials as well as the production operations applied (Mendoza-Roca
et al., 2010). Thus, it is judicious to treat the tannery wastewater and in
particular, the unhairing bath effluent before its discharge into the receiving
medium (Hashem et al., 2021). In this context, wastewaters from unhairing
baths should be evaluated and characterized in order to highlight their
toxicity and to propose an adequate treatment technique according to the
studied case (Zhao et al., 2022).

The objective of this study is to characterize the wastewater
generated by the unhairing bath of an industrial tannery unit located in
Batna, Algeria and to assess the impact of these discharges on the
surrounding environment. This tannery discharges its wastewater into the
nearby Oued El Gourzi River, which flows through the city and passes by
the villages of FISDIS and EL-MADHER, areas known for their agricultural
lands. As a result, the unhairing wastewater is either directly or indirectly
used by local farmers for irrigation purposes.

The characterization and evaluation of unhairing tannery wastewater
are conducted through a comprehensive analysis of 10 samples.
Additionally, the number and type of animal skins processed, whether
cattle, goat, or sheep, are clearly specified. The results obtained from this
analysis are thoroughly interpreted, providing insights into the toxicity
profile of these effluents.

Materials and methods

Industrial unhairing wastewater

In this study, the samples were collected from unhairing wastewater
discharged by the Batna Unit, an industrial tannery unit located in the city
of Batna.

The Batna Unit factory, the subject of this study, consumes enormous
quantities of water, exceeding 500 m®d; 28.8 m3d is the volume of
concentrated wastewater from the unhairing operation. This consumption
varies depending on the quality and quantity of the raw material.

In all countries, these effluents must meet discharge standards.

Unhairing bath wastewater sampling was carried out manually in the
morning after the first discharges from 6 AM. to 8 AM. The samples were
collected according to the collection and storage standards and processes.
The samples were stored in polyethylene containers of two-liter volume
and carefully labeled. The collection of 13 samples of unhairing
wastewater was spread over a period of 35 days (April 5 — May 10, 2022).
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The volumes of daily discharges are not regular, rather peaks are
observed. During the early hours of the morning, there is usually a peak of
250% compared to the hourly average. At this time of the day, different
wastewaters present extreme analytical characteristics. During the other
hours of the day, wastewater production represents 50% of the hourly
average.

Analysis methods

Temperature, pH and conductivity measurements were carried out in
situ. For other analyses (COD and BOD5), the samples were stored at 4 °C
until the time of analysis to avoid any modification. Various analyses were
carried out after decanting the samples. For certain analyses, dilution
and/or filtration had to be carried out beforehand.

The pH and conductivity of the samples were determined by using a
pH meter, Model 720 WTW and a Hanna Instruments conductivity meter,
Model EC 215, respectively.

Tha analyses of chemical oxygen demand (COD), biological oxygen
demand (BOD5) , total suspended solids (TSS), ammonia (N-NHj3), sulfide
(S%), chloride (CI), and phosphate (P-PO+*) were carried out in
accordance with the standard methods (Rodier et al., 1996).

Results and discussion

Number of treated skins

In the tannery, the consumption of both water and chemicals as well
as the final quality of the wastewater from each stage depend on the
quality and quantity of the treated hides. In this work, each sample was
characterized previously by their number and type of treated skins.

According to the information provided by the workers, sheep skins
have been the most used ones in recent years. Through the following
histogram in Figure 1, which represents the number of skins treated in the
bath of each sample, it is clear that the number of skins treated is between
600 to 900. However, the number and type of skins used vary depending
on availability.

In comparison with the nineties, there is a drop in the number of skins
treated (more than 1000 skins per bath) as well as a relative decrease in
the availability of goatskins.




LR

ins (pieces)
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Figure 1 — Histogram of the number of treated skins from different samples, the
Batna Unit

Using the results obtained, we can subsequently see whether the
number and nature of the treated skins influence the quality of the final
wastewater or not.

Analysis of the physicochemical parameters

The physicochemical quality of wastewater can be evaluated based
on the values of several parameters:

* The pH is a pollution indicator with excellence; it varies depending
on the nature of the basic or acidic effluents.

* Temperature is a parameter that influences the Kkinetics of
metabolism, the distribution of species, and the dissolution of gases
dissolved in water.

» Conductivity makes it possible to quickly and approximately assess
the mineralization of wastewater and to monitor its evolution.

The pH, temperature, and conductivity significantly influence the fate
of various contaminants in the receiving environment. These parameters
play a crucial role in controlling the behavior and mobility of contaminants
across different environmental compartments.

Determination of temperature

Temperature is one of the most important parameters determining the
efficiency of the process.Figure 2 shows the evolution of the temperature
values of the wastewater from the unhairing bath. These values ranged
between 11-18 °C, so these values were below the discharge limit values
(40 °C)(Sawadogo et al., 2012).
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Figure 2 — Histogram of the temperature monitoring of the unhairing wastewater
from the tannery, the Batna Unit

Determination of the pH

The evolution of the pH of different samples from the unhairing bath
showed that these wastewaters are relatively alkaline with an average
value of 12.47 and extreme values of 12.04 to 13 (Figure 3).
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Figure 3 — Curve of the pH monitoring of the unhairing wastewater from the tannery at
20°C, the Batna Unit

This high pH is due to the presence of alkaline substances, S%, HS
and Ca(OH).. The pH of the obtained results does not meet the general
standards recommended for wastewater disposal (Islam, B.I. et al., 2014).
In this case, neutralization of these wastewaters is necessary before their




discharge into the receiving environment. However, there is the risk of
emission of H,S gas release at pH 7.

Electrical conductivity (EC)

The salinity level, expressed in average electrical conductivity, is
13.38 mS/cm (Figure 4). The conductivity varies depending on the quantity
of chemicals used during the operation (or the conservation stage). The
dominant salt in these effluents is sodium chloride due to the high
concentration of sodium and chloride in the studied environment. Salty
skins release large amounts of NaCl.
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Figure 4 — Curve of the conductivity monitoring of the unhairing wastewater from
the tannery at 20 °C, the Batna Unit
Above 2500 uS, salinity inhibits the proliferation of microorganisms
and therefore reduces its purifying power; this is the major problem
encountered with biological treatment. On the other hand, the presence of
a high level of some ions such as chlorides and sulfates can cause the
solubilization of a metal slurry through complexation reactions.

Determination of total suspended solids (TSS)

Suspended matter (TSS) represents the suspended mineral and
organic particles contained in the effluent. These values are from 862.5 to
2220.8 mg/L with an average of 1804.22 mg/L (see Figure 5).
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Figure 5 — Curve of the TSS monitoring of the unhairing wastewater from the
tannery at 20 °C, the Batna Unit

High MES values are higher than the norm; they are directly linked to
the nature and quality of the raw material processed in this industry (animal
skins) in relation to the quantities of water used. These MES values come
from hair, debris, skin fibers and any material attached to the used skin.

Analysis of cations and anions

Cations

Several cations were analyzed in the unhairing wastewater bath, such
as those of calcium, magnesium, sodium, and potassium.
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Figure 6 — Curve of the calcium and magnesium ions content monitoring in the
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Figure 6 represents the evolution of calcium and magnesium; the
average magnesium content is around 171 mg/L. Calcium reaches an
average value of 808.27 mg/L; this high value is essentially due to the use
of lime (Ca(OH).) during this unhairing operation.

Sodium (Figure 7) is present in the effluents at an average content of
around 4659.92 mg/L. This relatively high value is due both to the use of
sodium chloride for the preservation of raw hides and to its presence in
Na2S, the main reagent for hair removal.

For potassium, its concentration varies between 184.89 and 1393
mg/L; the average value is around 561.55 mg/L.
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Figure 7 — Curve of the sodium and potassium ion content monitoring in the
unhairing wastewater from the tannery, the Batna Unit

Anions

The anions analyzed in the unhairing wastewater bath were chlorides
and sulfides.

The chloride ion content (Figure 8) was in the range of 720 and 1212
mg/L with an average value of around 906.91 mg/L.

In fact, inorganic sulfides (NaHS or Na,S) and lime treatment were
used in the unhairing process. The determination of sulfide (Figure 9) in all
samples shows that their values vary between 1120 and 1650 mg/L. These
values are rather comparable to those reported by other works. The
presence of high concentrations of sulphides in wastewater causes a
serious problem of odor and corrosion in sanitation canals. Dissolved
sulfide is found in the form of a mixture of hydrosulfide ions and hydrogen
sulfide (H2S). The high toxicity of sulfides comes from the H.S released
(Flogi, T. et al., 2007), the content of which depends on the pH value. After
evacuation, the effluents were diluted and neutralized in the natural
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environment releasing H2S gas into the atmosphere, thus causing serious
olfactory nuisances (Flogi et al., 2007).
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Figure 8 — Curve of the chloride ion content monitoring in the unhairing wastewater
from the tannery, the Batna Unit
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Figure 9 — Curve of the sulphide ion content monitoring in the unhairing wastewater
from the tannery, the Batna Unit

Phosphorus analysis

Figure 10 shows the evolution of phosphates which vary between
44.66 and 736 mg/L with an average value of around 258.35 mg/L. These
values are higher than the standard (1 mg/L); the presence of phosphates
may be due to the use of detergents for rinsing the skin.
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Figure 10 — Curve of the phosphate ion content monitoring in the unhairing
wastewater from the tannery, the Batna Unit

Nitrogen analysis

From Figure 11, the ammonium ion concentration average was 16.3
mg/L with extreme values of 2 and 25 mg/L; these values are lower than
the standard of the World Health Organization WHO (80 mg/L). As for the
oxidized forms (nitrites and nitrates), the analyses indicate an average
nitrite concentration of around 0.306 mg/L. However, for nitrates, the
concentrations were more significant with an average value of around 28.8
mg/L (Figure 12) - this value is higher than the standard set by the WHO
(1 mg/L). A high quantity of nitrate can contaminate underground water by
infiltration, especially in cases where the soil is permeable.
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Figure 11 — Curve of the ammonium ion content monitoring in the unhairing
wastewater from the tannery, the Batna Unit
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Figure 12 — Curve of the nitrite and nitrate ions content monitoring in the unhairing

Analysis of organic pollution parameters (COD and

BODS)

For the studied samples, the COD values are between 23289 and
40000 mgO2/L with an average value of 30696 mg O./L (Figure 13); these
values exceed the Algerian standard which is 1000 mg/L. As for BOD5,
the values are 1150 to 2650 mg/l with an average of 1644.61 mg/L (Figure
14). In the tannery, around 75% of the organic load (measured as BOD5
or COD) is produced in the unhairing process. This high load of organic
matter is mainly due to the biogenic material of hides and some used

chemicals.

Figure 13 — Curve of the chemical oxygen demand monitoring in the unhairing
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Figure 14 — Curve of the biochemical oxygen demand monitoring in the unhairing
wastewater from the tannery, the Batna Unit

Calculation of the COD/BODS ratio

In this analysis, we calculated the COD/BODS5 ratio to assess the
biodegradability (K coefficient) of the organic matter present in the
unhairing wastewater from the tannery.

Table 1 — Values of the K coefficient for the studied samples

10 11 |12 13

N° sample
—
N
w
N
(&)}
»
~
oo
©

66 (32|79|54|116|151 |74 | 104|154 |175|6.6 | 6.62 | 7.1

The results shown in Table 1 indicate a high value of the K coefficient.
These results suggest that the wastewater from the tannery's unhairing
bath is not biodegradable. The primary cause of this is the presence of
salts which inhibit bacterial growth. Therefore, biological treatment can be
effective if combined with another treatment technique to reduce salinity.

Summary of the obtained results

The obtained results are summarized in Table 2.
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Table 2 — Extreme and average values of the studied parameters

Parameter Range Average value
Temperature, °C 11-18 16

pH 12.04 - 13 12.47
Conductivity, mS 3.8-20.1 13.38
Turbidity, NTU 42 -1000 416.3
TSS, mg/L 862.5 - 2220.8 1804.22
Calcium, mg/L 429.6 - 1296 808.27
Magnesium, mg/L 36 —394.8 171
Sodium, mg/L 2103.82 — 8168.51 4659.92
Potassium, mg/L 184.89 - 1393 561.55
Chloride, mg/L 710 - 1212 906.91
Sulfide, mg/L 1120 - 1650 1479.23
Ortho phosphate, mg/L 44.66 - 736 258.35
Nitrate, mg/L 8.37 —44.65 28.8
Nitrite, mg/L 0.107 — 0.649 0.306
Ammonium, mg/L 2-25 16.30
COD, mg O2/L 10422.32 — 43747.97 30696
BOD5, mg O2/L 1150 — 2650 1644.61
Conclusion

The results obtained from the comprehensive analysis of the
unhairing bath wastewater indicate that the majority of the measured
parameters exceed both national and European discharge standards.
These findings highlight the substantial environmental impact of untreated
tannery wastewater, reinforcing its role as a major source of pollution. The
data gathered in this study provide essential baseline information that is
critical for evaluating and developing effective wastewater treatment
strategies.

The wastewater from the unhairing process exhibited a highly alkaline
pH (12), elevated conductivity (13 mS), and significant concentrations of
suspended solids (1800 mg/L) and sulfides (1500 mg/L). Additionally, the
effluent contained excessive organic matter and demonstrated a high
Chemical Oxygen Demand (30000 mg/L). The hair removal process was
found to generate highly toxic and alkaline wastewater, enriched with




valuable organic compounds such as proteins, polypeptides, and free
amino acids, resulting from the partial alkaline hydrolysis of skin proteins,
including collagen and keratin.

While the leather industry plays a crucial role in utilizing
slaughterhouse by-products to produce leather, its environmental impact
remains considerable. The tanning process generates large volumes of
contaminated wastewater, posing severe ecological risks. Despite its
socio-economic contributions, such as job creation and income
generation, the industry continues to face negative public perception due
to its environmental footprint. Therefore, implementing sustainable
wastewater management and treatment solutions is essential to mitigate
pollution and enhance the industry's environmental sustainability.
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XeMujcKkM cacTaB M TOKCMYHOCT OTNagHuMX Boga U3 kage 3a yKrnakame
Anaka npu obpagu cmpoBe KOXe: cTyauja crny4vaja LTaBUoHULE Y
BatHu, Amxnp

Cenma beH bpaxum, CabpuHa Tamepcut, Agpach JSlanmu, ayTop 3a Nnpenucky;
Yaxpaszad AmpaHe; @amuma Yemnan

YHuBepauteT y baTtHu 1, NlabopaTtopuja 3a xeMujy U XeMUjy XMBOTHE CcpeauHe,
YHuepautet y batHu 1, Amxup, BatHa,

OBJIACT: xemuja XMBOTHE CpeanHe
KATETOPWJA (TUM) YNAHKA: opurnHanHu HayyYHu pag,

Caxemak:

Yeod/yurb: UHOycmpuja Koxe y AmKupy 3HauygjHO OOMPUHOCU H-eHOf
E€KOHOMUjU, arnu ce MoKOM rfipoueca wmaesrbera cmeapajy ommnadHe eode
gucokoe cmeneHa 3azafjeHocmu. Lurb cmyduje jecme da ymepdu
Xemujcku cacmae omradHux eoda u3 Kada 3a yknawar-e Oriaka rpu
wmaesberby, Kao u 0a MPOUEHU HUX08Y IMOKCUYHOCM Ha XXUBOMHY
CpeduUHY.

Memode: AHanusupaHu cy y3opuyu ommnadHux eoda U3 WmasuoHuye y
BamHu 20e cy ce npepaljusarne osuuje U Ko3je koxe. TpuHaecm y3opaka
Je py4Ho npukyrnrbeHo mokom 35 daHa (00 5. anpuna do 10. maja 2022), a
3amum cy u3epuieHe cmaHOapOHe XeMmujcKe aHanu3e 3a MPOUeHy
rnapamemapa nonym pH epedHocmu, npo8odsrbUSOCMU, YKYIMHUX
cycrieHOosaHux mamepuja (TCC), cynchuda, joHa aMoHujaka, Kao U

rpomeuHa.
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Pesynmamu: lNoka3saHo je Oa omnadHe 800e umajy sucoky pH epedHocm
(12,47 y npoceky), sucoky nposodrbusocm (13,38 mS/cm), kao u 3HamHO
8UCOKe Hueoe 3azafjusaya: cyrnghuda (1120-1650 mg/L), TSS (862-2220
mg/L) u xemujcke nompowre kuceoHuka (10,422-43,747 mg/L).
OmnadHe eode cy cadpxarne u cri0600He aMUHOKUCENUHE U rpomeuHe,
rnpoussode OenuMUYHO XUOPOU308aHUX MpomeuHa Koxe, Wmo je
rosehasasio HUX08y MOKCUYHOCM.

Sakrbyyak: Ycned HenpeduwheHux omnadHux eoda rMopexksiom u3 kada 3a
CKuQar-e Onaka rnpu wmasrbery 0on1a3u 0o 8e/IUKUX PU3UKA 10 XXUBOMHY
cpeduHy. Cmoea ce, padu cMar-eHa 3azaljusarba, Haznawasa nompeba
3a eghukacHUM pewersuma 3a npeduwhasarse . Pesynmamu npyxajy
gaxkaH y8ud y eKorowike uzasoee UHOycmpuje Koxe U ucmudy eaxHocm
odpxxugoe yrnpasrbarba omrnaldHuUM 8odama.

KrbyuHe pedu: uHOycmpuja Koxe, 3azaljusare, omrnadHe gode 00
ckuOarba Onaka, Kapakmepu3sauuja, omnadHe 800e, MOKCUYHOCM

Paper received on: 16.04.2025.
Manuscript corrections submitted on:12.05.2025.
Paper accepted for publishing on: 04.06.2025.

© 2025 The Authors. Published by Vojnotehnicki glasnik / Military Technical Courier
(www.vtg.mod.gov.rs, BTr.mMo.ynp.cp6). This article is an open access article distributed under the
terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/rs/).

pp.1421-1437

Ben Brahim S. et al, Chemical composition and toxicity of effluents from unhairing baths: case study of the Batna Unit, Algeria,


http://www.vtg.mod.gov.rs/
http://%D0%B2%D1%82%D0%B3.%D0%BC%D0%BE.%D1%83%D0%BF%D1%80.%D1%81%D1%80%D0%B1/
http://creativecommons.org/licenses/by/3.0/rs/

VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

Enhancing the thermo-mechanical
properties of the interface in composite
materials based on the polysulfone
polymer matrix

Khaled Bendahane?, Mohamed Alami®, Allel Mokaddem¢,
Mohammed Belkheird, Mehdi Rouissaté, Bendouma Doumif

@|nstrumentation and advanced materials laboratory, Institute of
Science, University Center of Bayadh, 32000, Algeria

e-mail: k.bendahane@cu-elbayadh.dz , corresponding author,

ORCID iD: “https://orcid.org/0009-0009-8408-9666

b Instrumentation and advanced materials laboratory, Institute of
Science, University Center of Bayadh, Algeria

e-mail: alami.mohdz@gmail.com ,

ORCID iD: @https://orcid.org/0000-0002-2106-2126

¢Instrumentation and advanced materials laboratory, Institute of
Science, University Center of Bayadh, Algeria

e-mail: a.mokaddem@cu-elbayadh.dz,

ORCID iD: “https://orcid.org/0000-0002-2874-5923

d Instrumentation and advanced materials laboratory, Institute of
Science, University Center of Bayadh, Algeria

e-mail: belkheir m@yahoo.fr,

ORCID iD: @https://orcid.org/0000-0003-1258-3656

¢ Instrumentation and advanced materials laboratory, Institute of
Science, University Center of Bayadh, Algeria

e-mail: mehdi.m.rouissat@gmail.com,

ORCID iD: “https://orcid.org/0000-0002-4444-2754

fFaculté des Sciences. Université Dr Tahar Moulay. Saida, Algérie

e-mail: bdoumma@gmail.com ,

ORCID iD: ‘@https://orcid.org/0000-0003-1563-8587

9Laboratoire STIC (Université de Tlemcen), Tlemcen, Algeria.

doi hitps://doi.org/10.5937/voitehg73-53376

FIELD: materials sciences
ARTICLE TYPE:original scientific paper

Abstract

Introduction/purpose: Extensively  engaged  nanocomposite and
biocomposite polymers reinforced with natural fibers as fillers possess the
capability to not only augment material properties but also actively tackle
challenges within green ecosystems. This versatile application underscored
the dual benefits of improved material performance and a proactive
commitment to environmental sustainability. The purpose of the present
study was to investigate the temperature-induced damage to the fiber-
matrix interface in various composite materials.
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Methods: The study examined carbon/polysulfone, glass/polysulfone, and
alfa/polysulfone biocomposite materials. A genetic approach based on the
probabilistic formalism of Weibull was employed to model and analyze the
interface damage caused by temperature variations.

Results: Notably, the alfa/polysulfone biocomposite emerged as a
compelling alternative, showcasing cost-effectiveness and minimal
environmental impact. Its fiber-matrix interface behavior closely paralleled
that of carbon/polysulfone. The results revealed the remarkable resilience
of the carbon/polysulfone composite’s fiber-matrix interface to temperature
impacts, distinguishing it from its counterparts.

Conclusions: This nuanced understanding provided valuable insights into
the distinct responses of composite materials to temperature variations. It
also underscored the advantageous characteristics of the alfa/polysulfone
biocomposite, positioning it as a sustainable and efficient option in the field
of reinforced polymers for modern applications.

Keywords: polysulfone, carbon, alfa, glass, interface, temperature

Introduction

The remarkable attributes of composite and biocomposite polymers
have spurred researchers and manufacturers to delve deeper into this field
(Manu et al., 2022; Agustiany et al., 2022; Chichane et al., 2023). The
pursuit is centred on not only augmenting their existing properties but also
innovating to introduce new materials suitable for a diverse array of
contemporary applications. This exploration reflects a dynamic quest for
advancements, aiming to continually broaden the scope of materials
available for various present-day uses (Akhil et al., 2023; Mann et al.,
2023). Composite materials are designed and produced through the
arrangement of diverse components, including fibers (whether synthetic or
natural), matrices (either thermoset or thermoplastic), fillers, and more
(Sharma et al., 2023; Akter et al., 2024; Elfalehet al., 2023; Seydibeyogdlu
et al., 2023). These -constituents, initially immiscible, undergo a
transformative process, resulting in the creation of new materials endowed
with superior mechanical, thermal, and physicochemical properties
(Rajeshkumar et al., 2023). These composites often exhibit superior
strength (Syduzzaman et al., 2023), durability (Zuccarello et al., 2023), and
resistance to environmental factors compared to their individual
constituents (Nagalakshmaiah et al., 2019; Das Lala et al., 2018).
Moreover, the advent of biocomposite polymers, where natural fibers or
fillers are incorporated into a polymer matrix, reflects a conscious effort
toward sustainability and eco-friendliness in material design (Lee & Jai
2009; AL-Ogla & Omari, 2017). The applications of these advanced
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materials are far-reaching, from aerospace to automotive industries
(Asyraf et al., 2022; Al Maadeed & Ponnamma, 2023), in construction to
offer novel solutions for durable and sustainable building materials (Alam
et al., 2021). Additionally, the medical field benefits from biocomposite
polymers, where their biodegradability and compatibility with biological
systems open avenues for innovative biomedical devices and implants
(Sivaraman et al., 2012; Teoh et al., 2016). In this study, we focus on a
detailed examination of the influence of three specific fiber types: carbon
fiber, glass fiber, and alfa fibers on the properties and performance of
polysulfone (UPS). PSU is an amorphous matrix with an amber-colored
transparency that resembles in its properties. This type of plastic with very
good performance has a balanced ratio between high thermal stability,
rigidity, toughness and high creep resistance. Due to its long-term strength
and limited tendency to creep, PSU is predestined for long-term
exposures. The primary objective is to gain a comprehensive
understanding of how these reinforcing materials impact the polymer
matrix. In the literature, numerous recent research studies have delved
into the multifaceted impact of polysulfone across an array of practical and
innovative applications. In (Nica et al., 2023), Nica et al. have
characterized high-performance nanocomposite materials based on
modified polysulfone using various amounts of modified carbon nanotube
fillers for electronic applications. The study's findings unveiled a
substantial improvement in the electrical conductivity of composite
materials. This enhancement was particularly pronounced at higher filler
loadings, suggesting promising prospects for the development of
advanced electronic applications using these modified polysulfone
nanocomposites. In another study (Stepashkin et al., 2023), Stepashkin et
al. have investigated the impact of carbon fiber type, polymer mass
fraction, and loading rate on tensile strength of polysulfone polymer using
a polymer solution method. Scanning Electron Microscopy (SEM) analysis
provided further insights, revealing that at low loading rates, elementary
filaments within the impregnated fiber could align themselves along the
applied load axis. This alignment, facilitated by the flow of the
thermoplastic matrix under tensile stresses, led to more effective
realization of the fiber's strength properties in thermoplastic-based
composites compared to analogous composites with an epoxy matrix. In
(Li et al., 2022), Li et al. studied the repercussions of hydrothermal aging
on the long-term durability, specifically focusing on stress relaxation and
creep properties, for both virgin and recycled PSU, where specimens of
virgin and recycled polysulfone PSU were subjected to exposure to pure
hot water at temperatures of 98 °C for varying durations ranging from 1 to




12 months. The findings of the study reveal that virgin PSU demonstrates
exceptional resistance to hydrothermal aging across various mechanical
parameters, including tensile, flexural, impact, and fracture toughness
properties, as well as stress relaxation and creep resistance, even after a
year of aging in 98 °C hot water. Additionally, the investigation establishes
that the activation energy required for stress relaxation in PSU is
consistent with that needed for creep. In another recent study (Lim et al.,
2022), the authors have investigated the separation characteristics of
polysulfone hollow fiber membranes for the removal of carbon dioxide and
sulfur compounds from biogas. The research offers valuable insights into
the impact of various operating conditions on the membrane's separation
performance. Their findings revealed that the polysulfone membrane
exhibited robust removal efficiency for sulfur compounds, ranging between
70% and 80%, within a feed pressure range of 2.3-2.6 bar. Importantly,
the presence of sulfur compounds was observed to have a negligible effect
on the separation performance of the polysulfone membrane. Building
upon recent studies, this investigation focuses on probing the temperature-
induced damage to the fiber-matrix interface in carbon/polysulfone and
glass/polysulfone composite materials, as well as in alfa/polysulfone
biocomposite material. The interesting mechanical properties of alfa fibers
show that they can present an interesting alternative for the reinforcement
of different polymer matrices.The study of morphological, physical and
mechanical properties showed that alfa fibers present promising properties
for use as reinforcement in composite materials. Its potential as
reinfforcement in composites requires the understanding of its
microstructure, its mechanical properties, adequate control of fiber
extraction as well as the transformation process (Brahim & Cheikh, 2007 ;
Paiva et al., 2007; Bessadok et al., 2007; Bessadok et al., 2009; Arrakhiz
et al., 2012; Marrakchi et al., 2012; Hamza et al., 2013; Mounir et al., 2014;
Helaili & Chafra, 2014 ; Ghali et al., 2006).Traditional material
characterization methods are efficient, but to characterize the behavior of
a new material requires numerous physical tests (fracture, shear, bending,
buckling, torsion, relaxation, etc.). These problems can be solved by
adopting a more powerful Al-based strategy. This offers speed and
precision in the development of new materials.

Artificial Intelligence (Al) tools, in our case, the approach employed is
a genetic one, grounded in the probabilistic formalism of Weibull, can
exploit and analyze large quantities of data to predict the properties of
these materials, reducing the need for expensive and time-consuming
physical testing. The obtained results revealed that the fiber-matrix
interface of the carbon/polysulfone composite remained relatively
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unaffected by temperature variations when contrasted with the interfaces
of the alfa/polysulfone and glass/polysulfone composite and biocomposite
materials. This insight contributes to a nuanced understanding of the
diverse responses of different composite materials to temperature-induced
stress, emphasizing the unique advantages and characteristics of the
alfa/polysulfone biocomposite in this context.

Materials, models and methods

Polysulfone matrix (PSU)

Polysulfone (PSU) has one of the highest service temperatures of all
high-performance melt-processable polymers. The high temperature
nature of PSUs allows them to be used in demanding applications that
other polymer materials cannot satisfy. PSU is highly resistant to acids,
alkalis and electrolytes, oxidizing agents, surfactants and hydrocarbon
oils. PSU is one of the so-called thermostable technical thermoplastic
polymers. Indeed, the systematic presence, on the main chain, of aromatic
nuclei, explains in particular the high thermal resistance of this polymer.
Mechanical properties are retained by PSU over a wide range of
temperatures. In addition, PSU is resistant to temperature, UV, gamma
and X-ray radiation (De Leon et al., 2016; Mujika et al., 2002; Chukov et
al., 2019; Solodilov et al., 2015; Yao et al., 2018; Anne, 2019).

Fibres
Carbon fiber (CF)

A number of carbon fiber reinforced composites based on
thermoplastic have been developed and studied. Among thermoplastics,
high-performance polymers are of particular interest due to their thermal
stability and high mechanical properties. Carbon fiber composite materials
are very popular for their lightness and strength, especially compared to
steel, aluminum and even titanium. Aeronautics, for example, uses them
extensively: in fact, the main cost of operating an aircraft is fuel and we
reduce fuel consumption by reducing the weight of the plane. Carbon fiber
is obtained by spinning a precursor prepolymer, generally polyacrylonitrile
(or PAN). It is an unhardened plastic material that is made into a very fine
wire. The latter is treated at high temperature in order to eliminate anything
that is not pure carbon. This is carbonization: a process close to pyrolysis
and similar to that which transforms wood into charcoal. The use of carbon
rather than metals reduces weight without compromising the mechanical
strength of the device. Motor racing, luxury cars, or manual devices also




use it, mainly for its lightness coupled with its resistance. Carbon is also
used in luxury areas, for its beautiful appearance despite its high cost
(Chukov et al., 2018). Figure 1 presents the structure of the composites
reinforced with carbon fibers (a) initial and (b) oxidized at 500 °C (Chukov
et al., 2018).

Figure 1— Structure of the composites reinforced with carbon fibers: (a) initial and (b)
oxidized at 500 °C (Chukov et al., 2018).

Alfa fiber

Alfa plant fibers, also called lignocellulosic fibers, are rigid micro-
fibrillar structures mainly composed of cellulose, hemicelluloses and lignin
and in relatively small proportions of extractables and mineral materials.
These natural fibers are low cost and low density fibers; they have specific
properties, biodegradable and non-abrasive fibers (Saad, 2013). It has
been studied from the point of view of chemical composition, evolution of
the structure with the biological cycle, possibility of developing composites,
surface modification by physico-chemical treatments, grafting, bleaching
and production of paper with a study of the impact of various actions
undergone by this fiber.

Glass fiber

As opposed to glass in massive forms, fiber glass with a diameter not
exceeding a few microns loses its fragility and its sensitivity to cracking.
Glass fibers show good mechanical characteristics. Depending on their
composition, there are five types of glass fibers: E glasses which are for
general use and which have good electrical properties, D glasses which
have high dielectric properties, A glasses which have a high alkali content,
C glasses which have good chemical resistance, and R and S glasses
which have good mechanical resistance. Glass fibers are made up of
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silica, alumina, lime, magnesia, boron oxide, fluorine, iron oxide, titanium
oxide, sodium oxide, and oxide of potassium. The composition in
percentage by mass of each chemical component varies from one type of
fiber glass to another. (Hamlaoui, 2022).

Different physical properties of the constituents of the composite and
biocomposite materials used in the genetic program have been mentioned
in Table 1.

Table 1 — Physical properties of the constituents of the composite and biocomposite
materials used in the genetic program.(Anne, 2019 ; Hamlaoui, 2022 ; Bourahli &
Osmani, 2013 ; Biagiotti et al., 2004 ; Rowell, 2008; Moghaddam et al., 2016 ; Rao et al.,
2007 ; Monteiro, 2011 ; Berthelot, 2005

Materials ;233?:8 Deformation at Density Stress to
(GPa) break (%) (g/cm3) break (MPa)
Carbon 230 4 1.7 4000
Alfa 21.5 24 1.4 247
Glass 73 4.4 2.6 3400
Polysulfone 3.1 4 1.24 80

Analytical models and genetic simulation

Thermal stress

Equation (1) is used to represent the thermal stresses that arise from
the differential expansion of fibers and matrices. This occurs during the
cooling process after the composite has been prepared at elevated
temperatures (Weibull, 1939).

a;= (M3 — M) (1)

E -
fa+1
with:

T,
My (T) =f (am — ap)dT

Ty
T
M,(T) = fT (am — ay)dT

- To: room temperature;
- Te: temperature during the development process;
- T :test temperature; and




- af and dm :expansion coefficients of the fiber and matrix, respectively. (ax
cabon=1.2*10%/°C, Qt.gass= 1.2*10°%/°C, and am=82*10* /°C)

Weibull approach

Weibull's statistical method has been utilized in the analysis of
composite materials, assuming a uniform distribution of applied stress.
The expressions for matrix and fiber damage are denoted by equations (2)
and (3), respectively, and are elaborated upon in detail in reference
(Lebrun, 1996). This approach involves using Weibull statistics to model
stress distribution in composite materials, with equations (2) and (3)
offering a quantitative representation of the damage to the matrix and
fibers, guided by this statistical framework.

|74 o
Dy =1~ exp |~ (hym] (2)

with :

- o5 applied stress;

- Vess: matrix volume;

- manda, : Weibull parameters; and
- Vy:initial volume of the matrix.

f
Df=1—exp {—Af * Lequi * (Gmax)mf} (1)
Oof
with:
- a,’:lax: maximum stress applied to the fiber;
- 0oy initial stress applied to the fiber;

- my: Weibull parameters;

- Af =Tr*a?% and

- L, .:length of the fiber at equilibrium.

equi

Genetic model

In this study, we will investigate the effect of temperature on the
resistance and behavior of the fiber-matrix interface of composite materials
(carbon/polysulfone and glass/polysulfone) and Alfa-polysulfone
biocomposite material. The final performance of a composite material
strongly depends on the quality of the fiber-matrix interface. This interfacial
bond is quite difficult to model using deterministic models; in our case, we
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chose genetic modeling based on the two Weibull equations (2 and 3)
determining the damage of the fiber and that of the matrix. Our objective
is to calculate the damage of the interface using the two aforementioned
damage cases by the crossing operator (see the flowchart presented in
Figure 2) (Lebrun, 1996; Belhadj et al., 2022; Belkheir et al., 2023;
Mokaddem et al., 2012; Mokaddem et al., 2014; Benyamina et al., 2021).

Eandorn genaration of initial population
MNumber of individual Npop=13300

Choose E: for three materials:
Carbon, Glass and

_.p
alfafPolysulfone -
Initial walua:
¥ Mpop : 13500
Assessment of individuals: Objective Function Genemax 6750
. —
(0 .GuEsaEnE. R, 6,7, Ag) equation 1and table 1 Auim ™ at

!

Selection of Individuals

¥
Crossing Dm and Df
Eguation 2 and 3

:

hiutation (P=0.2)

.

Construction of the new gensration

Genemax : maximum generation (6730

Yes

End

Figure 2— Genetic program flowchart




Results and discussion

In this work, the effect of temperature on damage to the fiber-matrix
interface of carbon/polysulfone and glass/polysulfone composite
materials, and alfa/polysulfone biocomposite material was investigated
using a genetic approach based on the probabilistic formalism of Weibull
(equations 2 and 3) (Belkheir et al., 2022; Belkheir et al., 2023). The
damage at the interface was calculated by the genetic operator (crossover)
using the two damage cases, one of the matrix and the other of the fiber
given by equations (2) and (3), respectively. The random variables of the
population consist of chromosomal genes representing the following
variables: tensile stress (0=600, 750, 900, 1050 and 1200MPa), Young's
modulus, shear modulus of the matrix, fiber diameter, length of each fiber,
and the half-distance R. This initial generated population is composed of
13500 individuals, which will be improved each time by the genetic
operator mutation with a mutation probability of 0.2 (Mokaddem et al.,
2020; Mokaddem et al., 2014). In each case, we used different values of
the Young's modulus of each fiber and the Polysulfone matrix (Table1).The
temperature variation for the five values of the mechanical stress and its
influence on the damage of the interface was calculated and verified by
equation (1). The results presented in Figures 3 to 5 refer to the level of
interfacial damage as a function of temperature to the three composite and
biocomposite materials studied (see the program flowchart in Figure 2).

Figures (3-5) show that the interface damage is strongly linked to the
damage of the matrix which has the weakest constituent compared to the
reinforcements (fibers), and show that the different temperature values
applied to the three composite and biocomposite materials caused fiber-
matrix interface damage which was lower for carbon/PSU, medium for
Alfa/PSU and higher for glass/PSU. The fiber-matrix interface of the
carbon/PSU composite was not influenced by temperature compared to
the other interfaces of Alfa/PSU biocomposite material and glass/PSU
composite material. The effect of temperature on the interface damage of
the three studied composite and biocomposite materials shows almost the
same results as those found by Dilyus Chukov et al.(Chukov et al., 2019).
It should be noted that the alfa/polysulfone biocomposite material remains
an interesting alternative given its very low environmental impact, a very
low cost compared to other composite materials and that its fiber-matrix
interface has a value that is close to the carbon/polysulfone interface. In
this theoretical study, the fiber-matrix interface of the carbon/PSU
composite was not influenced by the temperature compared to other
interfaces of the Alfa/PSU and glass/PSU composite and biocomposite
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materials.

The results found,

in particular those relating to the

carbon/polysulfone interface, are in good agreement with the results found
by Dilyus Chukov et al.(Chukov et al., 2019).

Damage

Damage

Carbon/Polysulfones
osr o = 600 MPa ]
LR 1
4
07
vel 1
% r
s J
£ o° »
8 i
LS RS
0.3f :l *...
P
vzt PR
at" L i
.
0.1 tadps s T u=t
—— .
ot aesms e —— . .
85 85 105 125 145
Temperature *C
1 1
L Carbon/Polysulfones | Carbon/ Polysulfones
0s =750 MP a8 1
o= i : G =900 MPa
08 i LR 4
07 4 o7
.
0E8r 1 0.8 4
- = :
ok »] £ os .
N .
0.4t 0.atb .
ot 03t b
‘0
vzt ozt ¥
0.1 01
TIRL U1
o L L L L 0 L L L L
65 88 105 125 145 65 25 108 125 145
Temperature *C Temperature *C
1 1 T -
Carbani Polysulfones oel Carbon/Polysulfones
o8y = 1050 MPa = 1200 MPa
0.8

Damage

. . . .
85 105 125 145
Temperature *C

55 108 125 148
Temperature *C

Figure 3— Temperature effect on the fiber matrix interface of the carbon/polysulfone
composite




Damage

Alfal Polysulfones l
esr & =600 MPa
0Bl
07
nefk
=3 2
£ asf o
o ]
fa
04t 1
o2t £
ozt
-
oA
o . . . .
a5 85 105 125 145
Temperature °C
1 . - 1 : :
0Bk } LRI
LES osh
0Tk 07
0.8k osb
a L5}
& 4 2
£ 0.5F 0 £ osf
© p 5
a i
e i 04 J
L.
. H
o3t o 'q
o
02t
LRIS
0 . ‘ . . ok ‘ . . .
&5 85 105 125 148 &5 85 105 125 145
Temperature *C Temperature *C
1 T T T T
1 T T T -
Alfal Polysulfones
0ol Alfal Polysulfones oer o = 1050 MPa
. o = 1200 MPa

85 105 125 145
Temperature *C

=,
&

85 105 125 145
Temperature *C

Figure 4— Temperature effect on the fiber matrix interface of the alfa/polysulfone
biocomposite
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Figure 5— Temperature effect on the fiber matrix interface of the glass/polysulfone

In various studies carried out on composite materials, the fiber has a direct
influence on the behavior of the fiber-matrix interface in relation to the
matrix because fibers transmit their mechanical properties to the matrix

composite




and this in terms of rigidity, resistance to breakage, hardness, etc. The
reinforcements also confer their physical properties to the resin. Among
these properties, we can cite Young's modulus, mechanical behavior, fire
resistance, and abrasion resistance (Prakash et al., 2021; Pan, 2022;
Ramesh et al., 2021).

Conclusions

The present study focuses on the influence wielded by three distinct
fiber types (carbon fiber, glass fiber, and alfa fibers) on the properties and
performance of polysulfone. The overarching objective is to attain a
comprehensive understanding of how these reinforcing materials exert
their influence on the polymer matrix, based on a genetic approach. In the
theoretical exploration conducted, it was observed that the fiber-matrix
interface of the carbon/PSU composite exhibited a notable resistance to
temperature effects in contrast to the interfaces of the Alfa/PSU and
glass/PSU composite and biocomposite materials. This finding
emphasizes the distinct thermal behavior exhibited by these composite
interfaces, highlighting the relative stability of the carbon/PSU composite's
fiber-matrix interface under varying temperature conditions. This insight
contributes to refining the understanding of how different composite
materials respond to temperature-induced stress on their fiber-matrix
interfaces.
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Abstract:

Introduction/purpose:  Hydrogen embrittlement (HE)  substantially
decreases the mechanical properties of austenitic stainless steels,
constraining their efficacy in diverse applications. This study examines the
impact of electrolytic hydrogen charging on the mechanical characteristics
and microstructure of AISI304 stainless steel, a commonly utilized grade.
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Methods: Tensile specimens measuring 8 mm in diameter were produced
through machining and subjected to hydrogen loading electrolytically at
different times in a glass chamber containing sulfuric acid (H.SQy4) at 0.05M.
The mechanical tests were conducted using a Karl Frank GMBH tensile
testing universal machine, type 83431. The samples underwent
microscopic analysis by means of optical microscopy (OM), X-ray diffraction
(XRD), and scanning electron microscopy (SEM). The experimental
characterization involved producing cylindrical specimens which underwent
heat treatments (austenization) ranging from quenching to tempering,
followed by immersion in a cold heat treatment cycle at -196°C for 35
minutes. Hydrogen preloading was carried out through electrochemical
hydrogen charged for different loading times in hours.

Results: The results showed that the effects of hydrogen embrittlement
(HE) on AlISI304 stainless steel are characterized by a decrease in ductility,
sometimes undergoing sudden embritflement. This phenomenon is
consistently recognized by other authors who have demonstrated a loss of
ductility due to the martensitic transformation of austenite caused by
deformation and hydrogen diffusion.

Conclusion: Inclusions such as second-phase particles, carbide
precipitates, inclusions of small, medium, or large size, interfaces, and
interphases, can be considered inclusions. Their mechanical properties and
hydrogen transport and segregation mechanisms differ from those of the
matrix, particularly in martensitic structures. The observation of the optical
dark area (ODA) and black spots indicates that hydrogen is concentrated
either in the molecular form H, or combined with sulphur in the form of H»S.
Key words: AISI304 stainless steel, heat treatment, mechanical propetrties,
hydrogen charged, hydrogen embrittlement, microstructure

Introduction

Hydrogen embrittlement (HE) substantially decreases the mechanical
properties of austenitic stainless steels, constraining their efficacy in
diverse applications (Cauwels et al., 2019; Amar Abboub et al., 2024). This
study examines the impact of electrolytic hydrogen charging on the
mechanical characteristics and microstructure of AlSI304 stainless steel,
a commonly utilized grade. Austenitic stainless steels, especially AlSI1304,
are extensively utilized across several industries owing to their superior
mechanical qualities, corrosion resistance, and high ductility. These
characteristics render them suitable for use in demanding environments,
including chemical, petrochemical, and nuclear sectors. The performance
of AlSI304 stainless steel can be substantially compromised by hydrogen
embrittlement, a significant concern for materials subjected to hydrogen-

rich environments.
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Chrome nickel stainless steels are steels with excellent corrosion
resistance which allows them to be chosen as a material intended for
application in the energy industry (Cunat, 2000; Colombié, 2008). During
their operations, often in aggressive hydrogenated environments, these
steels undergo degradation of their mechanical strength and ductility - this
is the phenomenon of hydrogen embrittlement called the (HE)
phenomenon (Brass et al., 2000). Hydrogen, diffusing in atomic (H) or
molecular Hz form in the crystal lattice of the metallic material, weakens
the atomic bonds (Lynch, 2012), which results macroscopically in a
change in the mechanical properties and premature cracking at a stress
below the elastic limit and by the loss of ductility during mechanical
stresses (Frappart et al., 2011; Creus, 2013.; Chéne, 2009). Generally, the
sensitivity of stainless steels to the (HE) phenomenon is influenced by their
microstructure (Brass et al., 2000; Frappart et al., 2011; Lynch, 2012). The
ferritic (a) phase of iron has a hydrogen conduction coefficient greater than
that of the austenitic (y) phase; for the case of solubility, it is the opposite
- the austenitic (y) phase has a higher hydrogen solubility than that of the
ferritic (a) phase (Brass et al., 2000; Chéne, 2009).

The mechanisms of hydrogen embritllement (HE) are influenced by
several factors, including the materials involved and specific experimental
conditions (Grimault et al., 2012; Bach, 2018; Blanchard et al., 1960; EI
Hilali et al., 1999; Ly, 2009; Hamissi et al., 2016; lacoviello, 1995; Sales,
2015) such as temperature, loading speed, hydrogen content, and
duration of loading (Brass et al., 2000; Chéne, 2009). Numerous studies
have established that hydrogen poses a significant risk to the mechanical
properties of metallic materials, particularly affecting ductility, toughness,
and strength (He et al., 1999; Depover et al., 2014; Laureys et al., 2018;
Cauwels et al., 2019; Robertson et al., 2015). This phenomenon is
primarily linked to the interaction between existing defects in the metal and
hydrogen (Brass et al., 2000; Chéne, 2009; Lynch, 2012). Research has
identified various mechanisms, including the rapid diffusion of hydrogen
and its quick adsorption on defects (Chéne, 2009), which adversely impact
material performance. The key interactions of hydrogen with intrinsic
trapping sites, such as dislocations, micro-voids, pores, grain boundaries,
inclusions, and oxide-matrix interfaces (Lee & Lee, 1987; He et al., 1999;
Jin et al., 2010; Murakami et al., 2013, Laureys et al., 2018), are the critical
factors contributing to the degradation of mechanical characteristics.
These detrimental effects are especially pronounced during mechanical
tensile fracture tests (Depover et al., 2014), where the presence of
hydrogen can lead to a substantial reduction in material performance. The
X-ray analysis of hydrogen-loaded material revealed a pseudo-martensitic




transformation, which accounts for the observed loss of ductility in the
material. Scanning electron microscope (SEM) observations indicated that
hydrogen interacts with non-metallic inclusions (Murakami et al., 2013),
manifesting as dark areas, referred to as observation of the optic dark area
(ODA). The experimental work was essential in elucidating the hydrogen
embrittlement (HE) phenomenon and its impact on the mechanical
properties of the material. The study utilized AISI304 stainless steel which
was an electrochemically-hydrogen preloaded process at room
temperature, as referenced in multiple studies (Murakami & Matsunaga,
2006; Robertson et al., 2015; Aurélie Laureys et al., 2020; El Hilali et al.,
1999; Hamissi et al., 2016; Amar, 2023).

This research work focused on studying the influence of quenching
and tempering heat treatments on the (HE) phenomenon, and utilized
various observation techniques including optical microscopy and scanning
electron microscopy.

Experimental work
Materials

Chemical composition

The material used in this experimental study is AISI304 austenitic
stainless steel with the chemical composition given in Table 1 below.

Table 1 — Chemical composition (Wt. %) of the AlISI304 steel studied

Chemical composition (Wt. %)

Fe% C% Cr% Ni% Si% Mn%
69.35 0.0632 17.98 9.64 0.0114 1.65
P% S$% NB% Mo% Al% Co%
<0,00030 0.028 0.0491 0.365 0.0074 0.0991
B% V% Ti% Cu% W% Pb%

0.0152 0.0864 0.0052 0.174 0.0316 0.0045

Specimen geometry

The experimental part involves using standardised DIN50125 tensile
specimens with the cylindrical shape and dimensions shown in Figure 1.
These specimens are machined on a semi-automatic lathe TRENS, a.s.
Suvoz 91132 Slovakia, type EN 50 C.
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Figure 1 — Dimensions of the tensile specimens according to the standard (DIN
TASCHENBUCH 19, 1975) (all dimensions are in mm)

Mechanical properties

The initial mechanical properties of the material in its raw state without
heat treatment (as-delivered condition) are shown in Table 2 below.

Table 2 — Initial mechanical characteristics of the AISI304 steel

Initial mechanical properties
Rm, Re, Rr,

[TS], [Ys], [FS], A, Z E v
Material (Air) (Air) (Air) (Air)  (Air)

(MPa) (MPa) (MPa) (%) (%)  (MPa)
AlISI304
As-delivered  686+7.03 589+1.79 414+0.12 785 415 200000 0.27
condition

Heat treatments

Following the fabrication of the specimens, an austenizing procedure
was performed using the thermal cycle shown in Figure 2. It involves
heating at 1050°C for 30 minutes and then quenching in the water.

Step two was to apply a temperature of 700°C for 35 minutes, then
cool the specimens at room temperature to obtain a homogeneous and
stable austenite structure. This results in a relaxation of residual stresses
and an increase in the mechanical strength by micro-plasticity (BARRALIS
et al., 1999; Grimault et al., 2012; Amar, 2023).




1200

1050°C
1000

Quenching (v) Austenization
%

800 | Tempering
700°C
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200

0 20 40 60 80 100 120 140 160
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Figure 2 — Heat treatment cycle used (Amar, 2023)

Tempering at 700°C after solution quenching has several important
objectives. Firstly, it aims to stabilise the austenitic microstructure by
reducing the residual internal stresses caused by rapid quenching, which
could otherwise promote martensite formation on subsequent stressing.
Secondly, although treatment at this temperature can lead to sensitisation,
particularly in AISI304 steel, a controlled short holding time at 700°C can
maximise the stress stabilisation effect while minimising the risk of
chromium carbide precipitation at grain boundaries, which could
compromise intergranular corrosion resistance. Finally, this tempering also
helps to reduce the density of residual crystalline defects. The main
challenge is therefore to strike a balance between stabilising the austenite
and maintaining good corrosion resistance.

Cryogenic heat treatment at -196°C

After austenitization, the tensile specimens underwent cold
qguenching (with N2 liquid nitrogen bubbling) (El Hilali et al., 1999) following
the thermal cycle illustrated in Figure 3 (G. Prieto et al. 2017). This type of
treatment was carried out following a succession of immersions for 35
minutes and heating in the ambient air (ambient warm-up: 45 minutes).
The cold quenching cycle is repeated with twenty (20) cycles.
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Figure 3 — Cold quenching cycle applied at -196°C (Prieto & Tuckart, 2017)

A cryogenic treatment at -196°C is presented as a method of
obtaining a 'near perfect' material, based on the concept of zero entropy
at 0 K. This treatment offers several potential benefits. Firstly, it can
promote the transformation of residual martensite that can form as a result
of internal stresses after quenching. Although a complete transformation
is rare in AISI304 steel, the cryogenic treatment can contribute to this
development. In addition, atomic diffusion is severely restricted at
cryogenic temperatures, reducing the likelihood of significant chromium
carbide formation while allowing the formation of very fine
nanoprecipitates.

Cryogenic quenching can also help to reduce internal stresses
through thermal cycling, which can relieve microscopic stresses. However,
it is important to note that it can paradoxically increase the density of
dislocations due to thermal shocks and induced stresses. These
dislocations, although more numerous, could have different characteristics
from those generated by machining, thus affecting hydrogen trapping.
Finally, the cryogenic treatment could improve microstructural
homogeneity by inducing very fine transformations or precipitates, thus
contributing to a more uniform microstructure.

Conditions of electrochemically-hydrogen charged
specimens

After the cyclic treatment, the specimens are electrolytically pre-charged
with hydrogen. The method consists of using an enclosure containing a
0.05M (H2S0.) aqueous solution of sulfuric acid equipped with two
electrodes, an unattackable platinum anode and a cathode connected to




the specimen, as illustrated in Figure 4 (a) and (b). Charging was carried
out at room temperature with a current density equal to 100 mA/cm? for
different durations, similarly to the author’s work (Depover et al., 2014;
Aurélie Laureys et al., 2020; Cauwels et al., 2019; Hamissi et al., 2016;
Amar, 2023).

_I|+
Ul

Specimen 1d =100 mAicm? Ptelectrode

Cathode

0.05M Hz504 + H20

@ ‘ (b)

Figure 4 — (a) Hydrogen-loaded specimens in 0.05M (H2S04) (pH=1.32) and (b)
schematic of the experimental cathodic hydrogen charging (Depover et al., 2014)

Mechanical tensile test

This experimental section describes the use of a universal
(tension/compression) testing machine manufactured by Frank Karl
GMBH to perform mechanical fracture tests on specimens preloaded with
hydrogen. The tests were performed at a displacement speed of 20
mm/min, chosen according to the calibration of the laboratory machine.
This equipment has an accuracy criterion of class 0.5, with a total
measurement uncertainty of between 0.1% and 0.25%. These
specifications correspond to those on the machine's nameplate and
comply with DIN 50125 (DIN TASCHENBUCH 19, 1975).

Immediately after the loading process, the samples were
characterized mechanically at room temperature using a tensile testing
machine supplied by Karl Frank GMBH (He et al., 1999; Hamissi et al.,
2016) with a maximum load capacity of 400 kN and a nominal speed of (§=
20 mm/min) equipped with a table to plot experimental tensile curves
(stress/strain), in order to calculate the different mechanical properties and
study the hydrogen embrittlement (HE) of the steel studied, presented in
Figure 5 (a), (b), and (c) and described in detail in Table 3.
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Figure 5 — Tensile machine Karl Frank GMBH used: (a) universal testing machine, (b) the
specimen before tensile fracture, and (c) the specimen after tensile fracture (Amar, 2023)

Results and discussions

Mechanical properties

Table 3 presents the data results of the mechanical properties after
the preloading protocol and the mechanical test by low tensile fracture at
room temperature.

The data results of the mechanical tensile tests obtained are shown
as experimental curves in Figures 6, 7, and 8 below.

The analysis of these curves shows a slight decrease in the
resistance of the material as a function of the quantity of absorbed
hydrogen represented by the loading duration, as Figure 6 shows. This is
in agreement with the work carried out by various researchers who
stipulate that hydrogen, by diffusing in the atomic form in the material,
regroups in the form of (Hz) gas to occupy the existing defects and
consequently exerts internal pressures (Murakami & Matsunaga, 2006),
which reduces resistance (Hamissi et al., 2016). Firstly, Subfigure 6 (a)
represents a decrease sensitive to the values of the mechanical resistance
stress strength (Rm) as a function of hydrogen pre-charging time in hours.
In parallel, a comparison of these values with the reference sample which
presents a significant value is greater (Rmain > Rmg)) of the order of
Rmein @ 686+7.03 MPa to Rmg): 532+4.44 MPa or the mechanical
resistance passes through a minimum value of the order of Rmg :
51515.25 MPa, see Table 3. Secondly, a behavior expected by a yield
strength (Re) in (MPa) as a function of the level of number of hours of




hydrogen preloaded, which represents a progressive reduction at this yield
compared to the initial Reai, is of the order of Reai): 589+1.79 MPa to
Rer): 286+6.24 MPa, up to the duration of 13hours or this yield strength
passes through less significant values of the order of Re): 1911£9.82 MPa,
as Subfigure 6 (b) shows. According to the two parameters of the variation
of the mechanical resistance, stress strength Rm) and yield strength Re)
in (MPa) undergo drops and progressive reductions compared to the initial
Rein value.

Table 3 — Mechanical characteristics of AISI304 after electrochemically-hydrogen preloading

Data results of tensile strength after preloading of hydrogen
e | svong, | srngn, | svengh, | Elrgator | Seducton | s
N rs] | [vsl | [FR]

Specimens

in (hours) | Rm, MPa | Re, MPa | Rr, MPa A, % Z,% HRV 30
As-delivered | Uncharged | 686+7.03 | 589+1.79 | 414+1.12 41.5 78.8 227
Specimen. 1 1hour |532+4.44|286+6.24 | 302+5.47 58.2 79.7 166
Specimen.2 2 hours |553+3.43 | 254+7.77 | 334+£3.94 57.7 78.6 172
Specimen.3 | 3 hours |553+3.43 | 246+8.15 | 336+2.42 56.5 79.7 172
Specimen.4 | 4 hours |549+3.63 | 238+8.63 | 350+3.18 61.3 81.9 171
Specimen.5 | 5hours |541+4.01 | 238+8.53 | 342+3.56 58.2 80.8 168
Specimen.6 | 6 hours |551+0.24 | 238+8.53 | 358+2.80 59.6 80.8 172
Specimen.7 | 7 hours |545+3.82 | 230+8.91 | 358+2.80 57.9 80.8 170
Specimen.8 8 hours |551+3.53 | 238+8.53 | 350+2.80 58 80.8 172
Specimen.9 | 9hours |541+4.01 | 230+8.91 | 358+2.80 57.8 80.8 166
Specimen.10 | 10 hours | 543+3.91 | 230+8.91 | 334+3.94 69.4 82.9 169
Specimen.11 | 11 hours |525+4.77 | 230+8.91 | 350+3.18 57.1 80.8 165
Specimen.12 | 12 hours | 515+5.25 | 222+9.29 | 342+6.60 64.5 81.9 158
Specimen.13 | 13 hours | 515+5.25| 191+9.82 | 350+3.18 57.8 80.8 158

The result is that this type of AISI304 steel studied is fragile under the
effect of the industrial conditions adopted (Robertson et al., 2015; Cauwels
et al., 2019) and in tests in the presence of the aggressive environment,
the solution used is (H>SO,) acid at 0.05M with nitrogen bubbling (EI Hilali
et al., 1999) and different loading times in hours. Thus the value of the
density of the applied polarization is 100 mA/cm? in order to carry the
internal microcracks induced by the influence of these mechanical
properties due to the absorption of charged hydrogen, as Subfigure 9 (b)
shows. The yield strength (Re) and the failure strength (Rr) decrease, as
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Figure 6 shows, with the increase in the tempering temperature due to the
mobility and movement of carbon atoms towards preferential sites, the
decrease in carbon concentration in the martensite quenched due to the
diffusion of carbon atoms in cementite, and the decrease in dislocation
density and lowering of hardening (Bhadeshia & Honeycombe, 2006).
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Figure 6 — (a) Variation of the resistance of stress strength, Rm, yield strength, Re and
failure strength, Rr, and (b) the yield strength of AISI304 steel with loading duration in
hydrogen medium sulfuric acid (H2SQO4)




Plasticity variation

Figure 7 shows the variation of the plasticity properties for the steel
studies, which is improved by the hydrogen preloading conditions in order
to undergo a light increase in percentage reduction Z (%) compared to the
reference Zain (78.5 %) to Zn) (79.7 %) in order to reach a value that
becomes stable throughout the level in hours, which is Z) - 80.8 %. This
leads to a variation in the percentage elongation A (%) , which increases
relative to the reference condition from Anir- 41.5 % to An) - 58.2 % until
it stabilizes at a plasticity value of An) of 57.8 %, as Table 3 shows. We
also note that, in general, the variation in the plasticity values of the (Z%ain
< Z%w)), (A%nin < A%p)) steel studied at the maxima increases
significantly and remains almost constant throughout the hydrogen time
loading stage in hours due to the duration and the sets of heat treatments
of tempering at 700°C (El Hilali et al., 1999) and thus the use of the
protocol immersion in succession following the cycle applied by cold
quenching at -196°C (Prieto & Tuckart, 2017; Amar, 2023).

The experimental results obtained show that the plasticity indicators,
ZH% and AH%, increase in the presence of hydrogen compared to the
unloaded specimen, Z(Air)%, A(Air)%, in its delivery state and without heat
treatment. This increase is directly correlated to the maximum number of
dips during cryogenic quenching cycles at -196°C. Furthermore, this
observed improvement in the plasticity indicators is attributed to the initial
grain refinement, similarly to the results in the work (G. Prieto & Tuckart.,
2017), which contributes to reduce the surface porosity of the studied
AISI304 steel.
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Figure 7 — Plasticity variation against hydrogen loading time
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Hardness

Figure 8 shows the results of the evolution of hardness which
undergoes a change in the level of loading time in hours. We noticed
(HRV(ain> HRV#)) that the reference specimen presents the greatest value
in HRV(air of the order of 227 N/mm? in relation to other test specimens
which are pre-loaded during different hydrogen cathodic charging times of
the order of HRV ) of 166 N/mm?2. Where the hardness passes through a
minimum value, HRV hardness (HRV)) is of the order of 158 N/mm?, as
Table 3 shows.
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Figure 8 — Evolution hardness HRV versus hydrogen loading time

The AISI304 austenitic steel (quenched/tempered) possesses a
martensitic structure after the previous heat treatments. Its structure can
be embrittled by hydrogen (HE), which may manifest as transgranular
facies characterized by an initiation site (inclusions) known as "fish eye".
This type of defect can be highlighted during mechanical stress through
tensile fracture tests. The results in a decrease in elongation at fractures
and necking are shown in Subfigure 9 (b). It is a consequence of hydrogen
enrichment at inclusions, grain boundaries, and micro-cavities, as well as
carbide precipitations (trapping). These interfaces can be embrittled in the
presence of hydrogen due to an inclusionary state, a precipitation state,
segregation of chemical species, and residual austenite.

States of specimen faces

The study investigates the microstructure and fracture characteristics
of AISI1304 steel through various mechanical tests. Tensile tests conducted




in the air serve as a baseline, revealing the specimen crude state without
any heat treatments, as Subfigure 9 (a) shows. In contrast, the tests
performed in the hydrogen environment for 13 hours, following quenching
at 1050°C and tempering at 700°C, show significant internal cracking
along the edges of the cylindrical specimen (Subfigure 9 (b)) (Aurélie
Laureys et al., 2020). This damage is attributed to a high concentration of
absorbed hydrogen which adversely affects the matrix integrity under
industrial conditions. The findings highlight the detrimental impact of
hydrogen exposure on the mechanical properties of AISI304 steel. The
diffusion and penetration of hydrogen molecules, particularly in the form of
(H2), are more pronounced in the austenitic phase (y) of metals compared
to the ferritic phase (a), even at room temperature (Frappart et al., 2011).
This phenomenon leads to a significant deterioration of the metal's
mechanical properties under various mechanical stresses during
application. The observations regarding AISI304 steel, which was
mechanically deformed and subjected to tensile loading, reveal a
heightened sensitivity to crack initiation (Subfigure 9 (b)), with numerous
inclusions present on the surface of the hydrogen-loaded samples. The
deformed samples show an increased concentration of dislocation tangles
at the interface with the matrix, resulting in localized hydrogen
accumulation that promotes crack formation. Additionally, the presence of
mico-voids (Subfigure 11 (b)), further accelerates the hydrogen
embrittlement mechanism. The high number of inclusions in the material
(Subfigure 10 (b)), along with the initiation of cracks at the grain boundaries
and near these inclusions, suggests that they may act as nucleation points
for hydrogen-induced cracks.

(a) (b)
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Figure 9 — Specimen faces after mechanical fracture at tensile testing: (a) crude state
faces, and (b) propagation of cracking faces, after the hydrogen pre-loaded state of
13hours

This results in a localized increase in hydrogen molecule
concentration at the interface of the test specimen, promoting the onset of
cracks. Additionally, a greater number of voids are present, which also
accelerates the hydrogen embrittlement mechanism (H.E.M). Since the
number of inclusions in the studied material is very high and initiatory
cracks have also been found on the grain boundaries and near inclusions
(Subfigure 10 (b)), they could also serve as nucleation points and voids for
cracks induced by hydrogen.

Microstructures evolutions

For this, we carried out mechanical polishing and chemical attack with
the 10% solution of oxalic acid (C2H20.), including the composition of 10
grams of oxalic acid in 100 millilitres of distilled water with an attack
duration of 15 to 40 seconds under a voltage of 6 volts to reveal the
microstructures represented in Subfigures 10 (a) and 10 (b) by optical
microscopic (OM) reference Leica DM4-GMBH. Subfigure 10 (a)
represents the microstructural analysis of the sample in the rough state
without heat treatment. It can be seen that the microstructure is composed
of several austenite platelets that are homogeneous with each other, with
the total absence of precipitates, carbides, inclusions and microcavities.
The corresponding microstructures, as Subfigure 10 (b) and Subfigure 11
(b) show, in the condition of austenitic and tempered AISI304 steel,
followed by hydrogen charging for 13 hours, show a transformation to the
martensitic (M) structure composed of several platelets with a lath-like
interior bearing a high density of carbide precipitates and inclusions at the
grain boundaries. Using the optical microscopy (OM) technique, an
observation of the microstructure of the sample pre-loaded with hydrogen
for a duration of 13 hours has revealed a dark area on the matrix near the
inclusion known as the optical dark area (ODA), commonly referred to as
"fish-eye" defect (Subfigure 12 (b)), similarly to the research conducted by
(Murakami & Matsunaga, 2006). Based on these observations, it is noted
that the growth in the number of ODAs is not attributed to the application
of mechanical fracture solicitations by tensile loading but rather induced
by the effect of the high mobility and rapid propagation of diffusible
hydrogen (H) localized within interstitial sites, and microstructural defects
trapped along the ODA-included zone.

On the other hand, the number of inclusions, as defects, is
consistently incoherent with the matrix and serves as high-energy trapping




sites. In the regions where there were few inclusions, hydrogen appeared
to weaken the grain boundaries, particularly at the interface between
inclusions and the matrix. That led to embrittlement of the studied material
without a change in the rupture mode, which continued to be ductile. The
same evolution observed by scanning electron microscopy (SEM)
(Subfigure 11 (b)) shows a high density and different sizes of ODA zones
which are increased and closely spaced among themselves and with
carbide precipitates at grain boundaries, depending on the adopted
industrial conditions that promote hydrogen loading: the aggressive
environment containing dihydrogen, a high density of the applied current,
and the hydrogen content diffused with respect to loading durations in
hours.

(a) (b)

Figure 10 — (a) Optical microscope (OM) images of the rough microstructure of the
stainless steel studied (x20um), and (b) the microstructure of the AlISI304 steel pre-
loaded with hydrogen, presented around ODA inclusions and a large density of carbide
precipitates, small and medium-sized (x20um).
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Figure 11 — (a) Scanning electron microscope (SEM) image of the rough microstructure of
AISI304 austenitic stainless steel (x60um), and (b) the optical dark areas of steel loaded
with hydrogen presented around ODA inclusions (fish eye), microcavities and large
carbide precipitates in the grain boundaries (x50um)

ODA

Inclusion

(c) (d)

Figure 12 — (a) Scanning electron microscope (SEM) image of the optical dark areas
(ODAs) of the AISI304 steel pre-loaded with hydrogen for 13hours, presents micro-
cavities and the ODAs around the inclusions (fish eye) (x50um). (b) The optical
microscope (OM) image of the AISI304 steel pre-loaded with hydrogen for 13 hours
presents the ODAs around the inclusions (fish eye) (x20um). (c) The optical micrograph
of the fracture origin (JIS SCM435, o = 561 MPa, Nf = 1.1x108) with the optical dark area
(ODA) around the inclusion. (Murakami et al., 2006) (x50um). (d) and (e) The scanning
electron microscope (SEM) image of the inclusions in the QTM9 alloy (Murakami et al.,
2013) (x20 um) and (x5 um)

Under the influence of deformation constraints, the hydrogen pre-
loaded into the studied material, as a function of loading durations in hours,
will be transported by dislocations to the area of maximum stress plasticity.
The accumulation of hydrogen in defects leads to the formation of cracks.
The formation of molecules along a row of adjacent hydrogen atoms
causes the anchoring of dislocations. At the same time, a fragile zone is




created, where maximum stress develops, reducing the resistance to
rupture of the zone and leading to the creation of micro-cracks (Lo et al.,
2009). The coalescence of these micro-cracks under the effect of high
pressure from hydrogen molecules into a large crack causes the
displacement and advancement of this crack. Carbide precipitations at
grain boundaries (Lee & Lee, 1987; Aurélie Laureys et al., 2020) or the
presence of high-density carbides in various forms of carbide precipitates
(Laureys et al., 2018), due to the penetration of the hydrogen molecule
(H2), form which is called a "fish eye" defect, as Subfigure 11 (b), Subfigure
12 (a) and Subfigure 12 (b) show, validated by the work of (Murakami &
Matsunaga, 2006), as Subfigures 12 (c), 2 (d), and (e) show (Murakami et
al.,, 2013). In parallel, these small coherent and/or semi-coherent
precipitates are associated with low-energy traps. However, they can trap
a large amount of hydrogen, while incoherent precipitates are associated
with high-energy traps that trap very little hydrogen (Subfigure 10 (b))
(Frappart et al., 2011).

Scanning electron microscope (SEM) analysis

A reference Scanning Electron Microscopy (SEM) Quanta FEG650
(accelerating voltage at 20.00Kv, spot size of 5.0nm) in combination with
Energy Dispersive X-ray Analysis (EDXA), for the observation of fracture
surfaces on cylindrical specimens, has revealed large inclusionary zones
where the number of these inclusions represents privileged sites for the
initiation of internal cracks in the mechanism of hydrogen-induced cracking
(HIC) (Jin et al., 2010). That is particularly true for the HIC phenomenon.
The nature of these ODA (Optical Dark Area) inclusions (Jin et al., 2010)
is characterized by their shapes, sizes, numbers, and distribution state,
which are their main characteristics. These characteristics have a
significant influence on the cracking process in the presence of hydrogen
molecules (Hz). The most harmful inclusions are coarse and closely
spaced elongated inclusions (Murakami et al., 2013), as shown in
Subfigures 12 (a) and (b). This results in a fracture surface where the
metallic matrix is less ductile, and micro-cavities that appear at the particle
interfaces can act as internal cracks. If the stress intensity factor exceeds
the toughness of the material under study, crack propagation then leads
to sudden fracture, which is highly brittle, as depicted in Subfigure 9 (b).

The ODAs around the inclusions observed in Subfigure 10 (b) and
Subfigure 11 (b) play a significant role in the damage to the studied
material. Indeed, the deformation incompatibility between the inclusions
and the matrix can lead to local stresses that favour either inclusion
fracture or interface decohesion. If the metallic matrix surrounding the
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inclusions is ductile, the microcavities created during plastic deformation
subsequently grow and ultimately lead to final fracture, typically through
the process of coalescence, as depicted in Subfigure 12 (c) (Murakami &
Matsunaga, 2006).

In this case, it can be concluded that the influence of hydrogen loading
of AISI304 material is indeed significant for tensile rupture, especially
when the surface of the fracture face of the sample, quenched/tempered
and subsequently loaded for a prolonged duration of 13 hours, exhibits
numerous internal cracks in all directions (Subfigure 9 (b)). In parallel, the
microstructure matrix observed by SEM represents zones formed by
several microcavity holes (Subfigure 11 (b)). This is where carbide
precipitates at grain boundaries come into play, exerting their effects by
accelerating hydrogen trapping.

The SEM ODA observation represents an intelligent quantitative
analysis of the elemental composition of the material studied by EDAX,
showing significant changes following the thermal treatments applied and
the hydrogen loading process. A significant reduction in the percentages
of the key elements is observed compared to the unloaded specimen (in
as-delivered condition). Specifically, the carbon content is 6.46% by
weight, iron 60.14% by weight, nickel 6.31% by weight, chromium 15.22%
by weight, and sulphur 0.76% by weight. In addition, the typical spectral
analysis representing the characteristic peaks of the identified elements of
a sample preloaded with hydrogen shows the total absence of the
elements of aluminium and molybdenum in this treated material. These
results are supported by visual representations of the data in Figures 13
and 14, and the reference tables, Tables 4 and 5 in particular. Overall, the
results show a significant change in the elemental composition of the
material as a result of the electrolytic loading process under the industrial
conditions adopted.
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Figure 13 — (a) Scanning electron microscope (SEM) microstructure (as-delivered
condition) of AISI304 stainless steel (x20um); and (b) Energy-Dispersive X-ray Analysis
(EDXA) microanalysis of the elemental composition of AISI304 steel in crude state

Intelligent quantitative results before electrochemically-
induced hydrogen loading

The data presented in Table 4 summarise the intelligent quantitative
results, expressed in weight percent (%). These results were obtained
under as-delivered conditions prior to the implementation of
electrochemically induced hydrogen conditions.

Table 4 — Intelligent quantitative results of AISI304 in crude state before
electrochemical hydrogen loading

Intelligent quantitative results

Element % mass % atomic  Total Intensity Error %
CK 7.64 25.67 121.29 12.75
FK 419 8.89 278.13 11.33
AIK 0.58 0.87 51.09 15.74
SiK 0.69 0.99 82.02 10.66
MoK 0.46 0.57 61.86 12.37
CrkK 16.08 12.47 1491.38 3.55
MnK 1.42 1.04 101.55 10.10
FeK 61.71 44.56 3694.93 2.47
NiK 6.53 4.49 286.49 5.34
CuK 0.70 0.44 25.35 22.95

(a) (b)
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Figure 14 — (a) Scanning electron microscope (SEM) image of the microstructure of the

AISI304 stainless steel specimen after 13 hours of electrochemical hydrogen charging

(x20um), and (b) Energy-Dispersive X-ray Analysis (EDXA) microanalysis indicating the
ODAs around the inclusions contained in AISI304 steel

Intelligent quantitative results after electrochemical
hydrogen preloading

The initial Intelligent quantitative results expressed in wt (%) of the
matrix composition after electrochemical hydrogen preloading are detailed
in Table 5.

Table 5— Intelligent quantitative results in wt (%) after hydrogen preloading

Intelligent quantitative results

Element % mass % atomic  Total Intensity Error %
CK 6.46 22.39 93.18 13.07
FK 4.38 9.82 272.59 11.30
SiK 0.66 0.98 71.44 11.39
SK 0.76 0.66 62.76 12.30
CrK 15.22 12.99 1371.09 3.58
MnK 1.22 1.15 98.95 10.64
FeK 60.14 47.07 3436.50 2.48
NiK 6.31 4.51 252.83 5.70
CuK 0.65 0.43 21.6 29.69

The analysis of Figures 13 and 14 reveals a significant result
concerning the presence of sulphur in the materials examined.
Specifically, the raw structure shows no sulphur content, whereas the ODA
microanalysis indicates the emergence of sulphur (S).

This presence of sulphur is critical because it can react with hydrogen
to produce hydrogen sulphide (H2S). The formation of H2S is linked to the
development of hydrogen embrittlement (HE) in AlSI304 stainless steel.
Consequently, sulphur is identified as a harmful element that adversely
affects the material's resistance to hydrogen embrittiement, highlighting its
detrimental impact on the integrity of the steel.




Conclusion

This experimental study investigates the influence of hydrogen
induced by the electrochemically-hydrogen preloading process on AlSI304
stainless steel ductility, tensile strength, and fracture behavior. Based on
the experimental results and analysis using optical microscopy (OM), X-
ray diffraction (XRD), and scanning electron microscopy (SEM), the
conclusions are drawn as follows:

The variation in the mechanical stress strength (Rm), yield (Re), and
failure (Rr) of AISI304 austenitic stainless steel decreases significantly
with the increase in the duration time in hours of hydrogen preloading. That
can be explained by the fact that hydrogen, diffusing into the atomic lattice
of the steel in the form (H), causes weakening of the metallic bond which
causes the resistance to decrease until the material breaks.

The increase in the tempering temperature leads to a decrease in the
variation in mechanical strength: (Rm), (Re) and the (Rr) with an increase
in ductility A (%), Z (%).

The effects caused by the hydrogen embrittlement (HE) phenomenon
on AISI304 stainless steel are characterized by a decrease in its ductility,
which sometimes undergoes a sudden embrittlement.

Heat treatments and electrolytic hydrogen charging can significantly
improve the plasticity of AISI304 austenitic stainless steel.

In cathodic loading, the conditions involved (charging time in hours,
high current density, high acid concentration) can lead to a substantial
difference in hydrogen concentration between the surface and the core of
the internal matrix structure.

All second-phase particles (y) residual, carbide precipitates,
inclusions of small, medium, or large size, as well as interfaces and
interphases, can be considered as inclusions. Their mechanical properties
and hydrogen transport and segregation mechanisms differ from those of
the matrix, particularly in the case where the structure is martensitic. That
can be explained by the fact that hydrogen diffusing into steel creates a
pseudo-martensitic transformation.

Optical Dark Areas(ODAs) surrounding inclusions manifest as black
spots, corresponding to regions of hydrogen accumulation either in the
molecular form (Hz) or combined with sulphur in the form H,S. These two
gases are responsible for the HE phenomenon in AISI304 austenitic
stainless steel.

Symbols and abbreviations
Rm: Tensile strength, [TS], (MPa)
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Re: Yield strength, [YS], (MPa)

Rr: Failure strength, [FS], (MPa)

A: Percentage elongations, in (%)

Z: Percentage reduction, (striction), in (%)
HRV (30): Hardness vickers, in (N/mm?)
&: Nominal speed, in (mm/min)

E: Young’s modulus, in (MPa)

v: Poisson’s modulus

y: Austenitic phase (A)

a: Ferritic phase (F)

M: Martensitic structure (M)

A : Austenitic structure

ODA: Optical dark area
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cymriopHe kucenuHe (H>SO4). MexaHuyka ucriumueara Cy epuwieHa Ha
KuQanuyu yHugep3anHoz murna 83431 cbupme ,Kapn ®paHk GmbH”.
Enpyseme cy MUKPOCKOICKU ucriumaxe rnoMoRy ormuykoe MUKpOocKorna
(OM), Oucppaxuuje X 3paka (XRD) u  ckeHupajyhe enekmpoHcke
mukpockonuje (SEM). Y nipouecy ekcriepumeHmarnHe Kapakmepusayuje
uspaheHe cy yunuHOpuyHe eripyseme Koje cy 3amum rodspeHyme
mepmuydkoj 0bpadu (aycmeHusayuju), 00 karbera 00 omrywmarka, Kao u
UUKIycy HakHadHe usrnoxeHocmu xnadHohu Ha -196°C y mpajarsy 00 35
MUHYymMa.

lpedonmepeher-e 8000OHUKOM U3BEOEHO je erleKmpoXeMUjCKUM rymem —
3a pasnuyuma spemeHa onmepehera y camuma.

Pesynmamu: Pe3ynmamu cy nokasanu 0Oa ce ymuuaj 6000HUYHE
Kpmocmu Ha Hephajyhu udenuk AISI 304 oeneda y cMmarerby
OykmunHocmu U roHekad y Haeroj kpmocmu. Oea rmojasa je
KOH3UCMEHMHO yodyeHa u y padosumMa dpyaux aymopa Koju cy ykasasu Ha
eybumak OykmurnHocmu ycried MapmeH3uUmHe mpaHcgopmayuje
aycmeHuma rpoy3pokosaHe deghopmayujom u dughy3ujom 8000HUKa.

Sakrbyuak: Yecmuue Opyee ¢hase — kapbudHuU npeyunumamu, UHKITy3uje
marnux, cpedrUX UMU 8eslUKUX OUMeEH3Uja, uHmepgejcosu u meRhydghase
Mo2y ce cmampamu UHKIy3ujama. Hbuxoea MexaHU4Yka ceojcmea U
mpaHcrnopm 8000HUKa, Kao U MexaHU3Mu ceapezaauuje, pasfukyjy ce od
OHUX Koju OOMUKYjy Mampuuy, Hapoyumo Yy  MapmeH3UMHUM
cmpykmypama. Yodaear-e ormu4ku mamHe obriacmu (optical dark area —
ODA) u upHuUx mavaka ykasyje Ha mo 0a je 8000HUK KOHUeHmpucaH umnu y
monekynapHoMm obnuky Ho unnu kombuHosaH ca cyMropom y obruky H»S.

KreyuyHe peyqu: Hephajyhu uenuk AISI 304, mepmuyka o6pada,
MexaHuy4Ka ceojcmea, orimepehere 8000HUKOM, 80OOHUYHA Kpmocm,
MUKpoCcmpyKkmypa
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Abstract:

Introduction/Purpose: Water pollution by organic compounds such as
phenol poses a major environmental risk. This study aims to compare the
catalytic efficiency of ZSM-5 and BEA zeolites, doped with iron (Fe) and
copper (Cu), for the wet oxidation of phenol using hydrogen peroxide
(H20;).

Method: BEA and ZSM-5 zeolites were synthesized via hydrothermal
methods, then ion-exchanged to incorporate Cu?* and Fe?”. The catalysts
were characterized using XRD, FTIR, SEM, and XPS. Phenol oxidation
was carried out at 80 °C in aqueous medium with an H,Oxphenol molar
ratio ranging from 10:1 to 15:1. The reaction products were analyzed by
HPLC.

Results: The crystalline structures of the zeolites were maintained after ion
exchange. The metals were well dispersed on the surface. Fe-BEA and Fe-
ZSM-5 catalysts showed the highest activity (up to 99% conversion),
followed by Cu-BEA (88%) and Cu-ZSM-5 (68%). The pure zeolites
exhibited low activity (<10%). The optimal H,O,/phenol ratio was 14:1. Fe-
BEA proved to be the most effective, combining high activity with enhanced

diffusion within the pores.
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Conclusion: Iron-exchanged zeolites, particularly Fe-BEA, are highly
effective catalysts for phenol oxidation in aqueous media, outperforming
both copper-doped and pure forms. The porous structure and the nature of
the metal are key factors determining catalytic performance.

Keywords: ZSM-5, BEA, hydrogen peroxide, phenol oxidation,
heterogeneous catalysis

Introduction

Water pollution is a major threat to our health, to the environment and
also to life, due to the strong industrialization which releases various toxic
pollutants into the environment. Phenol is one of the most common forms
of toxic chemical pollutants due to its frequency in waste water from
various industries such as petrochemical (Alattar et al, 2024),
pharmaceutical (Keshri & Dutt, 2021), stationery (Mohd, 2022), plastic
(Shirvani et al, 2025 ), and agrifood (Said et al, 2021) .

Various technologies of treatments are used for the removal of
phenol; the choice of treatment depends on the level of phenol
concentration, ease of control, reliability and effectiveness of the treatment
(Sun et al, 2025; Peng et al, 2023; Zhang et al, 2025; Liu et al, 2021;
Khader et al, 2024).

Wet oxidation based on solid catalysts is one of the methods used for
the treatment of organic effluents, when their concentrations are too low to
be incinerated and too high for biological treatment (Mumtaz et al, 2024;
Pan et al, 2025; Chen et al, 2025; Thomsen et al, 2022). Therefore,
researchers have studied the catalytic activity of various types of catalysts
in oxidation, which uses hydrogen peroxide under mild conditions
(Broekman & Deuss, 2024; Cao et al, 2025).

Heterogeneous zeolite catalysts have high activity in oxidation
reactions (Tian et al, 2024; Jiang et al, 2025). This efficiency depends
considerably on the chemical composition, the method of preparation and
the nature of metal species dispersed on the catalyst (Martins et al, 2022 ;
Shaida et al, 2023; Toloza-Blanco et al, 2024; Dou, 2025).

Previous studies have reported that the oxidation of phenol by
hydrogen peroxide on zeolite-based catalysts was influenced by several
factors such as pH, temperature, nature of metallic species, and method
of preparation (Jiang et al, 2017; Aziz et al, 2016; Liu et al, 2021; Saputera
et al, 2021; Villegas et al, 2024).

The zeolites of types Y, BEA and ZSM-5 have wide industrial
applications (Kumar et al, 2024; Avila et al, 2024; Diallo et al, 2016; Zang
et al, 2023; Wu et al, 2020; Liu et al, 2021; Lee et al, 2018; Liu et al, 2023).
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These zeolites have particular and interesting catalytic properties, uniform
microporous structure with a pore size perfectly calibrated (zeolites with
large and medium pores), a large specific surface area, high acidity and
high thermal stability.

Zeolites also have the property of great adaptability, while the sizes
of these pores make zeolites potentially suitable for adsorption and
conversion of large molecules with large applications in phenol oxidation
reactions (Bania & Deka, 2013; Xie et al, 2017; Ghaffari et al, 2019;
Nguyen & Carreon, 2022).

As far as the objective is concerned, the current study is the first of
such research available in the open literature on the comparison between
the two zeolites, BEA and ZSM-5, exchanged by copper and iron via the
oxidation of phenols.

The main objective of this work is to carry out a comparative study
between the catalytic performances of materials based on ZSM-5 and BEA
zeolites doped with copper and iron prepared by cation exchange in
phenol oxidation by hydrogen peroxide.

Experimental

Materials

The chemicals used in this research study are as follows: fumed silica
(99%, Cab-ail), silica gel 60 (Merck), sodium aluminate (purchased from
Reidel-Haén), tetraethylammonium hydroxide TEAOH (20%, Fluka),
tetrapropylammonium bromide (TPA-Br, 99%, Merck), sodium hydroxide
(NaOH; 98%), ammonium chloride (Sigma Aldrich), iron (Il) chloride
(Sigma Aldrich), copper (Il) chloride (Sigma Aldrich), and phenol (Flucka,
99%). Throughout all experiments, demineralized water was used.

Synthesis of zeolites

Synthesis of BEA zeolites

A quantity of sodium-aluminate was added into an aqueous solution
containing demineralized water and TEAOH under stirring at room
temperature. The fumed silica was added delicately with vigorous stirring.
The reaction mixture, containing a molar ratio of 2.07 Na-O: 20 TEAO:
AlOs: 110 SiO2: 1550 H,O was subjected to stirring for 4 hours at room
temperature.

The mixture was then crystallized in Teflon-lined stainless-steel
autoclave at 150 °C for 3 days. The solid and liquid phases were separated
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by centrifugation; the recovered solids were washed several times with
distilled water, then dried at 80 °C and calcined at 550 °C for 8 hours.

Synthesis of ZSM-5

The ZSM-5 zeolite was synthesized from a solution of molar
composition: NaAlOz: 100 SiO2: 12.5 Na0:25 TPABr 1100 H:O0.
Tetrapropylammonium bromide is introduced in an alkaline solution of
aluminate prepared in our laboratory from aluminum hydroxide. After
obtaining a clear solution, the silica gel was added slowly in order to avoid
the formation of lumps. The mixture formed was homogenized at room
temperature under stirring for 4 hours before the hydrothermal treatment,
then sealed in a stainless-steel autoclave. Hydrothermal crystallization
was carried out at a temperature of 150 °C for two days. The solid
recovered by filtration was washed several times with demineralized water,
then dried overnight at 80 °C. Then, the product was calcined at 550°C for
8 hours.

Preparation of catalysts

Once the BEA and ZSM-5 zeolites were synthesized, and before
copper and iron were incorporated, a first ion exchange step with
ammonium chloride 0.01 mol was performed to replace the Na* cations
present in the zeolite network by NH.*. Usually, this treatment is used to
generate the acidic form of zeolites by thermal degradation of ammonium.
The zeolite produced was subjected to calcination for 5 hours.

Chloride solutions were prepared by the introduction of copper
chloride (CuClz) and iron chloride (FeCl,) salts into closed glass reactors
containing deionized water under agitation for a few minutes to complete
the homogenization of solutions.

Then, the adequate amount of solid (HBEA or HZSM-5) was
introduced in the reactor. The amount of solid was generally 1 g of solid in
100 cm?® of 0.01 mol exchange solution. The ion exchange experiments
were carried out at room temperature with stirring. The reaction time was
set at 24 hours. The catalysts obtained are recovered by filtration, washing
with demineralized water and drying overnight at 80 °C.

Characterizations

The solids prepared by ion exchange with copper and iron were
characterized by X-ray diffraction (XRD) using a PHILIPS PW1710
diffractometer (copper tube Ik. A: = 1.54060). The surface morphology of
catalysts was examined using a scanning electron microscope (SEM)
(FEG Quanta 200F FEI / Phillips). The Fourier transform infrared (FTIR)




spectroscopy analyses were carried out on a Nicolet FTIR 320
spectrophotometer in the range 4000 and 400 cm™. X-ray photoelectron
spectroscopy (XPS) was performed using a Thermofisher ESCALAB 250
system with Al K-alpha radiation. The spectra acquired were analyzed by
the XPS peak software.

Oxidation of phenol

The catalytic tests were carried out in a three-chamber flask,
equipped with a water condenser, a thermometer and a magnetic stirrer.
This bottle was placed in an oil bath and heated to 80°C under stirring at
500 rpm (Valkaj et al, 2011).

The reaction was carried out by dissolving 0.094 g of phenol in 100
cm? of water and transferred into a flask containing 0.01 g of catalyst. Once
the reaction mixture had reached the desired temperature, hydrogen
peroxide H20- (0.1 mol) was added dropwise into the reactor under stirring
for 3 hours.

The samples taken during the reaction were filtered through 0.2 pm
nylon membranes to analyze the reaction mixture. The concentration of
phenol and its conversion products were analyzed by high performance
liquid chromatography (HPLC).

Results and discussion
Characterization of catalyst

X-ray diffraction

The crystal structures of the prepared catalysts were verified by XRD
analysis. Figure 1 represent the XRD spectra of the parent zeolites and
their forms exchanged by the transition metals (iron and copper).

The comparison of these spectra revealed that all the distinctive lines
of the BEA and ZSM-5 zeolites were observed after the cationic exchange,
suggesting that the crystalline structure of both zeolites was preserved
(Chen et al, 2024; Sazama et al, 2020; Gabrienko et al, 2025).

The BEA zeolite catalyst diffractograms shown in Figure 1 were
characterized by a mixture of broad and subtle lines. This indicated the
presence of a disordered structure formed by the intergrowth of two
polytypes A and B as previously reported by Camblor et al. (1996).

All these catalysts revealed the same diffraction peaks that resemble
those of the BEA zeolite at 7.8 ° and 22.5 (IZA International Zeolite
Association, 2018). At the same time, the different lines of the zeolite
catalysts ZSM-5 observed in Figure 1 exhibited the same peaks in the
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range of 26 = 7-9 ° and 23-25 ° which are corresponding to the standard
phase of the ZSM-5 zeolite (Treacy & Higgins, 2007).
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Figure 1- XRD patterns of ZSM-5 (a), Cu-ZSM-5 (b), Fe-ZSM-5 (c), BEA (d), Cu-BEA (e),
and Fe-BEA (f) catalysts

In addition, no characteristic diffraction peak of copper and iron oxide
(26 approximately 35.5) was observed by XRD analysis in the modified
samples (Ji et al, 2014; Sobus et al, 2021), meaning that these two cations
are entered into the interior of the zeolite, or they were highly dispersed on
the surface of the zeolite (Song et al, 2016; Ren et al, 2019). Also, it can
be suggested that the concentrations of Fe and Cu ions were below the
XRD limits.

Thus, the intensities of each zeolite were reduced after the dispersion
of metals Fe or Cu; this is due to the dispersion of iron or copper in ZSM-
5 and BEA zeolites with X-rays absorption and the reduction of crystal
degree of crystallinity (Sun et al, 2016).

Infrared spectroscopy

The fundamental vibration bands that characterize BEA and ZSM-5
zeolites lattice were observed in the range of 400-2000 cm™. The
comparison of the BEA zeolite catalyst spectrum exchanged with copper
and iron with those of zeolites synthesized (Figure 2) revealed the



https://doi.org/10.1016/B978-0-444-53067-7.X5470-7
https://doi.org/10.1016/j.seppur.2014.07.050
https://doi.org/10.3390/catal11081006
https://doi.org/10.1039/C6CY02124G
https://doi.org/10.1016/S1872-5813(19)30059-3
https://doi.org/10.1016/j.jaap.2016.08.015

presence of bands related to the characteristic vibrations of theBEA zeolite
(Lin et al, 2020).

The absorption bands at 529-547 cm™ and 433-434 cm™" were due to
the double cycles (D6R) and deformation of the internal bond Si -O in the
SiO4 tetrahedron.

The ratio of band intensities at 500 and 400 cm™ was often used as
an indicator of zeolite crystallinity (Coudurier et al, 1982). The samples
exhibited a ratio ranged from 0.7 to 0.8 indicating the presence of high
crystallinity materials. According to the literature (Bok et al, 1981, pp.
38505-38514), the ratio of bands was 0.8 for all BEA zeolites.

The bands at 1064-1076 cm™ were due to the asymmetric elongation
vibrations of internal links of TO, patterns. The vibration bands of
symmetrical elongation at 628.76 cm™' were attributed to the internal Si-O-
Al bond, while the frequencies at 1226 cm™ and 797-798 cm™ were due to
the bonds of the primary structural units.

The infrared spectra of ZSM-5 zeolites obtained before and after ion
exchange with iron and copper shown in Figure 2 exhibited the
characteristic bands of the ZSM-5 zeolite.

Therefore, the bands that appeared at 545.73-546.44 cm™ were
related to the vibrations of the secondary structural units (5-1) of an MFI
zeolite.
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Figure 2- FTIR spectra of the samples: BEA (a), Fe-BEA (b), Cu-BEA (c), ZSM-5 (d), Fe-
ZSM-5 (e), and Cu-ZSM-5 (f)
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The asymmetric elongation vibration band at 1067.82-1068.86 cm™’
and the symmetrical elongation vibration band at 628.4-628.87 cm™ were
attributed to the internal bonds of Si-O-Al. The bands at the frequencies of
795.42-596.47 cm™ and 1224.53-1225.10 cm™ were due to the bonds of
the primary structural units. The shifting of the bands was attributed to the
exchange of hydrogen cations for cations of copper and iron.

Scanning electron microscope (SEM)

The morphology of the catalysts was examined using a scanning
electron microscope (SEM). The images of different BEA and ZSM-5
catalysts are shown in Figure 3.

As reported, the crystal morphology of the iron and copper doped BEA
zeolites revealed a large number of crystals with assemblages of very
small crystals of the BEA zeolite.

Figure 3- Scanning electron microscopy (SEM) images of BEA, Cu-BEA, Fe-BEA, ZSM-5,
Cu-ZSM-5, and Fe-ZSM-5




The uniform shape and particle size were slightly greater than those
of the parent zeolite. In fact, during the ion exchange process, the
transition metals are distributed or doped on the parent zeolites.

Based on the images of different crystallite ZSM-5 zeolites, the
images showed an agglomeration of small, medium-sized crystals of the
order of 0.5 um with a shape characteristic of the ZSM-5 zeolite. The
particle size distribution and the morphology of the Cu-ZSM-5 and Fe-
ZSM-5 catalysts are approximately the same as those of the parent ZSM-
5 zeolite with no significant change in morphology. Furthermore, the
modified products inherit the morphology of the parent zeolite after the ion
exchange step.

X-ray photoelectron spectroscopy (XPS)

The chemical composition and the coordination between metal and
M-zeolite (Fe or Cu) zeolite were identified by XPS analysis. The
spectrums are depicted in Figure 4.

As shown in Figure 4.a, the spectra confirmed the presence of metal Fe in the
modified zeolites, the presence of binding energy around 711.88-712 and 724.68-
725.18 €V correspond to Fe 2p (3 / 2) and Fe 2p (1 / 2) (He et al, 2020),
respectively, which are bound to Fe " ions (Lin et al, 2018).

724583 71188 (2)
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Figure 4 - X-ray photoelectron (XPS) spectra of modified zeolites (a) Fe 2p and (b) Cu 2p

The decrease in the peak intensities of Fe 2p indicated that the
decline of iron species on the ZSM-5 zeolite surface might be due to ion
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exchange causing the iron species found on the surface to become
embedded inside the zeolite.

As shown in Figure 4.b, the XPS spectra of metal Cu confirmed its
presence in the zeolites exchanged with narrow regions Cu 2p.

According to the literature (Wang et al, 2019), a binding energy of 932.5-
952.3 eV corresponds to Cu 2p (3/2) and Cu 2p (1/2) attributed to Cu * species,
while peaks Cu 2p (3/2) and Cu 2p (1/2) located at 933.7 0.2 eV and 953.7 £ 0.2
eV, were attributed to the Cu ?* species.

The Cu 2P (3/2) and Cu 2P (1/2) peaks shown in Figure 4.b and
located at binding energies 933.7 £ 0.2 eV and 953.2 + 0.2 eV are the
essential characteristics of Cu ?* species.

Catalytic activity

Oxidant effect

A preliminary series of experiments was carried out to examine the
behavior of zeolites containing iron, copper, and pure zeolites to
distinguish the effect of adsorption and reaction.

Table 1- Conversion of phenol on zeolites: BEA, Cu-BEA, Fe-BEA, ZSM-5, Cu-ZSM-5, and Cu-
ZSM-5) with and without oxidant (T = 80°C, Cc Ph= 0.01 mol/l, Cc H202 = 0.10 mol/l, mcat =
0.10 g/l, and pH = 4.2).

Phenol ZSM5 Cu-ZSM-5 Fe-ZSM-5
+ + Cu- + Fe- +
H,0, ZSM5 H,0, ZSM5 H,0, ZSM5 H,0,

X Ph

% 35.7 6.36 29.38 9.69 68.03 6.16 98.1
Phenol BEA Cu-BEA Fe-BEA
+ BEA + Cu-BEA + Fe-BEA +
H>0, H>0, H>0, H>0

X Ph

% 35.7 6.98 30.31 8.45 88.61 7.33 99.3

At a temperature of 353 K under the conditions explained in the
experimental section after 180 min of reaction, the results of these
experiments are shown in Table 1.

During the evaluation of the prepared catalysts, a preliminary
experiment showed that phenol can be oxidized by hydrogen peroxide in
the absence of catalyst. The percentage of conversion was 35% after 3 h
of reaction.

As shown in Table 1, the experiments performed with pure zeolites
produced a conversion rate of 7% for the BEA zeolite and 6% for the ZSM-
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5 zeolite in the absence of hydrogen peroxide as an oxidant. The results
were quite similar to those of the zeolites doped with iron and copper with
a slight difference between the pure BEA and ZSM-5 catalysts and the
doped catalysts.

The results mentioned that the majority of removal phenol was carried
out by adsorption while the percentage of removal by oxidation was almost
negligible. Hence, the removal rate of phenol does not exceed 10%.

On the other hand, in the presence of H.O,, BEA and ZSM-5 catalysts
exchanged with iron and copper are more active, with a conversion rate of
99% for Fe-BEA catalyst, 98% for Fe-ZSM-5 catalyst, 88% for the Cu-BEA
catalyst, and 68% for the Cu-ZSM-5 catalyst.

This can be attributed to the limitation of diffusion of molecules into
the pores.

Interestingly, phenol was removed more easily by the Fe-zeolite than
that of Cu-zeolite catalysts, indicating the diffusion of phenol in the pores
of the iron-doped zeolites rather than that of the doped zeolites of copper.
This can be attributed to the thermodynamic properties and in particular to
the electrochemical properties of iron compared to copper (Alejandre et al,
2000).

The molecular sizes of hydrogen peroxide and phenol are listed in
Table 2 (Atoguchi et al, 2004).

The comparison between the data in Table 2 and the pore dimensions
of the BEA and ZSM-5 zeolites mentioned that hydrogen peroxide and
phenol can diffuse more easily in the pores of the BEA zeolite than that in
the pores of the ZSM-5 zeolite.

Table 2 - Molecular size of phenol and hydrogen peroxide

Molecule a, nm b, nm c, nm
Phenol 0.4792 0.4908 0.5090
H20:2 0.2476 0.2476 0.361

It can be suggested that zeolite catalysts containing iron and copper
are active for the oxidation reaction of phenol by hydrogen peroxide.

Another suggestion is that the difference in catalyst activity is caused
by the difference in the activity of zeolites. The redox properties of
transition metal cations such as iron and copper species promoted the
production of hydroxyl groups in the presence of hydrogen peroxide.
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In addition, it is assumed that the zeolite acidity can influence the
conversion of hydrogen peroxide, i.e., the highest rate of the formation of
hydroxyl radicals is obtained with zeolites having a greater acidity
(Bahranowski et al).

Effect of the molar ratio H202: phenol
The concentration of hydrogen peroxide plays an important role in the
stability of a catalyst in the oxidation reaction. The final conversion values

after 180 min of degradation of phenol at different molar ratios (H202:
phenol) are given in Table 3.

Table 3 - Effect of the molar ratio H202: Phenol on the conversion of phenol on BEA and
ZSM-5 catalysts exchanged with iron and copper at T = 80 ° C and pH = 4.2

Conversion rate (%)
H202: Phenol H202: Phenol H202: Phenol

10 :1 14 1 15 :1

Cu-ZSM-5 68,03 71,43 75,81

Cu-BEA 88,61 96,96 93,36
Fe-ZSM-5

98.1 99,01 99,09

Fe-BEA 99.3 99,7 99,54

As shown in Table 3, the oxidation of phenol was carried out using
zeolite-based catalysts exchanged with iron and copper, employing three
different H,O,: phenol molar ratios (10, 14, and 15). Increasing the H,0,:
phenol molar ratio from 10:1 to 14:1 led to a significant improvement in the
phenol conversion rate for all catalysts. This enhancement is attributed to
the greater availability of hydrogen peroxide, which promotes the
generation of hydroxyl radicals (HO+)—highly reactive species capable of
effectively degrading phenol molecules. However, when the ratio reaches
15:1, a stagnation or slight decrease in performance is observed for certain
catalysts (e.g., Cu-BEA). This phenomenon is explained by the formation
of hydroperoxyl radicals (OOH¢), which are less reactive than HO+ and
result from excess H,0O, (Equation 2). Subsequently, OH+ radicals are
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scavenged by OOHe+ and transformed into H,O and O, according to
Equation 3.

- Catalyst + H,0, — OHs (1)
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Figure 5-Distribution of by-products on catalysts based on M+/zeolites (T = 80°C, Cc Ph=
0.01 mol/l, Cc H202 = 0.10 mol/l, mcat = 0.10 g/l, and pH = 4.2)

The iron-doped catalysts (Fe-ZSM-5 and Fe-BEA) exhibit the highest
conversion rates (up to 99.7%). This is due to the superior redox activity
of iron for activating H,O, and its strong ability to generate hydroxyl
radicals. The BEA structure offers better diffusion than ZSM-5; however,
even within the more restrictive ZSM-5 framework, iron remains highly
active. The copper-doped catalysts (Cu-ZSM-5 and Cu-BEA) show lower
performance compared to iron-based catalysts. Nonetheless, Cu-BEA
outperforms Cu-ZSM-5, thanks to its more open porous structure that
facilitates easier diffusion of reactants. However, copper is less efficient
than iron in generating HO- species. It is well known that the catalytic
oxidation of phenol in the liquid phase by hydrogen peroxide is a highly
complex process, involving a series of parallel and consecutive reactions,
with a wide range of intermediates and final products. These include
aromatic compounds such as benzoquinone, hydroquinone, catechol,
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carboxylic acids (acetic, maleic, oxalic, and fumaric acids), and other
oxygenated compounds like aldehydes and ketones. At the beginning of
the oxidation process, phenol can react with radicals generated from the
decomposition of H,O,. The reaction medium initially turns dark brown due
to the formation of by-products such as hydroquinone and catechol. Later,
the solution becomes clear, indicating the formation of various acids and
CO,, as reported by Taran et al. (2018) and Devard et al. (2019)
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Figure 6 - Conversion of phenol as a function of time on pure catalysts and M + -zeolite
catalysts (T = 80°C, CcPh= 0.01 mol/l, Cc H202 = 0.10 mol/l, mcat = 0.10 g/I, and pH =
4.2)

As depicted in Figure 6, the Fe-zeolite catalysts showed maximum
activity with a conversion rate of 55% in the first 10 minutes and over 98%
after 3 hours. The pure zeolite catalysts had a conversion rate of less than
10% during the first 10 minutes and it reached 30% after 3 hours.

On the other hand, the Cu-BEA catalyst showed an average catalytic
efficiency with a rate of conversion of 62% in the first 10 minutes and 88%
after 3 hours, while the Cu catalyst ZSM-5 showed minimal catalytic
efficiency with a rate of conversion of 20% within the first 10 minutes and
68% after 3 hours.

Catalytic tests showed the catalytic activity of the Fe-BEA catalyst
with a phenol conversion of 99%, which is very considerable compared to
the other catalysts prepared.
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The rapid decrease in the concentration of phenol can be explained
by its adsorption on the catalyst. It is evident that zeolites doped with transit
metals increased the conversion of phenol more than five times at the
initial stage of the process.

According to this study, the BEA zeolite exhibited excellent results via
the oxidation of phenol due to its structure with large pores and cavities
resulting from the interconnection of its channels, the dimensions of pores
being (6.4 - 7.6) A2 along the axis [001] and (4.5 - 5.5 A) along the axis
[100]), at their high specific surface area (2. 400 m?/ g) (Selvam, 2003; Zhou
et al, 2019), and its ion exchange capacity via transition metals.

Conclusion

The objective of this study was the wet oxidation of phenol with
hydrogen peroxide on heterogeneous catalysts containing iron and copper
under mild conditions.

The X-ray diffraction spectra indicated that the most of prepared
zeolite catalysts exchanged with copper or iron exhibited diffraction peaks
similar to those of pure zeolites. Then, the crystal structure was preserved
during cation exchange for all catalysts based on exchanged zeolites.

Infrared, SEM, and XPS analyses confirmed the good dispersion of
metals within the zeolite structure and the stability of the active phases on
the catalyst surface. These characterizations also provided better insight
into the interaction between the metals and the zeolitic support.

It can be concluded that all catalysts based on BEA and ZSM-5
zeolites doped with iron and copper are potentially active, in comparison
with catalysts based on pure zeolites. They demonstrated high stability in
aqueous media and are therefore suitable for use without causing metal
pollution issues.

Regarding catalytic activity, phenol conversion rates reached
approximately 70-90% for the ZSM-5 exchanged with copper and iron,
while the doped BEA zeolites showed even higher conversions of 90-99%.
In contrast, the pure zeolites exhibited significantly lower conversion rates,
below 35%, thus confirming the beneficial effect of introducing transition
metals, which are therefore favorable to be used without causing problems
of metal pollution.

The efficiency of phenol oxidation strongly depends on two key
factors:

v' The H,0,: phenol ratio, a moderate excess of oxidant enhances
conversion up to an optimal threshold.
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v" The nature of the metal cation, iron promotes the formation of
oxidizing radicals more effectively than copper.

The most efficient combination is achieved with the Fe-BEA catalyst,
which combines high catalytic activity with a porous structure that ensures
optimal diffusion of reactants.
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KomnapaTtueHa cTyavja ABa pasnuyuta 3eonuta, BEA n ZSM-5,
MoandgukoBaHa 6akpom n reoxhnem TOKOM okcuaauuje geHona
BOZAOHMK-MEPOKCUAO0M

®amuxa Tanxayw?, ayTop 3a npenucky, ®amuxa Xamuan@, @paHcucko

MepuHa®

a3 YHnBep3nTeT Hayka n TexHonoruje ,Myxamen byaunjad”, Xemujcku dakynrer,
JTabopaTopuja dyHKUMOHANHMX 1 HAHOCTPYKTYPUPaHUX ekomaTepujana,
OpaH, Amxup.

6 KaTeapa 3a XeMMjCKO UHXeHEePCTBO, YHUBepauTeT ,Posupa u Buprunn”,
AsuHryaa genc lNMauncoc KatanaHc, 26, 43007, TaparoHa, LUnaHuja.

OBJIACT: matepwvjanu, xemujcka TexHomnorvja
BPCTA YJIAHKA: opurHanHun HayyHu pag

Pesume:

Yeod/yurs: azaljer-e 800e op2aHCcKuM jedurseruma Kao Wwmo je ¢heHorn
npedcmassba 3HayajaH eKormowKu pu3uk. Lurb osoe ucmpaxusara 6uo
je da ce ynopedu kamanumu4ka eghukacHocm 3eonuma ZSM-5 u BEA,
modlucgpbukosaHux zeoxhem (Fe) u 6akpom (Cu), y Mokpojokcudayuju
¢heHorna kopuwherem 8000HUK-repokcuda (H;0;).

Memod: 3eonumu BEA u ZSM-5 cuHmemucaHu cy xudpomepmarHum
memodama, a 3amum rodspaHymu jOHCKOj pa3aMmeHu padu yHowera Cu?*
u Fe?’. Kamanuzamopu cy okapakmepucaHu mexHukama XRD, FTIR,
SEM u XPS. Okcudayuja cpeHomna ussoheHa je Ha 80°C y 800eHOf
cpeduHu, ca MornapHum odHocom H.O./cbeHon usmehy 10:1 u 15:1.
Peakuyuoru npouseodu aHanusuparu cy memodom HPLC.

Pesynmamu: KpucmarnHa cmpykmypa 3eoriuma o4y8aHa je HakoH jOHCKe
pasmere. Memanu cy 6unu pasHOMEPHO pacriopefieHu Ha roepLUUHU.
Kamanuszamopu Fe-BEA u Fe-ZSM-5 noka3sanu cy HajeeRy akmueHocm
(0o 99% koHeepsuje), 3amum Cu-BEA (88%) u Cu-ZSM-5 (68%). Yucmu
3eorumu riokasasnu cy HuUcky akmusHocm (<10%). OnmumarnaH 0OHOC
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H,O,/cbeHon 6uo je 14:1. Fe-BEA ce rnokasao Kao HajecbukacHuju
Kamarnusamop, KoMOuHyjyhu eucoky akmueHocm u 6orby Ouqbysujy y
ropama.

Sakrbyyak: 3eonumu  modugbukosaHu eeoxhem, rocebHo Fe-BEA,
npedcmaesbajy 6eoMa ehukacHe kamarnu3samope 3a okcudayujy gheHona
y 800eHoj cpeduHu, Hadmaulyjyhu kako y3opke molugbukosaHe bakpom,
mako u yucme 3eonume. [lopo3Hocm cmpykmype u npupoda memarna
KIbY4YHU Cy ghakmopu Koju 0dpeRyjy kamanumuyke nepgopmaHce.

KmbyuHe peyu: ZSM-5, BEA, sodoHuk-nepokcud, okcudauyuja ¢heHona,
XxemepoeeHa kamarsnu3sa
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Abstract:

Introduction/purpose: A command and control information system (C2IS)
is a technical system designed to provide decision makers with the
information they need to plan, coordinate, and manage operations. It
consists of hardware and software, and includes a specialized set of tools
and processes that aim to ensure the timely and accurate flow of
information. C2IS can be intended for military applications, public safety,
and corporate management. The paper presents the historical
development of military C2IS. Examples of modern C2IS of some
technologically advanced countries are given, such as the USA (NATO),
the Russian Federation, the People's Republic of China, India, the United
Kingdom, France and Israel.

Methods: This article is a review of 60+ references relating to the
historical development of military C2IS, as well as modern C2IS of
some technologically advanced countries.

Results: Based on cited references, this article summarizes the historical
development of C2IS for military applications, and presents a brief
overview of the modern C2IS of seven technologically advanced
countries.

Conclusion: Command and control information systems are widely used in
modern militaries. Their development began in the mid-20th century. Over
the past 80 years, C2IS have evolved from the manually operated
systems of the 1940s to the modern systems that are driven by artificial
intelligence (Al) today. The era of modern C2IS began in the 1990s. Since
then, the focus has been on decentralization and autonomous decision
making, efficient data management, and cybersecurity. In recent years,
the central focus has been on the integration of Al into C2IS.

Key words: defense technologies, command and control information
systems, informatics, telecommunications

Introduction

Command and control theory separates the art of command and
control (C2) from technical systems that support C2. A technical system,
which consists of hardware and software and supports C2 by providing
decission makers (commanders) with the necessary information to make
decisions, is called a command and control information system (C2IS).
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For years it was thought that the qualities of commanders and their
ideas are more important to a general theory of command and control
than are qualities of their technical hardware and software systems. In an
age of almost unlimited technical capabilities, commanders are
increasingly faced with the problem of too much information, not too little.
In this regard, technical systems that perform acquiring, filtering,
correlating, and fusing information have become extremely important.
Understanding which information is the most important for decision
making is now a major issue in the design of C2 information system
(Builder et al, 1999).

Rather than thinking of C2 as a static set of defined activities that
take place, the modern concept views C2 as a socio-technical capability
that must continuously evolve to respond to the scale and complexity of
the challenges likely to be faced in the future operating environment (Ellis
et al, 2024).

C2IS consists of hardware and software, and involves a specialized
set of tools and processes designed to provide accurate and secure
information to decision makers for planning, coordinating, and managing
operations. The applications of C2IS can be very diverse. They include,
but are not limited to:

o Military applications,
e Public safety and security, and
e Corporate management.

In this article, the focus will be on the use of C2IS in military
applications. In that sense, C2IS can be defined as a military system
designed for retrieval, storage, exchange, processing and visualization of
tactical data in order to provide effective decision-making support to
commanders.

There is no straightforward definition of C2, reflecting debates about
the term’s scope and relevance in the contemporary operating
environment. At the most basic level, C2 can be broken down into its two
constituent elements (Black et al, 2024):

¢ Command: the authority given to an individual in the armed

forces for the direction, coordination and control of military forces,
and

e Control: the authority held by a commander over part of the
activities of subordinate or other organisations, not otherwise
under his/fher command, which includes responsibility for
implementing orders or directives.




The usage of new C2-related buzzwords reflects the fact that ‘words
move money’, and that new terminology can help provide new funding
for defence projects (Black et al, 2024).

Since control requires the ability to communicate, and usually
depends on computers, in technical literature the acronyms C3
(command, control and communications) or C4 (command, control,
communications and computers) are also encountered.

Furthermore, since the role of the C2 information system is to
provide decision support, in technical literature the term command
information and decision support system (CIDSS) is also used.

Finally, the examples of jargon include, but are certainly not limited
to: C3l (command, control, communications and intelligence), C4ISR
(command, control, communications, computers, intelligence,
surveillance and reconnaissance), C4ISTAR (which adds target
acquisition), C5ISR (which adds cyber), and even C6ISR (which also
includes combat systems).

Although different terms are used for essentially the same concept,
the authors of this paper have chosen to use the term command and
control information system and the corresponding acronym C2
information system, i.e. C21S, in the rest of this article.

Since C2IS is a highly sensitive military system, in most cases the
exact technical details are not publicly available. However, some sources
provide credible data based on military doctrine and expert analysis.

There is no C2IS that integrates all types, branches and services of
military forces. As a rule, the existing systems are designed for one type:
the Army, the Navy or the Air Force, or for some specific branches or
services. A special problem is defining the requirements that C2IS needs
to fulfill. In technical literature, one can find a statement that ,we have the
situation where defining Army C2IS requirements is perhaps more
difficult than building the systems to meet those requirements® (Kroening,
1986). So, one can say that a military C2IS is composed of multiple
interconnected subsystems focused on a specific type, branch or service.

The term C2IS is often equated with the term integrated combat
system (ICS), but there is a significant difference between the two. The
aim of C2IS is to process battlefield data to help commanders make
strategic and tactical decisions, as well as coordination in military
operations. On the other hand, the aim of ICS is to execute combat
missions by integrating sensors, C2, and weapons. In other words, an
ICS often incorporates C2IS functions, but extends beyond to include
actual combat execution.
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In the text which follows, the history of military C2IS development
and some modern military C2IS will be considered.

History of military C2IS development

The development of command and control information systems
(C2IS) for military applications began in the mid-20th century, evolving
from early command and control (C2) concepts used in World War Il.

The British integrated air defence system in World War Il, known as
the Dowding System after the Air Chief Marshal Hugh Dowding (1882-
1970), is considered to be the first C2IS. This system included code-
breakers, radar stations, observers, searchlights, barrage balloons, anti-
aircraft guns, and fighter planes. Working together through a combined
operations centre, these various elements ensured that the German Air
Force could be better tracked and intercepted (Cartwright, 2024). The
Dowding System is considered to be a C2IS, although it has elements of
an ICS because it contains aircraft guns.

The Semi-Automatic Ground Environment (SAGE) system was the
first USA air defense C2IS developed by the Lincoln Laboratory of the
Massachusetts Institute of Technology (MIT) (Freeman, 1995). SAGE
was a system of large computers and associated network equipment that
coordinated data from many radar locations and processed them to
produce a unified image of airspace over a wide area. The processing
power behind SAGE was supplied by the largest discrete component-
based computer ever built, the AN/FSQ-7, manufactured by IBM (IBM
History, 2025). SAGE was operating in this role from the late 1950s into
the 1980s.

During the 1960s, a major confrontation between the two
superpowers occured, leading to an exhausting arms race. New types of
weapons and military equipment were being developed at a high rate.
Microelectronics and, based on it, telecommunications and computing
equipment were developing especially quickly, which in turn became a
powerful platform for the development of C2IS for weapons control.

During the 1960s, the USA and NATO began integrating digital
computers into C2IS. The Tactical Fire Direction System (TACFIRE) was
a computer based system for support of USA Army artillery units
(Salisbury, 1979).

The Tactical Air Control System (TACS) is the USA Air Force’s C2IS
for planning, coordinating, and managing air operations in support of joint
and combined operations. It integrates various ground, airborne, and
space-based assets to ensure effective air support for military operations.



https://www.worldhistory.org/war/
https://en.wikipedia.org/wiki/AN/FSQ-7_Combat_Direction_Central
https://en.wikipedia.org/wiki/IBM

A version of TACS, a so-called distributed TACS, consists solely of
ground-based C2 nodes separated by hundreds of kilometers. Erlang
analysis yielded a message queuing time of 20 seconds and 97% voice
channel availability (Bausch, 1987). TACS is a roofing system whose
origins date back to the 1940s and continues to evolve with new Al-
driven battle management, improved multi-domain operations, and
enhanced connectivity with space and cyber warfare assets.

In the late 1960s, the USA and NATO began developing digital
systems like JTIDS (Joint Tactical Information Distribution System) and
AWACS (Airborne Warning and Control System) (Brick and Ellersick,
1980).

The JTIDS project was initiated with an advanced planning study
sponsored by the USA Air Force Electronic Systems Division and
conducted by the MITRE Corporation in 1967. JTIDS is an L band (1 to 2
GHz) Distributed Time Division Multiple Access (DTDMA) radio network
used to support data communications needs, mainly for air and missile
defense. It produces a spread spectrum signal using Frequency-Shift
Keying (FSK) and Phase-Shift Keying (PSK) to spread radiated power
over a wider range of frequencies than conventional radio transmissions.
This reduces susceptibility to noise, jamming, and interception (Fried,
1978; Golliday, 1985; Roetzheim, 1987; Wang et al, 2005).

The JTIDS project underwent several phases of development and
implementation. By the 1990s, it was largely operational and widely
deployed across USA and NATO forces.

At the beginning of 2000s, JTIDS was succeeded by the
Multifunctional Information Distribution System (MIDS) which provided
smaller, more efficient, and interoperable terminals. So, while JTIDS itself
was not officially finished, its role was gradually phased out in favor of
MIDS (Collins Aerospace, 2025).

AWACS is an airborne C2 platform designed for surveillance, battle
management, and airspace control. It provides real-time intelligence,
tracking, and coordination of air operations.

The Tactical Air Control System (TACS), the Joint Tactical
Information Distribution System (JTIDS), and the Airborne Warning and
Control System (AWACS) are all key components of the USA Air Force's
C2 network. They work together to provide real-time situational
awareness, air and space management, and secure communication to
provide commanders with effective decision-making support.

Soviet C2 information systems were specialized military systems
designed to provide situational awareness and facilitate communication,
coordination and decision making across different types, branches and
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services of the Soviet armed forces. These systems were crucial for both
conventional and nuclear warfare (Donnelly, 1976).

ASUV (ABTOMaTM3MpoBaHHas cucTemMa ynpaBleHus BOWCKaMu -
Automated troop control system) was the first Soviet C2 information
system introduced in 1960s. It was a semi-automated C2IS similar to its
Western counterpart SAGE. ASUV was designed to support decision
making and coordination of forces, including tank formations and frontal
aviation management. It consisted of subsystems for managing the
Army, the Air Force, the Air Defense, and the Rear Management
(Sterling, 1985; BoeHHoe 0b603peHune, 2013).

Later, in the 1970s and 1980s, the Soviet Union developed its own
digital computer-based C2 information system. In comparison to NATO’s
systems, Soviet's systems are more centralized, less advanced in
computing and have a stronger focus on a strategic-level C2IS rather
than tactical digitalization. They allow real-time tracking of threats across
the ex-Warsaw Pact nations and enhance rapid decision making in
specific types and branches, such as (Sterling, 1985; BoeHHoe
o603peHune, 2013; Herspring, 1990; BoeHHoe 0603peHune, 2012):

e Manevr' (MaHésp) — C2 information system for ground forces
at operational-tactical levels,

e Vozdukh (Bosgyx) — air defense C2 information system,
integrated with radar networks,

e Legend (JlereHga) — naval surveillance and targeting C2
information system,

e Signal (Curnan) — C2 information system for strategic missile
forces,

o Kazbek (Kasbek) — high-level nuclear C2 information system,
linked to the Cheget briefcase carried by the Soviet
leadership, and

e Cheget (Yeret) — C2 information system used to authorize
nuclear strikes.

Soviet C2ISs use landlines, radio, and satellite communications to
ensure redundancy in case of NATO strikes, as well as hardened
underground bunkers and mobile command centers. They are highly
centralized with decision making concentrated in the General Staff
(CeHepanbHbIn WwTab) and the Ministry of Defense (MuHuctepcTtBO
o6opoHbl CCCP).

1 Sometimes, non-Russian sources may mistranslate or misinterpret "Manevr" as

"Maneuver”.
1516



The Soviet C2 doctrine emphasized deception (mackupoBka) to
confuse adversaries and heavy use of electronic warfare (EW) to disrupt
NATO communications (lvanov et al, 1977).

Modern military C2IS

For the past 80 years, C2IS development has evolved from manually
operated systems in 1940s to Al-driven, real-time, networked battle
management systems today.

It can be said that the era of modern C2IS began in 1990s. Since
that time, the focus has been on multi-domain operations,
decentralization and autonomous decision making, efficient data
management, and cybersecurity. Fort he last few years, the central focus
has been on the integration of Al into C2 information systems.

USA and NATO

NATO’s primary Joint Command and Control (JC2) information
system is crucial for ensuring interoperability and military coordination
among the NATO member states, enabling them to operate effectively in
joint operations. The new USA military intiative Joint All-Domain
Command and Control (JADCZ2) information system aims to enhance this
capability of real-time data exchange by integrating sensors and systems
from all military types, branches and services. Al enables new and
unimagined possibilities for the C2IS. An analytic framework for
identifying and developing Al command and control applications for
modern warfare is presented in (Lingel et al, 2020). The authors examine
and recommend opportunities for applying Al and automation to
deliberate planning for JADC2.

Information from all domains (land, sea, air, space, and cyberspace)
is processed in a unified JADC2 network, using cloud computing, big
data analytics and Al to improve situational awareness and accelerate
decisions (Deptula, 2022).

The development of the JADC2 information system involves multiple
contracts awarded by the U.S. Department of Defense (DoD) to various
companies. Each of these contracts has a ceiling value of $950 million,
structured as indefinite-delivery/indefinite-quantity (IDIQ) agreements.
This structure allows the DoD to issue task orders up to the specified
ceiling during the term of the contract. Notable recipients of these
contracts include Aptima, Science Applications International Corp. (SAIC)
and Oceus (Aptima, 2025; Businessware, 2020; Businessware, 2022).
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Given that multiple companies have been awarded these $950
million ceiling contracts, the cumulative potential investment in the
JADC2 development is significant. However, the exact total expenditure
depends on the specific task orders issued and executed under each
contract, which may vary and not necessarily reach the maximum ceiling.
Therefore, while the awarded contracts suggest a significant financial
commitment to JADC2, the precise total cost of its development remains
variable and contingent upon future DoD decisions and budget
allocations. In fiscal year 2024, the DoD requested $1,8 billion for Al and
$1,4 billion for the JADC?2 initiatives (Harper, 2023).

JADC2 consists of several subsystems, such as:

e LC2IS (Land C2 Information System),

e MC2IS (Maritime C2 Information System),

e AC2IS (Air C2 Information System),

e Space C2IS (Space C2 Information System),

e Cybersecurity C2IS (Cybersecurity C2 Information System), and

e LOGFAS (Logistics Functional Area Services) — Logistics
planning and managing system.

The development cost of LOGFAS is not explicitly detailed in open
sources. However, a related modernized version, the Logistics Functional
Services (LOG FS), which aims to replace LOGFAS, was initially
allocated €30 million. This budget is expected to increase due to the
additional requirements and approval processes (Pecina and Dufek,
2016; Pecina and Husak, 2018).

The NATO Integrated Air and Missile Defence System
(NATINAMDS) is NATO'’s overarching C2 framework for coordinating air
and missile defence across allied European nations. It ensures a unified
approach to detecting, tracking, and countering airborne threats,
including aircraft, cruise missiles, and ballistic missiles (NATO IAMD,
2025).

FBCB2 (Force XXI Battle Command Brigade-and-Below)? is the
USA and NATO tactical C2 information system to provide real-time
situational awareness, digital C2, and friendly force tracking at the brigade
level and below, introduced in the late 1990s. It provides ground forces,
armored vehicles, aviation, and joint forces with a unified picture of the

2 The Force XXI| Battle Command Brigade-and-Below (FBCB2) and Blue Force
Tracker (BFT) are closely related systems, with BFT being a satellite-based
extension of the FBCB2 program (Army Programs FBCB2/BFT, 2025).




battlefield (Army Programs FBCB2, 2025). Since 2015, FBCB2 has been
upgraded to the JBC-P (Joint Battle Command-Platform) with improved
interfaces, faster satellite connectivity, and cybersecurity enhancements.
The development of the JBC-P began in 2010. The combined planned
development and procurement funding for the JBC-P program through
fiscal year 2018 was approximately $824 million (Studylib.net, 2014).

The Nett Warrior system is a soldier-level situational awareness C2
information system, designed to enhance infantry with real-time digital
battlefield data (Nett Warrior, 2015). It is part of the Integrated Tactical
Network (ITN) and serves a similar role to Russian Strelets.

The AN/MLQ-44 is a tactical EW system used by the USA Army.
Electronic intelligence (ELINT) platforms are designed to intercept
electromagnetic signals for radio communications (Hitchens and Valasek,
2006).

Russian Federation

The Russian Armed Forces employ a mix of Soviet legacy and
modern digital C2 systems to support their military operations, including
space, electronic, and cyber warfare. These systems are designed to
enhance situational awareness and coordinate military multi-domain
operations at the strategic, operational, and tactical levels (Poulsen and
Staun (eds.), 2021).

The Russian strategic-level C2 information system is Akatsiya-M
(Akaumsa-M). It serves as the backbone of the Russian C2 information
system which integrates data from all domains (land, sea, air, space, and
cyberspace) and supports automated decision making and real-time
coordination of military operations for the Russian General Staff and
high-level military command centers (McDermott, 2019-a; McDermott,
2019-b). It is used for strategic missile forces.

Another strategic-level C2 information system is Kazbek (Kasbek) —
the nuclear command and control system, linked to the Cheget briefcase.

Andromeda-D (AHgpomepa-[1) is a C2 information system
developed for Russian Airborne Troops (VDV — BosgyliHo-AecaHTHble
Boucka). It integrates satellites, drones, radio communications, and radio
reconnaissance into a single network for real-time troop and artillery
situational awareness and operational coordination. Andromeda-D is a
critical system of Russia’s airborne warfare strategy (Withington, 2025;
McDermott, 2019-a).

ESU TZ (EauHasa Cuctema YnpasneHusa TakTudyeckoro 3BeHa) is a
tactical-level C2 information system for the brigade level and below. It
supports mechanized and infantry units with real-time battlefield data
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from drones, and uses Al for decision support and automated targeting.
ESU TZ is integrated with EW units. This system is similar to NATO’s
FBCB2 (Live Journal, 2025).

Polyana-D4M (MonsaHa-04M) is a C2 information system developed
for Russian Aerospace Forces® (Bo3gywHo-Kocmnyeckne Cunbl), which
is a branch of the Russian Armed Forces combining air and space
capabilities. It provides real-time situational awareness from satellites
and radar systems, coordinates the work of various air defense systems,
such as Buk-M3, Pantsir-S1, S-300, S-400, S-500 missile defense
systems, and integrates air force units with early warning systems for
missile defense (Dbpedia.org, 2025; Poulsen and Staun (eds.), 2021).

Strelets (Ctpeneu) is a soldier-level situational awareness system
for infantry. It provides GPS-based navigation, secure communication,
and targeting assistance. Strelets is used by Russian Special Forces
(Cunbl cneunanbHoro HasHaveHus - CneuHas) and mechanized infantry.

Borisoglebsk-2 (bopucornebck-2) is an EW system aimed to disrupt
enemy's C2 capabilities. It jams communications, satellite navigation
(GPS, GLONASS, Galileo), and radar signals in the frequency range
from 1.5 MHz to 2 GHz. The Krasukha-4 (Kpacykxa-4) is specialized to
jam airborne early warning radars (AWACS), drones and satellite
communication links (Uppal, 2024).

The RuNet (PyHeT) is the Russian sovereign internet infrastructure
that reduces dependence on the global system and provides resilience to
cyberattacks or external disconnection. It ensures military
communications remain operational if the global internet is cut off.

People's Republic of China

The People's Liberation Army (PLA) has been actively developing
and integrating advanced C2 information systems to enhance its military
capabilities (Scobell and Kamphausen, 2007). The PLA has undergone
many changes since Xi Jinping became general secretary of the
Communist Party of China in 2013. Efforts at modernising the PLA have
been conducted in earnest for the past 10 years through the overhaul of
the organisation and the introduction of latest technologies to make it
battle-ready. These systems integrate advanced Al, big data, satellite
networks, and cyber capabilities (Bommakanti and Amjad, 2023; Alsaied,
2023). However, for security reasons, detailed technical specifications
remain classified. There are no widely known or publicly confirmed

3 0n August 1, 2015, the Russian Air Forces and the Russian Aerospace Defence Forces were
merged to form the Russian Aerospace Forces.




Chinese military C2 systems in authoritative defense publications or PLA
documentation.

According to DeepSeek, Qin Tian and Jian Bing are two distinct
strategic-level Chinese military satellite C2 information systems, each
serving different roles in the PLAspace and reconnaissance
infrastructure. The difference between the Qin Tian and Jian Bing C2
information systems lies in their respective applications and operational
frameworks. Qin Tian is designed to provide situational awareness,
facilitate decision making, and enable centralized control over operations.
Jian Bing refers to a different kind of C2 systems, more focused on
surveillance, reconnaissance, and cybersecurity of digital infrastructure.

Zhong Jun is a tactical-level C2 system for the brigade level. Using
Al, this system integrates signals received from drones and EW
warnings.

According to (Demarest, 2023), China is developing its own version
of JADC2 to counter the USA.

India

The Indian Integrated Defence Staff released the first-ever public
joint doctrine for the Indian Armed Forces (JDIAF-2017) in April 2017.
Within this doctrinary document, “C2 is underpinned by a philosophy of
centralised intent and decentralized managing” (Rej, A. and Joshi, S.
2018).

Indian military C2 systems are used to plan, coordinate, manage,
and control operations across all domains: land, air, sea, space, and
cyber. These systems are critical for ensuring situational awareness,
decision making, and operational effectiveness in both peacetime and
wartime scenarios. In the last few years, research efforts have been
focused on integrating Al, cyber technology, and quantum technology
into the Indian Armed Forces (Pant and Bommakanti, 2023).

The Integrated Strategic Command System (ISCS)is a critical
component of the Indian nuclear C2 infrastructure, ensuring the secure
and effective management of its strategic forces. It is designed to
facilitate decision making at the highest levels of government and military
leadership while maintaining strict control over nuclear assets (Borja and
Ramana, 2020).

The Integrated Air Command and Control System (IACCS) is a
sophisticated network linking radars, AWACS, ground stations, and
fighter aircraft. It provides real-time situational awareness and rapid
response capability, and acts as the backbone of the Indian air defense
command network (IndraStra Global, 2015; BEL C4ISS. 2025).
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The Naval Command Control Communication Intelligence (NC3I)
network is an interconnected coastal command and control system
capable of collecting data from coastal radars, ships, submarines,
aircraft, and satellites in Gurgaon, a city just outside the capital city of
Delhi. The Indian Navy has also constructed multiple communication
centres for transmitting messages in the VLF bandwidth to its
submarines (Pandit, 2014a; Pandit, 2014b).

The Command Information and Decision Support System (CIDSS) is
a C2 system to support tactical decision making, which offers real-time
data sharing and battlefield visualization. It interconnects various units
within systems like artillery, logistics, and electronic warfare (BEL CIDSS,
2025).

The Battlefield Surveillance System (BSS) is a mobile C2 system
capable of integrating data from drones, sensors, and reconnaissance
units, processing and fusing them. In that way, it enhances situational
awareness on the battlefield and aids the commander in decision
making, particularly in border areas (BEL BSS, 2025).

United Kingdom

The United Kingdom (UK) uses advanced C2 systems across all its
military forces to ensure effective planning, coordination, and managing
of operations. These systems integrate intelligence, surveillance,
communications, and data processing to support joint and multi-domain
operations. The UK’s military C2 systems are evolving towards greater
integration, automation and multi-domain operations to ensure the UK
remains a key player in NATO.

The UK’s strategic military C2 information systems are evolving to
meet complex and diverse threats, particularly in air and missile defense,
space, and joint operations.

GUARDIAN is a new C2IS designed to protect against aerial threats
by linking radars and radios across the UK and NATO to provide a real-
time air picture. It supports rapid decision making and fighter jet
deployment to intercept or escort suspicious aircraft. GUARDIAN was
developed with IBM and has been operational since 2022 (DE&S, 2022).

Also, the UK is developing the Borealis space system to protect
military satellites by providing timely, interoperable information to
commanders, enhancing space domain awareness (Borealis, 2025).

The UK military uses several tactical C2 systems designed to
enhance situational awareness, force tracking, and communication at the
tactical level.




The BAE Tactical Command and Control (TC2) system enables real-
time tracking of vehicles and soldiers throughout the chain of command,
providing a comprehensive operational picture. It improves situational
awareness and enables forces to communicate operational intelligence
up and down the chain of command (BAE TC2, 2025).

LETacCIS (Land Environment Tactical Communication and
Information Systems) is a UK Army programme aimed at delivering the
next generation of C4l information systems to support land environment
operations, enhancing connectivity and information sharing at the tactical
level (LETacCIS, 2023; BattleSpace, 2023).

France

The French military employs sophisticated and evolving C2 systems
across its armed forces, integrating air, land, naval, and space domains.
These systems emphasize interoperability, resilience, and modernization
to meet contemporary operational demands.

SCCOA (Systtme de Commandement et de Conduite des
Opérations Aérospatiales) is a networked C2 system integrating radar,
AWACS, and ground-based assets for real-time situational awareness
(RDN, 2025).

SICF (Systéeme d’Information pour le Commandement des Forces) is
a C2 information system in service with land forces at tactical levels from
the headquarters to the brigade. SIA (Systéme dinformation des
Armées) is a unified C2 system for the Army and the Navy. SICF and SIA
are produced by Thales (Thales, 2016).

Israel

Israeli military C2 systems are highly advanced and integral to its
defense operations across multiple domains.

Tirat Ha’Agam (Castle of the Lake) is the primary C2 system used at
the General Headquarters level, providing a real-time, comprehensive
battle picture for decision makers. It supports operational processes from
routine actions to total war scenarios and is designed for stationary use
with robust IT infrastructure integration. The system has been under
continuous development since the late 1990s (IsraelDefense, 2016).

The Citron Tree and the Golden Almond are C2 systems which
integrate data from multiple sensors to create a unified aerial threat
picture and coordinate interceptors against ballistic missiles, rockets,
drones, and aircraft. They employ advanced algorithms and Al to
optimize target tracking and interception (Elbit, 2024).
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The Orion Handheld C2 system consists of thousands of
smartphone-like ruggedized terminals that have been delivered to
infantry units to replace paper maps with a digital geographic information
system (GIS). They offer 3D imagery of the battlespace and improve
situational awareness and planning at the tactical level (Janes, 2022).

Conclusion

A command and control information system (C2IS) is a technical
system designed to provide decision makers with the information they
need to plan, coordinate, and manage operations. It integrates data from
various sources, processes it, and presents it in a way that helps
decision makers (commanders) effectively plan, coordinate and manage
operations. C2IS can be intended for military applications, public safety,
and corporate management. This article focuses on C2IS for military
applications. The development of military C2IS began in the mid-20th
century. Over the past 80 years, C2IS have evolved from manually
operated systems of the 1940s to modern systems driven by artificial
intelligence today. The era of modern C2IS can be said to have begun in
the 1990s. Since then, the focus has been on decentralization and
autonomous decision making, efficient data management, and
cybersecurity. In recent years, the central focus has been on the
integration of Al into C2IS.
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Caxemak:

Yeod/yurb: KomaHOHO-KOHMpOnHU  UHgopmauuoHu cucmem (KKUC)
jecme mexHu4Yku cucmem Ou3ajHupaH Oa 06e36edu nompebHe
UHgbopmauuje OGoHocuoyuma 00slyKa 3a MilaHUpaH-e, KoopOuHauujy u
ynpassrbare onepayujama. Cacmoju ce o0 xapdesepa u cogpmeepa, a
YKIbydyje crneyujanu3oeaHu CKyrn anama u rnpoyeca, Koju umajy 3a Yusb
Oa 0be3bede briacospemMeH U mavaH rnpomok uHgopmayuja. Moxe bumu
HaMmer-eH 3a 60jHy rpuMeHy, jasHy 6e3b6edHocm U KOPriopamueHo
ynpassrbare. Y pady je npedcmaesrbeH ucmopujcku pasgoj eojHux KKUC.
HaeedeHu cy npumepu modepHux KKUC Hekux mexHOMowKu pa3sujeHux
3emarba, kao wmo cy CAL (HATO), Pycka ®edepauuja, HP KuHa,
WHOuja, Benuka bpumatuja, ®paHuycka u M3paern.

Memode: Osaj 4naHak je npeaned 60+ peghepeHyu Koje ce oOHoce Ha
ucmopujcku paseoj eojHux KKUC, kao u Ha modepHe KKUC Hekux
MEXHOIOWKU pa3gujeHUx 3emarba.

Pesynmamu: Ha ocHogy HaeedeHux pechepeHuu, y pady je cymupaH
ucmopujcku paseoj KKUC 3a eojHy npumeHy, u rnipedcmasrbeH Kpamak
npeaned modepHux KKNC cedam mexHOMowKU pa3sujeHux 3emasba.

Sakbyyak: KomMaHOHO-KOHMPOTIHU UHGbOPMAaUUOHU CUCMEMU Cce y8EesIUKO
Kopucme y caspeMeHUM 8ojckama. Hbuxoe pa3soj 3aroyeo je cpeduHoM
20. seka. Tokom ripomekrnux 80 eoduHa KKUC cy esonyuparnu 00 py4yHO
ynpasrbaHux cucmema u3 1940-ux o MOOepHUX cucmema Koju cy 0aHac
gofjeHu eewmadkoMm uHmenuaeHyujom. Epa modepHux KKUC nouyurse
1990-ux, 00 kada je ¢bokyc Ha OeueHmpanusauyuju U aymoHOMHOM
OoHowery 00rnyKa, eghukacHoOM yrpassbary rodayuma u cajoep
b6e3bedHocmu. [locnedrux HEKONUKO 200UHa UeHmpasiHu ¢hoKyc je
uHmeepauyuja sewmayke uHmenuzeHyuje y KKUC.
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Abstract:

Introduction/Purpose: This study is to explore the barriers and opportunities
to innovation within the Malaysian Army at the individual, team, and
organizational levels, addressing a critical gap in military innovation
research.

Methods: An interpretative phenomenological approach is employed with
qualitative data derived from 15 in-depth interviews with military officers and
other ranks who have consistently contributed to innovation efforts within
the Malaysian Armed Forces.

Results: The results revealed that innovation barriers exist across three
levels: seven themes were identified at the individual level, six at the team
level, and four at the organizational level. These findings underscore the
multifaceted nature of innovation challenges in structured military
environments.

Conclusions: The paper highlights the interconnectivity of these barriers
and the necessity of a holistic understanding to foster innovation effectively
within the Malaysian Army.

Key words: innovation, barriers to innovation, ecosystem, armed forces,

military, Malaysian army
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Introduction

Innovation is pertinent to all organisations, and through innovation,
creative thinking and new ideas can be introduced to solve issues in
organisations. This can be seen from various security aspects in several
issues such as national security and advanced military technology. Thus,
strategies are essential to protect a nation's sovereignty and deter
potential threats. Innovation ensures that a country's military can
effectively respond to evolving threats and maintain a strategic advantage
over adversaries.

Military innovation is closely tied to a country's security development,
with organisations like the North Atlantic Treaty Organisation (NATO) that
have supported science and innovation for more than 70 years. Major
powers such as the United States and China have heavily invested in
science and technology. For instance, the U.S. National Security
Commission's 2023 report the highlights of the growing role of artificial
intelligence (Al) across various domains, particularly in space, cyber, and
information operations, where Al helps manage and analyse large
amounts of data. Al enhances situational awareness, predicts outcomes,
and supports military planning by simulating scenarios. As new threats like
cyber warfare, drone attacks, and asymmetric warfare emerge, military
forces must innovate continuously to develop both defensive and offensive
capabilities. Al also transforms threats, creating new ones and enabling
adversaries to exploit vulnerabilities (Dale F. Reding Alvaro Martin Blanco
Angelo De Lucia Col Laura A. Regan, USAF, 2023)

Additionally, the military has been an early adopter of virtual reality
(VR) technology, using it to address traditional training challenges such as
high costs and the disparity between training environments and actual
battlefields (Khaled Osmani and Detlef Schulz, 2024). VR provides an
immersive and realistic experience, replicating stimuli that are difficult to
recreate in real life while offering a safe training space that reduces the
risk of injury and equipment damage. Similarly, unmanned aerial vehicles
(UAVs) are increasingly used in modern defence strategies for roles such
as intelligence, surveillance, reconnaissance (ISR), target acquisition, and
combat strikes, offering remote operations in high-risk environments and
minimizing human risk through advanced avionics and autonomous
capabilities(Khaled Osmani and Detlef Schulz, 2024). Technological
superiority also drives military innovation and technological advancements
that can be adapted for civilian use. Technologies such as the internet,
GPS, and radar were initially developed for military purposes and later
revolutionized civilian life (Bidwell and Macdonald, 2018)




Barriers to innovation in the military

Scholars have shown a growing interest in barriers to innovation
growth. For example, an empirical study by Gogoi (2021) found the
importance of addressing issues about emotional blocks, such as fear of
making mistakes and lack of trust, and structural blocks (associated with
an individual's preferences for physical surroundings, dealing with
distractions, use of personal space, and need for privacy). More
importantly, studies have approached barriers to innovation growth in
various ways, employing different concepts with similar meanings. For
example, innovation barriers are associated with specific constraints such
as institutional constraints (Hartono & Kusumawardhani, 2019), and
leadership (Yusof et al., 2022).

Few studies, however, have explored barriers related to multiple
levels of barriers and how the dynamics of these barriers inhibit innovation.
To improve innovation, it is crucial to explore the full spectrum of barriers
experienced by the Malaysian Armed Forces (MAF) innovators from the
Malaysian Army. Given the innovation ecosystem weaknesses the
defence industry faces in developing countries, studies of innovation
barriers to growth may yield important insights, as advocated by scholars
(Ismail & Johnson, 2021). Various strategies at the sectoral level will be
implemented to strengthen the ecosystem to increase productivity,
including uplifting research, development, commercialization and
innovation (R&D&C&I) in new technology and improving access to
financing in supporting innovation and skills development (The
Government of Malaysia, 2021). Thus, we seek to address the central
research question: What hinders the innovation growth of the armed forces
in a developing country?

This study was conducted in Malaysia, an ideal context for the
Malaysian Army (MA) as one of the branches services in the Malaysian
Armed Forces (MAF). The MAF is a military institution in Malaysia that is
responsible for protecting and defending the sovereignty and security of
national interests in all domains. The MA is responsible for land forces
domain security and consists of 16 Corps and Regiments that play a role
in combat, combat support and combat service support. Every corps has
its primary role and task to ensure that military operations are successfully
executed. Based on Rusu (2023), in the military organization context, its
culture is shaped by the unique requirements and needs of military
operations as well as the history, traditions and values of military
institutions. Yusof et al. (2022) stated two specific external and internal
barriers and challenges to public sector innovation in Malaysia.
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Building upon the organisational psychology field of research, a
multilevel framework is foundational to understanding how individuals
behave within complex organisations. Applying a multilevel framework to
innovation growth in military institutions could provide important insights
into the barriers experienced by Malaysian Army innovators. The multilevel
framework maintains that individual, team and organisational factors
influence innovative behaviours. A qualitative research design was used,
namely, interpretative phenomenology analysis (IPA). IPA is useful for
topics with limited research and less explored variables. IPA is a qualitative
analysis technique that uses phenomenology, hermeneutics and
ideography to explore a concept by attending to individuals' unique
experiences (Smith and Osborn, 2008). To obtain rich data from different
perspectives, we conducted interviews with MA officers and other ranks
who have experience with consistent roles as innovators for the MA. The
present study is divided into five sections: introduction, literature review,
methodology, results, discussion, and conclusions.

Methodology

liebor (2019) and Rosen (1991) emphasize the importance of
innovation for military organizations to address evolving threats and
challenges, driving advancements in weapons, communications, and
surveillance technologies. Weiss (2018) demonstrates some examples of
the development of military innovation in the 20th century, such as
intercontinental ballistic missiles, robots and drones to enhance
operational efficiency. Thus, based on several crucial factors in military
innovation, a qualitative method is employed to obtain detailed
descriptions of the barriers and potential opportunities for innovation. The
interviews were conducted with innovators who are experienced in
innovative activities and have been involved in military innovation
competitions.

These informants come from MA or land forces officers and other
ranks. In-depth semi-structured interviews were conducted to gain insights
into the lived experiences of MA innovators. The semi-structured
interviews took place in person using an interview protocol. Morse et al.
(2002) stated that the sample for a qualitative study is at least 6 and
Creswell (2024) suggested that the sample size should be between 5 to
25 participants. For this research, we identified 15 interviewees, and we
maintained the privacy and safety of the informants during all interviews.
Despite reaching saturation at a small sample size, the study's sample size
enabled it to explore the research issues in-depth as the researchers




believe that the selected participants are the true representation or the
reflection of the study's entire population due to the common
characteristics of the informants - participants. We tend to employ non-
probability sampling as carefully chosen informants will generate robust
and in-depth information (Smith, Flowers and Larkin, 2009). In capturing a
phenomenon, information-rich cases are significant for deriving detailed
information (Patton, 2002) from the selected participants; therefore, the
purposive sampling technique has been used to explore military innovation
behaviour in the MA.

Table 1: Interview questions

Questions
No
1. Do you do any innovation? (Rosen,1991; ljebor, 2019; Wies, 2018)
2. What are the barriers to your innovation? (Scaliza et al., 2022)
3. Do you think military culture helps or hinders you from doing innovation?
(Rusu, 2023)
4. What are other factors that impact you in innovating? (Scaliza et al., 2022)
5. How to overcome the barriers to innovation? (Yusof et al., 2022)

All interviews were audio-recorded and ranged in duration from 30
minutes to 50 minutes. The audio recordings of all interviews were
transcribed verbatim and translated into English from the Malay language.
The translations were kept as literal as possible, except where minor
modifications were necessary to preserve the conversational style and
meaning (Nikander, 2008). To increase trustworthiness in data collection
and data analysis, we conducted member checking and peer debriefing
sessions among the research team members to review the emerging
codes and themes.

The data (written accounts and transcripts) was analysed with
thematic template analysis (TTA) (Brooks et al., 2015; King, 2012;
Langdridge, 2007). TTA is one of the version styles included in the broad
category of qualitative approaches to classical theme analysis (Brooks et
al., 2015). TTA was used instead of Braun & Clarke (2006) thematic
analysis approach due to its usage of a priori themes and emphasis on
establishing a balance between adaptability and coding hierarchical
structure. The data could reveal meanings or motives from the informants’
lived experiences. Prior themes were viewed as preliminary and
vulnerable to reinterpretation and removal if they did not fit the informants'
experiential assertions. The streamlined-codes-to-theory process by
Saldana (2013) guided the data’s themes, categories, and coding. The
process involved four stages: decontextualising data into meaning units,
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compressing meaning units into everyday words, categorising condensed
meaning units, and assembling categories into final themes. ATLAS.ti
version 24 was utilised to facilitate the procedure.

Results

Table 2 shows the demographic profile of the key informants who
belong to military personnel consisting of officers and other ranks with
experience in military service or experience as innovators in the MA. There
are five officers and ten other ranks, which gives 15 informants. Most of
them work in the units in Kuantan, Pahang. The selected officers are very
experienced in innovation competitions in the MA, the MAF, the ministries
at the national level and currently serve as strategic and innovation
directorss. A participant with military experience was identified as whoever
from military personnel completed their basic training and specialised
training (basic military course and basic corps development course).

The duration of a basic military course is about 1 to 2 years of service
in a military organisation. Most of the informants from other ranks hold the
Sijil Pelajaran Malaysia (SPM) or the Sijil Kemahiran Malaysia (SKM)
education certificate or they graduated from secondary education and
vocational institutions, while officers have completed tertiary education to
master and PhD levels. Out of the 15 informants, 3 of them received
innovation awards in a range of 3 to 31 awards at the ministry level and
the national level. Figure 1 resulted from the interview data coding in Table
3. The process involved four stages: decontextualising data into meaning
units, compressing meaning units into everyday words, categorising
condensed meaning units, and assembling categories into final themes.
ATLAS.ti software version 24 was utilised to facilitate the procedure.

Individual-level barriers: internal elements

Internal elements in individual-level barriers consist of 4 codes,
namely, a comfort zone, which is resistance to change, weak mentality in
the innovation process, fear of mistakes in innovation, and lack of new
ideas due to the advanced technology required. The personality
development of military officers and subordinates is normally based on
basic military training that has been outlined by the combat school. They
will grow to advance military training suited to their role and task corps
where they join in. The military training is to change their mindset and
teach them military culture towards being a person who will be responsible
for the security and sovereignty of the country.




Table 2: Informants’ demographic profile

Experience Number of
ID in the Nature of Education ,
e Department P Innovation
Code Military Position Level A
wards
(Years)
A1 28 Army Inspectorate Strateglg: & PhD 10
Department Innovation
Army Logistics
A2 29 Command HQ — EME Gp Master 3
EME Gp
Veteran Army Retired in
& e Officer (2023) 2023 St <)
A4 11 Bde Wksp Officer Degree -
A5 20 Bde Wksp Officer Officer Degree -
Bde Wksp — Engineering )
B1 19 Armament Wing Tech Class 2 SKM
Bde Wksp — .
B2 20 Storage Wing Logistics SKM -
Bde Wksp — Engineering }
B3 20 Electronic Wing Tech Class 2 SKM
Bde Wksp — Engineering
2 e Armament Wing i Tech Class 2 ) )
Bde Wksp — Recovery
BS 70 Recovery Wing Tech SPM )
Bde Wksp —
B6 13 Automotive Wing Tech Class 1 SKM -
B7 8 Bde Wksp~ ' rechClass1 = SKM -
Automotive Wing
B8 4 Bde Wksp ~A & Welder SPM -
G Wing
B9 1 Bde Wksp —A & Welder SPM -
G Wing
B10 1 Bde Wksp — Armament SPM -
Armament Wing

They are also trained in referring to the military doctrines on combat
matters, technology, intelligence, etc. They are also trained through
lessons learned from the history of past successes and defeats to learn
war techniques and tactics. This lesson does not happen in a short period
but sometimes requires 5 years of staged training. That is why some
officers and subordinates have rigid thinking or resistance to change due
to worries about facing failure in innovation.
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“..After that, resistance to change, we want to train/change to the
direction of innovation is difficult because there is still ‘old school
thinking’.”- A2

“.... he is afraid to try something new “Do you want to do something
new? It’s difficult, sir if you’re new™— A3.

“Actually, we work in that organisation (workplace). That is the
challenge. Either the head of the organisation or among the staff. That's
why when | attend the workshop, | see that a member/team involved, if he
is not strong in terms of his mentality or he does not have support, he will
withdraw.”— A3.

Weak mentality in the innovation process: officers and other ranks
have been trained with tough and rugged military training that tested
mental and physical endurance, especially in the phase of training which
emulates being a prisoner by an enemy. However, the mental strength to
prepare innovative work including writing papers and producing innovative
products requires a tough mentality due to the process taking up from 6
months to a year to complete. This forces them to use extra time outside
their primary work.

Individual-level barriers: external elements

There are 3 codes for external elements - time constraints, a lack of
practical training, and a lack of exposure to new technology. In terms of
time constraints, both for military officers and other ranks, time to perform
the main task is highly necessary. For example, the role of REME Corps
in the MA is responsibility for maintenance and repair of all types of
equipment and vehicles in MA units. The primary task is maintaining and
updating vehicles and equipment documents before and after repair work.
At the same time, additional tasks are required to be accomplished, such
as auditing matters, admin inspection, organizing meetings, organizing
ceremonies, contributing as executors in military exercises or operations,
etc. Based on a pack of commitment to various tasks, the need for time to
innovate regularly and systematically is not addressed well.

“The third constraint on time was work constraints to other tasks. So,
for me, my time is only on Saturdays and Sundays, that's when | want to
innovate.” — A1.

“....in terms of time (time constraint). Like us as soldiers, again we as
technicians and so on. We have our primary work, right? That's why, if you
look at it, there are a lot of technical innovations from the technical teams.”
- A3.




“The challenge for me is time. This innovation is a secondary task.
So, even the primary task/duty has become a workload to complete.” - B2,
B3.

Barriers to innovation

We identified three levels of innovation barriers which ranged from
individual to organisational barriers. Table 3 shows the three levels of
barriers. Exposure to how the process of innovation occurs both in writing
innovation papers and in producing innovation products needs to be
explained to every officer and other ranks. Usually, only innovation teams
are trained and get actual exposure to innovation due to the replacement
of an appointment (posting out) innovation team needed to set up for
newcomers to join. However, exposure only applies to those who have
been selected for innovation teams, and it is not comprehensive. In the
digitalization era, the military is also exposed to emerging technologies
with artificial intelligence (Al), big data banks, military Internet of Things,
autonomous systems, etc., which requires a deeper knowledge of writing
innovation papers.

“Our soldiers are less exposed to advanced technology knowledge.
For example, right now, we are moving towards industry 4.0/5.0. So,
human tasks want to be transferred to robots and robots control machines.
So, we must keep up with the technology and we have to have exposure
using Al, using the latest technology in security matters” - A3.

In terms of a lack of generating new ideas, it is a challenge to innovate
when the ideas obtained still use mechanical systems and do not involve
current technology such as Al, autonomous systems, and the Internet of
Things. Ideas that have the ‘wow’ factor are hard to explore in advanced
technology and need group discussion and brainstorming.

“So far, the challenge is to find new ideas, which is more useful today.
Looking for something suitable for current use and in line with IR 5.0.” —
B2, B3.

Team-level barriers: internal elements

Internal elements consist of four codes which are: difficulty to find
team members interested in innovation, less skilled members, difficulty to
get cooperation, and lack of motivation.

“The challenge that | face is to find capable team members. Because
now we are towards industry 5.0. When we compare to today's soldiers
and soldiers who are at my level age most of them do not know much
about robotics and are not exposed. Their times are also different from

today's soldiers™AS3.
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In the code ‘difficulty to get cooperation’ while developing an
innovation team, there is also ‘difficulty in obtaining cooperation’ - this is
due to several things. Firstly, team members are formed of new members
or new soldiers with 5 years of working experience who have no exposure
and experience in innovation. They are willing to listen to and follow the
instructions first rather than anticipate the project. Secondly, there is a lack
of or less interest in innovation due to the need to give more commitment
and time to the preparation of innovation projects. Thirdly, cooperation in
terms of poor innovation knowledge and fear of trying something new
results in being inert to think critically.

“Both in terms of group cooperation. Because everyone has their own
primary and secondary tasks/ are busy. So that cooperation is difficult to
realize.” — A1.

“..1 asked other members of the team, but he didn't know what project
he was doing. He does not focus on the team’s effort and only the team
leader innovates and gives the idea and direction.” — A3.

The lack of skilled team members meant that most of team members
had the same level of knowledge and had never been involved in any
innovation project or design project during their service in the army or other
institutions and organisations. Knowledge and skill to innovate have a
great impact on producing an innovation project, especially when
brainstorming, shortening innovation meeting time and preparing
innovation papers.

“..Then another thing, we lack skilled team members to develop
projects.” — A3

A lack of motivation is related to a lack of knowledge and a feeling
that innovation is difficult. For example, the preparation of an innovation
paper and a product is a long process lasting from 6 months up to a year
due to obtaining related documentation. Long duration will affect
commitment and pose challenges such as family problems, personal
problems, and even financial problems of the project as well. The
motivation of group members or individuals can be boosted by giving
awards to those team members performing well in team cooperation, by
enhancing their innovation knowledge when sending them to innovation
courses and by encouraging them to enjoy innovation culture.

“The factor that | see, from my point in my innovation team is
motivation. Motivation to team members. Leadership is not a problem
because | am a leader. So, there is no issue. Only the motivation for the
team members...” - A2,

“Innovation is difficult” - B1, B2




As far as innovation team members who have no direct exposure to
an innovation process are concerned, they will be surprised by the long
duration of an innovation process and will need a lot of patience for the
first time of involvement. Some members have no courses or exposure to
innovation due to limited course allocations and because an innovation
project needs to be completed within a certain period given by superiors.
This causes weak motivation due to a lack of knowledge and creates a
feeling that innovation is difficult.

“Only motivation for the team members, and | also see that few of the
team members do not know innovation.”™ A2,

Team-level barriers: external elements

The external elements consist of 3 codes: plagiarized innovation
products, financial constraints on when to start, and patent innovations.

“But | have seen our project, has been plagiarized by another
institution. It was already at the competition or after we were at the national
level, | don't remember. But as | told you, this project started before 2010.
So, when we go to the roadshow, we bring this thing to the roadshow,
that's when people imitate/plagiarize, people take pictures and so on.
That's what's important about that patent.” — A2.

“The challenge that | faced in innovation was preparing a project
paper. We make project paper. Before we create a product, we must
create a project paper first and we keep it, when | initially created this work,
we didn't have a patent. So, the project has been plagiarized/imitated by
others, that's the problem I'm facing, and this is happening in our service
(MA).” — A3.

Another external element is the financial constraint in producing a
product or a patent. When starting an innovative product, it is necessary
to have finances due to the incompleteness of the product to be innovated.
Products to be innovated almost from ground zero and from second-hand
goods need supporting equipment to be paid for. Sometimes, a new
product that needs to be innovated requires minor or major modifications
first, before being combined with supporting equipment, which also
requires financial funds. Some of used products that have been selected
for innovation are worn out and damaged, so the cost of repairing needs
to be considered as the first financial challenge before completing an
innovative product.

“For me, the main challenge is in terms of financial/money, because
this innovation requires money and cannot use used/discarded items
because not all discarded items can be used properly. We need to buy
quality items to develop, to make projects. In terms of security, it's the

Approach, p.1531-1552

Aman Armawai M et al, Title of the article, p Barriers and Opportunities to Innovation in the Malaysian Army: A Multilevel



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

same, if we take discarded items we have no guarantee from a safety point
of view, but the items we buy/original are better, more guaranteed, and
better quality. So, the challenge is money/finance” -A1.

In terms of financial constraints on patenting, innovations that have
won certain awards at an MA organisation, a ministry and at the national
level should be patented to avoid any plagiarism from other agencies
because the production of innovative products can be sold and used
commercially in the market. However, patenting a product is quite
expensive. For example, a patent for an innovation paper is about RM
5,000, a patent for a product is RM 10,000 and a patent for a brand is RM
30,000. However, the cost of a particular patent will change from time to
time. This is a big challenge in patent finance allocation. Nevertheless, it
is beneficial to avoid copying from others or any form of plagiarism.

“But to make a patent, you need money. For all costs, we must see
what kind of patent we want to overcome. Otherwise, people will steal our
projects, physical projects and so on.” - A2.

“Financially, it's a bit lacking, sir. The reason for innovation is to save
costs. But if you want to make that product free from plagiarism, you must
have a patent as well. It costs money to start.”— B2, B3.

Organisational-level barriers

Organisational-level barriers consist of innovation competition issues,
innovation exposure not reaching the lower level of subordinates, no
support for commercialization, hindrance by military culture, and the
application of old tools. There is a need to cultivate innovation in the MA.
Although the culture of innovation can produce many innovators,
innovation should happen comprehensively for every individual in the
organisation because everyone faces problems and challenges in their
work that need to be solved with innovation that saves cost, time and
energy.

Thus, participating in competitions is not sufficient. All instructions and
guidelines to innovate competitively have been issued by superiors.
However, there are still barriers to innovating in the MA. MAF’s culture of
innovation should be parallel with innovation culture at the national level.
The cultivation of innovation should be seen from various angles to
increase its success.

“The third is a challenge from the superiors. Although superiors are
there to give a little encouragement/support, this competition is not a 100%
per cent culture for this soldier's work.” — A2.

There is no denying that exposure to the innovation work process in
the competition is only focused on innovation leaders and team members.




They will be sent to improve their innovation knowledge by attending
courses or seminars, through awards if they win and other advantages.

If the encouragement is not comprehensive, only innovation team
members will commit themselves to completing papers and producing
innovative products while those who are not involved in teams will not
participate in the work to gain knowledge. In addition, such work needs to
be done outside the main working hours or after the primary task is done.
This will create a culture that is not healthy for innovation in the
organisation.

“When | ask random questions, | think almost 80 percent of them do
not understand what I'm asking. | asked about the competition, they didn’t
know. | asked why you didn’t know. They answered, “| don’t know about
your innovation”, that’s his thinking (don’t know). We want everyone to
know. In the army, our Chief of Army (COA) was issued a directive to
encourage innovation. If you look at it, he has outlined innovation, but that
thing may not reach the bottom (subordinate). That's what happened in the
MA. | emphasized. It's also happened to MAF and the Ministry level as
well.” — A3.

Thus, this shows that there is less support for commercialization. The
requirement for the commercialization of innovations can be considered
as: (1) market research, (2) product development, (3) product pricing, (4)
marketing plan, (5) distribution, (6) licenses and permits, (7) customer
service, (8) financial management, and (9) sales team. This is the
challenge in military or public service to work on until achieving
commercialization. That is why the process of commercialization needs
the attention of the MA.

“Then, the other one that | want to inform is, in terms of continuity
challenges. Challenges in terms of the continuity of this product, when we
have made innovative product like our product Spider Wheel Carrier until
at national level. But there is no end state, it is not commercialized. So,
why not commercialise? There is an issue why soldiers don't want to use
it for what?” - A2.

The repair tools are still ‘old school’ and do not follow the latest
technology, which may be due to the fact that technology is developing too
quickly, or the organisation is still not ready to deal with technological
changes. For example, military vehicles have begun to enter military
service with various electronic modules and sensors, while the inspection
method still uses the old approach of cannibalising or testing with good
components borrowed from other vehicles. The way to resolve this is to
use a computerized inspection or scan tool to identify the root cause of
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some damage or malfunction. This situation requires innovative ways for
resolving it.

“...the second in terms of equipment. The available equipment is
difficult for us to obtain. So, | always think how we want to make the work
easier, make it easier for our technicians to carry out the work.” — A3.

“Now our soldiers are not directly exposed to innovation and
technology towards the outside world and remain with the existing culture.”
- B2, BS.

Military culture restricts innovation seen in terms of the essential work
of the military which requires selflessness. It requires sacrifice and time for
which military personnel must always be ready 24 hours a day for the
security duty of defending the country. This primary task covers
operations, training, administration, logistics, etc. to ensure the smooth
running of military operations. They also work with limited human
resources; in addition, family management responsibility is important for
those who have a family. When added to innovation projects that require
preparing paperwork with proofing documents and producing products, it
is seen as a military culture that does not support innovation culture even
though the instructions and guidelines of innovation competitions have
been issued by superiors.

“Hindering sir. Among the barriers is a commitment to primary duty
and military activity.” — B2, B3.

Discussion

The study reveals that MA innovation in the Malaysian Armed Forces
(MAF) aligns with national requirements and promotes a competitive
innovation culture at various levels. The government and ministry support
in fostering this innovation culture aligns with the industry's needs in the
digitalization era. The study explores barriers to innovation in the MA at
individual, team, and organizational levels, highlighting that
communication, lack of ideas, constraint resources, military culture, etc.
(Figure 1) will hinder MA innovation.

Additionally, team-level challenges include concerns about product
plagiarism, limitations on available team members, a lack of financial
support for initial product development, insufficient innovation knowledge
among members, and inadequate teamwork support. These challenges
are similar to the challenges from the government study on innovation in
the public sector (Srirahayu et al., 2023; Hashim, 2021; Retkoceri &
Kurteshi, 2018; Cinar et al., 2019; (Yusof et al., 2022). The same issues
persist regarding organizational challenges in competition: there is




insufficient development of an innovation culture, lower level employees
are not adequately exposed to innovative practices, support for
commercialization is inadequate, military culture impedes innovation, and
obsolete equipment remains in use.

The sustainability of innovative behaviours among MA officers can be
enhanced by overcoming team-level barriers such as concerns about
product plagiarism which restrict the participation of interested team
members and impede financial support for initial product development.
Furthermore, there is a lack of innovation knowledge among team
members, and collaboration is often limited due to the usual structure of
MA innovators working as a team. The MA should address barriers to
military innovation through open innovation, design thinking, dedicated
units, improved communication, resource allocation, and fostering
innovation culture by the top-down approach.

Communication: team and organisation level

Military innovation faces communication barriers due to hierarchical
structures. Higher-level orders lack context, leading to misunderstandings
and disconnected teams. Lower-ranking personnel may hesitate to share
ideas due to fear or cultural norms, resulting in missed opportunities.

Military culture: individual, team, and organisation level

Military innovation faces cultural barriers, including individual
resistance, rigid hierarchies, and bureaucracy. Malaysia's leadership
encourages innovation through competitions despite these challenges, as
it encourages creativity and adapts to changing organizational structures,
despite the risk-averse mindset prevalent in the military.

Establishment of units’ innovation department: team and
organisation level

Military units often face barriers to idea development due to rigid
hierarchies and discipline, which discourage lower-ranking personnel from

voicing new ideas. Establishing innovation departments can foster a
culture of creativity by dedicating time and resources to idea development.

Approach to design thinking and open innovation method:
team and organisational level
Military innovation can be accelerated by combining open innovation

and design thinking. Open innovation involves sharing ideas beyond
traditional boundaries, while design thinking involves end users early in
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the process. This approach overcomes barriers like hierarchies and risk
aversion, fostering a culture of openness and collaboration.

Specific allocation for initial development product from
MAF R&D effort: team and organisational level

Financial constraints in early innovation stages can hinder progress,
especially in resource-limited organizations. A lack of funding restricts
access to resources, skilled personnel, and advanced technologies,
leading to project delays and lower-quality outcomes. Allocating specific
funding from higher authorities can alleviate financial pressures, enhance
patent acquisition likelihood, and strengthen the innovation ecosystem.

CONCLUSION

This is the first qualitative study to explore the barriers and potential
interventions or opportunities for innovation in the MAF and subsequently
related to the defence industry in Malaysia. A primary strength of the study
was the inclusion of both team leaders and members who are currently
active in innovation activities and participate in innovation competitions.
This allows for a comprehensive understanding of both perspectives. The
study highlights that MAF's military innovation aligns with national
requirements, but the challenges such as proactivity, collaboration,
resource availability, and communication persist. Addressing these can
enhance capabilities, particularly in enhancing military equipment and
service efficiency in the digital era.

However, the study had some limitations. All informants who
participated in the interviews were self-reported. However, member
checking was conducted during the data collection. Furthermore, the study
informants were limited to those who actively participated in innovation
competitions, which potentially excluded non-participants in innovation
competitions that might give insights into barriers towards innovation.
Future research should include these stakeholders to capture the full
spectrum of perspectives better. More importantly, a more in-depth study
of this issue is to be carried out concerning innovative work behaviour.
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lMpenpeke n MOryhHOCTU 3a MHOBAaLMje Y ManesunjcKoj BOjCLM: MPUCTYN
Ha BULLE HMBOA

Mod AmaH ApmaBaw, ayTop 3a Npenucky, VimadyouH AGUavH,

MMymepu Pap3nuHe Myxamag Tamjes

YHusepauteT Manesuje ,[MaxaHr An-Cyntan A6aoynax’, ®akynTeT 3a
NHAOYCTPUjCkN MeHaLMeHT, J1lebyx MNepuapan TyH Kanun Jako6, KyaHTaH,
MaxaHr, Manesuja

O6nacT: BojHe Hayke
KaTteropuja (BpcTa) YnaHka: nperneaHu pag

Caxemak:

Yeod/uyurs: Micnumyjy ce riperipeke, Kao u moayhHocmu 3a uHoeauuje y
Bojcuu Manesuje Ha nojeduHa4HOM, MUMCKOM U Op2aHu3auyuoHOM HUBOY,
yumMme ce fpucmyra pewasarby Kpumu4Ho2 Hedocmarmka ucmpaxueara
uHoeauuja y Bojcyu.

Memodonoauja: [lpumerseH je uHMeprnpemamueHu GHEeHOMEHOMOWKU
npucmyrn y3 nomoh keanumamueHux nodamaka dobujeHux U3 nemHaecm
aHanumuykux uHmepsjya ca npunadHuuyuma Bojcke Mene3suje koju Hoce
ogbuyupcke u dpyee yuHose u pedosHo dorpuHoce pady Ha uHosauyujama
yHymap opyxaHux cHaza Manesuje.

Pe3ynmamu: Vicmpaxusarse je rokasano O0a rperipeke uHosayujama rocmoje Ha
mpu Hugoa, ceGam mema je UGeHMUGUKOBAHO Ha rnojeduHa4YHOM HUBOY, Wecm Ha
HU8Oy muma U 4emupu Ha HuUeoy opeaHu3auuje. Osaksu Hanasu ucmuyvy
8ULIECTOjHY npPUPOdY UHOBAUUOHUX U3a308a Yy CMPYKMypupaHUuM 80jHUM
cpeduHama.

Sakrbyyak: Haenawasa ce meljycobHa nogsesaHocm rnipenpeka uHosauyujama, Kao
U HeornxoOHOCM XOnuUCMU4YKoe pasymesarba padu eghukacHoe agpupmucar-a
uHosauyuja y Bojcyu Manesuje.

KibyyHe peyqu: uHoesayuja, npernpeke uHogauujama, eKocucmem,
opyxaHe cHaee, 8ojcka, Bojcka Manesuje
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CABPEMEHO HAOPYXXAHE N BOJHA OMNPEMA
MODERN WEAPONS AND MILITARY EQUIPMENT

PacnopehuBare HoBe pycke obarncke apturbepuje A-222M Bereg’

Pyckn pgpxaBHM Meawju Cy NOTBPAWNM MCMOPYKY YHanpeheHor obGanckor
apTurbepujckor cuctema A-222M Bereg pyckoj [laundudkoj ¢notn. To
npeacrtaBrba 3HavajaH kKopak Yy  MOAEepHM3auuju  pyCcKUX  MOMOPCKUX
oabpambeHnx cnocobHocTM Ha [anekoMm UCTOKy, Yy cknagy ca Tekyhom
cTpaternjom MockBe [a Ojaya CBoje NPUCYCTBO AYX CTpaTeLkux npuobanHux
Kopugopa 1 CropHUX MOMOPCKUX 30Ha.

Self-propelled artillery unit

@B Crews

A people
ﬂ Combat weight 438t

P
152 mm gun
Ammunition; 40 rounds

Firing range up to 50km

Rate of fire 12 rounds per
minute

Armed duty support vehice
E Equipped E
minl dining room
5 various auxillary devices

BusyenHo nopehere opuauHanHoe obarsckoz apmurbepujckoe cucmema A-222 Béreg (130 mm) u
HedagHO ModepHu308aHe sapujaHme A-222M mornom kanubpa 152 mm, npodyxeHum domemom o0
50 km u uHmezpayujom rnpeyusHo goheHe MyHuyuje KpacHornosb.

Cuctem A-222M Bereg je HanpegHa Bep3uwja cosjeTckor A-222 Bereg,
camoxogHor obanckor apTturbepujckor Tona kanmbpa 130 mMm, pasBujeHor
ocamgeceTux roguHa. [NpBOOUTHO 3aMULLIBEH KAo apTUIbEPUjCKM CUCTEM 3a
Op30 pearoBake Ha Gp3e nomopcke UurbeBe, cuctem Bereg je ausajHupaH ga
Npy>Xn MOOUIHY MOAPLUKY ca BENMKOM Op3VMHOM BaTpe Kako Ou 3alTuUTMO

1 Defense News Army 2025 8 May, 2025

Vuckovi¢, D., SAVREMENO NAORUZANjE | VOJNA OPREMA / MODERN WEAPONS AND MILITARY EQUIPMENT,

pp.1553-1562


http://orcid.org/�
http://orcid.org/�
http://orcid.org/�

QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

npoctpaHe obane Pycuje, nocebHO y YyckUM Mopey3anuma U KPUTUHHUM
npuobanHuM yckuMm Tavkama.

HacneheHu cuctem A-222 Bereg, narpaheH Ha wacuju MA3-543 8x8, umao je
ayTomatcku Ton kannbpa 130 MM 1 KOMMjyTepU3oBaHM CUCTEM 3a ynpaBrbake
BaTpoM, cnocobaH ga aejcTByje Ha uurbeBe yaarbeHe o 22 kunometpa. buo je
onpemMrbeH pagapoM W eneKTPOONTUYKUM HuwaHckuMm ypehajem kako 6u ce
06e36eu1no ayTOHOMHO OTKpMBake, Npahewe U aHraxkopamwe y 60pbu npoTme
NnomMopcknx npeThwu. batepmja ce obudHO cacTojana of jedAHOr KoMaHOHoOr
BO3uNa, LIECT BO3MIla HAoOpYyXaHUX TOMOBMMA W jeguHMLamMa 3a NoApLUKY, Koje
Cy 3ajedHO pagune Ha cTBapaky WHTerpucaHor MobunHor onbpambeHor
KMwoOpaHa NpoTMB NOBPLUMHCKMX BpodoBa 1 AeCaHTHUX MroBuna.

HoBonpeactasbeHn A-222M Bereg npefctaBrba 3Ha4vajHO yHanpehewe. Mako
3agpxaBa OCHOBY MOBUNHOCTM 1 obarncke BaTpeHe MOhu, 3ameryje 3actapenm
Ton og 130 mm Tonom ofg 152 MM, NOCTaBfbEHUM Ha MOOEPHM3OBAHOj LIacujn
MA3-543M. OBa npomeHa npoayKaBa H-eroB MakCUmanHu edekTmBHu OOMeT
Ha 50 kM — BuLe Hero yaBOCTpyYYjyhn opurmHanHu kanauuteT. lNMopepn Tora,
YKIbyunBarwe BONEHOr apTurbepujckor npojektuna KpacHonosb [oAaTtHO
noborbllaBa NpPeUM3HOCT M CMPTOHOCHOCT cuctema. [paHata KpacHororb,
BOheHa nacepckMM CHoMnoBMMa unu GecnunoTHUM neTtenuuama, nosHaTa je no
CBOjOj cnocoBHOCTM da norogu M CcTaTtudHe U MOOUIMHEe LUUrbeBe BErMKOM
npeunsHowhy. Mako ce 06UYHO KOPUCTU 3a KOMHEHe LMIbeBe, heHa ynotpeba y
KOHTeKCTy obarncke oabpaHe oTBapa HoBe onepaTtuBHe MoryhHocTh, Gpuwyhu
rpaHule namehy apturbepuje n NpeLmsHo BofeHMX pakeTa.

YcBajawe BoheHe apTurbepujcke rpaHate KpacHorosb y OKBupy cuctema A-
222M Bereg 3HaTHO nobosbluaBa HeroBy TakTUYKY CBECTPAHOCT. 3a pasnuky o4
CTaHOapAHUX HEeBONEHMX rpaHaTa Koje npaTte ¢ukcHe BanucTuyke nyTame,
KpacHorors je npeumsHo soheHa myHuumja (PGM) onpemrbeHa vHepuujanHum
HaBWrauMoHMM CMCTEMOM W MONYyaKTUBHMM facepckum Tparavem. To omoryhasa
BONeEHOj rpaHaTv ga npunaroau Kypc TOKOM fneTa M Aa ce yCMepu Ha unrbese
OCBeT/beHe nacepoM. PesynTaTt je opyxje Koje Hyau BMCOKY BepoBaTHOhy
norotka nNpBOM rpaHaToM, CMmawyjyhy TPOLWKOBE MyHWUM|E W NOFUCTUYKO
ontepehemne, WTO je NocebHO BaXHO 3a yaarbeHa pacnopehuBarwa Ayx pycke
naundunyke obane.

LrtaBuwe, KpacHornosb omoryhaBa aHraxoBakwe Op3nxX unm manmx noMOpPCKUX
LUUIbEBa, Kao WTO cy naTposiHn 6poaoBum koju paseujajy 6p3mHy ao 100 yBopoBa.
HberoBa cnocoBHOCT npeuunsHor yaapa ApacTUYHO MUHUMWM3MPA KonaTeparHy
LITETY, HapouynTo y XMOPUAHUM KOHMMMKTHUM OKpyXewuma wunum y 6nunsuHu
umBunHe wuHdgpacTpyktype. To 4mHM cuctem A-222M nocebHO norogHum 3a
onepaumje y yCKUM Mopeysuma, apxunenasuma u npuobanHum 3oHama Koje ce
Hanase Ha BeheMm feny nctovyHe nomopcke rpaHuue Pycuje.

Bp3o BpeMe pacnopehumearwa A-222M ( gocTmxke CnpeMHOCT 3a narb0y 3a camo
5 MUH )- n Benuka 6p3vHa narbbe YnMHE ra ngearnHoM KOHTpPaMepom MNpoTuB




U3HeHagHUX amdubnjckux nckpLaBawa WM MNOMOPCKMX ynaga. Bosuno 3a
KOMaHOoOBake W KOHTPOMY Koje je MHTerpucaHo y CUCTEM KOPUCTU HanpegHe
pagapcke 1 enekTpoonTuyke cucteme 3a npahewe n oapehuBawe UUIBEBA,
06e36ehyjyhmn edwmkacHy koopauHauujy MeRy jeauHuuyama 3a namsby u
noborblaBajyhu casHawe 0 cuTyauuju.

OBa HajHoBMja ucnopyka Nauudunykoj pnotn nMma 3HavajHy CTpaTeLlKy TEXMHY.
Pycka lNMauudumyka cdnota, ca cegnwtem y BnaguBocToky, 3agykeHa je 3a
ondpaHy UcTouHe nomopcke rpanHuue Pycuje. HbeHe oaroBOpHOCTM YKIbYuYjy
obe3befuBartbe BUTANHUX MOPCKUX KOMYHVKAUMOHUX NWHMWja, 3aWTuUTy
E€KOHOMCKUX WHTepeca, kao WTo cy pubapctBo u npuobanHa eHepreTcka
WH(ppacTpykTypa, n obesbehrBare BOjHE TFOTOBOCTM Yy pernoHuma 6nusy
aMepuyKMX U CaBEe3HUYKMX CHara ctaumoHupaHux y MNaumduky. Ca nopactom
TEH3Wja OKO KOHTpOMe Haj CeBepHMM MOPCKMM nyTem M nosehawem BOjHe
akTMBHoCcTM y 6nu3nHK JanaHa, Kopeje n TajsaHa, mopgepHusaumja obanckux
apTUIbepPUjCKUX cpedcTaBa UMa KibydHy Ynory y LUIMPEM BOJHOM MOSoXajy
Pycuje.

Mopen TpaguumoHanHmx ombpambeHnx AyxHocTu, Maundumuka dnorta cnyxu
Kao nnatdopma 3a npojekumjy mohu y asmjcko-naumuikoMm pernoHy, 4ecto
yyecTByjyhn y 3ajegHuukMMm Bexbama ca KuHOM W gpyrum  CTpaTellkmm
naptHepuma. WHTerpaumja cuctema nonyt A-222M popatHo nosehasa
CcnocobHOCT hrnoTe Aa noapxu onepaumje KOMBUHOBaHMX OpyXja OyXK UCTOYHE
obane Pycuje 1 cnopHUX NOMOPCKUX 30HA.

Moxe ce 3akrbyunTn ga yeohewe A-222M Bereg y akTUBHY Cnyx0y unycrtpyje
noceeheHocT Pycuje jayawy HEHUX acCUMETPUYHUX MNOMOPCKMX PaTHUX
cnocobHoctn. Kako ce npuobanHu pervoHn CcBe BWLE OCMOpaBajy Ha
rno6anHomM HMBOY, MOBUNHWM BUCOKOMPELUN3HN apTUIbepujckn cuctemun nonyt A-
222M npepcTtaBrbajy  ucnnatMBy WM CHaXkHY JMHWj)Y oabpaHe npoTuB
KOHBEHLMOHANHMNX MOMOPCKMX NPEeTHW 1 TakTuka XmbpuaHor patoBaksa.

HpazaH M. Byukosuh (Dragan M. Vuckovié),
e-mail: draganvuckovic64@gmail.com,
ORCID iD: “*https://orcid.org/0000-0003-1620-5601
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Ypap ca sBenuke ygarseHoctn — AIM-174B2

AmMepudka MopHapuua je npBu MNyT jaBHO NpeacTasBuna CBOjy pakeTy Basgyx-
Basayx gyror gometa AIM-174B Tokom roguwker [laHa npujaterbcTea Koju ce
ogpxaBa y BasgyxonnoBHoj 6a3u MapuHckor kopnyca (MCAS) WeakyHu,
3ajeQHMNYKO] amepuYKo-janaHckoj BojHOj 6a3n. Liurb je 6uo ga ce ojadvajy Bese
namehly amepuukmx cHara W JiOKarHe janaHcke 3ajegHuuen ob6e3begu
CTpaTELLKO OKPYXKeHe, LITO je 3HayajaH Kopak y UHTerpauuju ygapHux cuctema
Ayror IoOMeTa y apceHan amepuyke MopHapuLie ca Hocaya aBroHa.
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Pakema ea30yx-ea3dyx AIM-174B je seoma Oy2oe domema, u3gedeHa u3 pakeme 3eMm;ea56yx
RIM-174 SM-6 (Standard ERAM).

Mocetnoun cy mornu aa suge F/A-18F Super Hornet na eckagpune VFA-102, ca
Hocaya asumoHa (CVW-5), noctasreeHor nopea nosua F-35C Lightning Il w3
VFA-147. Super Hornet je 6no HaopyxaH ca [Be MHEpPTHEe TPeHaXHe pakeTe
CATM-174B, nocTaBrbeHe Ha HEroBUM YHyTpallkbyM HOcCayuma, nopen
cnorballker pesepBoapa 3a rOPUBO Ha Ccpeauwnoj] NuHuju. Wako Huje
n3noxeHa 6ojeBa MyHuUMja, OMIO je TO NMPBO MO3HATO jaBHO MpPUKaA3NBaHE
pakeTe of HeHOr onepaTuBHOr pacrnopefueama y jyny 2024. roguHe.

Pa3sBujeHa y komnaHuju Raytheon 3a amepuyky MmopHapuuy, AIM-174B je pakeTa
Basgyx-Ba3gyx Beoma Ayror jomeTa usBegeHa U3 pakete 3eMiba-Basgyx RIM-
174 SM-6 (Standard ERAM). OnucaHa je kao ,KoHdwurypauuja naHcupaka m3
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Basayxa” pakete SM-6, 3agpxaBajyhu CTpyKTypHU au3ajH pakete RIM-174, ann
6e3 6ycTtepa Ha 4BpcTO ropuso MK72, wto omoryhasa nHTerpauujy ca nosumma
F/A-18E/F Super Hornet — jeouHMM aBMOHOM TPEHYTHO cepTudmkoBaHMM 3a
Hollene Te pakeTe. Mace npubnukHo 860 kr n gyxuHe 4,7 m, paketa AIM-174B
3agpXaBa MOroH Ha 4YBPCTO ropuBo, 0ojeBy rnaBy ca parMeHTaumjom
ekcnnosnje og 64 kr u cucteme 3a HaBohewe Koju KOMOWHY)y unHepuujanHy
HaBurauujy ca akTMBHUM M MONYaKTUBHUM pagapckMm camoHaBoheneM. Moxe
poctuhm 6p3nHe go 3,5 maxa, ca MMHMManHMm notepheHum gomeTtom og 130
HayTU4kux Murba (oko 240 KM), Mako He3BaHWYHE MPOLIEHE Cyrepully 3HaTHO
Behn pomeT, nocebHO Kaga ce naHcupa Ha BENWKOj BUCUHW U BENINKOM
Op3nHOM.

Paketa AIM-174B je npojekToBaHa Tako da Cce CynpoTCTaBM M3a3oBUMa Koje
npeacTaerbajy pakete gyror jomeTa Koje cy noctasune KuHa n Pycuja, kao wto
cy PL-21 n R-37M. naBHa Mucuja pakeTe je fa AejcTByje Ha Bemnvke, 3HavajHe
uubeBe y BasdylWHOM MPOCTOPY Kao WTO cy pagapcke netehe nnatdopme u
aBMOHW, MnaTdopmMe 3a nyweHe FOPUBOM WM CpPeacTBa 3a EneKTPOHCKO
paTtoBake Koja genyjy usa nuHuja ¢dpoHTa. CnocobHa ga kopuctu npodumne
neta y nogurHyTum nosioxajuma koju goctuxy sucuHe msHag 30.000 m, pakeTta
npoLumpyje cnocobHOCT amepuyke MOpHapuue Aa Crnpeyn Hanag u3 BasgyLuHor
NpocTopa y CMOPHMM NMOMOPCKUM PerMoHnMa. Mako je npBeHCTBEHO HaMeHeHa
3a npecpeTake Yy Bas3gylHOM MpPOCTOpPY, HeHa npBoOWMTHA yrora Kao
MOpHapuyke pakeTe cyrepuvlle noTeHUujanHe cekyHgapHe  dyHKuuje,
YKIby4yjyhn aHraxoBawe NPOTMB MOMOPCKUX WU  BanucTUYKMX LMIbeBa,
JonpuHocehu HeHOj onepaTuBHOj hnekcnbunnHocTn ycpen pactyhux npeTu
ayror jomeTa.

Op 2018. rogwHe, amepuyka MOpHapuua CrIpoBOAN UCMUTMBaHA 3a
npunarohaBawe SM-6 3a naHcupare 13 BasgyLUHor npoctopa. [NMpoToTunosu cy
npumeheHn Ha nosumma 6ombapaepuma Super Hornet 3 npobHux eckagpuna
VX-31 n VX-9 Beh 2021. roanHe, anu je onepatMBHa MHTerpauunja yopsaHa Tek
2024. roguHe. Paketa je npsu nyT BuheHa Ha nnaTdopmn VFA-192 ,3natHu
3majeBn” Ha noeumma F/A-18E Super Hornet, Tokom Bexbe RIMPAC 2024 Ha
XaBajuma. Y centeMOpy Te roguHe, nojaeune cy ce dgotorpaduje aBnoHa VX-9
Koju HOCW KomnneT oa vYetupu pakete AIM-174B, 3ajegHo ca paketama AIM-120,
AIM-9X n nHdpaupBeHuM cuctemom 3a npetpary u npahewe (IRST) ASG-34A,
WHTErpMcaHMuMm y MoaurKoBaHOM pe3epBoapy 3a ropuBO, LWITO FOBOpU O
HanpeaHUM KOHUrypaumnjama BULLIEHAMEHCKOT TepeTa.

WNako paketu AIM-174B, naHcupaHoj n3 Ba3gyLUHOr NpocTopa, HegocTaje bycrep
MK72 «koju ce KkopucTM Yy Bep3vjama naHcupaHum ca 6pogoBa, HEHO
pacnopefuBarwe ca Op3nx aBMOHA Ha BENMKUM BWCUMHaAMa BEPOBATHO jOj
omoryhaea ga Hagmawwm nepdopmaHce CBOr MOpPHapu4kor ekBuaneHta. OBa
cnocobHocT nosuumoHnpa AIM-174B xao jedHO of opyxja Basgyx-Basgyx ca
Hajgehum JOMEeTOM KOje je WuKaga KopucTuna amepudka MopHapuua,
nonywasajyhn npasHWHY HacTany HakoH wWTo je paketa AIM-54 Phoenix
noByyeHa un3 ynotpede 2004. roauHe, a kojy je npeTxoaHo Hocno F-14 Tomcat.
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Pakema AIM-174B je npojekmosaHa Oa e cynpomcmasu aemaMa dyeoe domMema Koje kopucme
Kuna u Pycuja, kao wmo cy PL-21 u R-37M.

MHTerpauuja pakeTe Ha fnoBLe Hocada aBuoHa USS George Washington ykasyje
Ha HEHO OnepaTMBHO MNPUCYCTBO Yy pacnopefeHuM cHarama wwupom WHao-
Maundwmka. JeamHa ctanHo pacnopeheHa Ba3ayxonnoBHa eckaapuna amepuyke
MopHapuue CVW-5 penyje ns Jokocyke y JanaHy — permoHa og cTpaTeLukor
3Ha4vaja ¢ 063npom Ha cBe Behe BojHe kanauuTete KuHe u pactyhe TeHsuje y
JYKHOM KMHECKOM MOpYy. Y OBOM OKpYXehwy, KanauuTeT aHraxoBaka Ha
BENVKMM JarbuHaMa cMaTtpa ce HeonxogHuUM, NocebHO Kao 0groBop Ha cuctTeme
Kao WTO cy kuHecke pakete PL-15 n PL-21, Koje HaBOOHO OOCTWXY AOMET 04
200 po 300 kmnomeTtapa. Paketa AIM-174B moryhHOCT aHraxxoBaka aBMOHa 3a
Hag3op, KOMaHOoBawe W TaHKepe Npe Hero LWTO MOry Aa yrpose amepuyke
CHare.

3ajegHunyko npukasmBawe noeaua F/A-18F n F-35C Ttokom [aHa npujaterbcTea
y rpagy VBakyHn noTBpaMrno je onepatuBHY KOMMNIEMEHTapHOCT wusmMehy
nnatgopmu. Nako F-35C He mMoxe WHTEpPHO Aa Hocu pakeTy AIM-174B 36or
CBOje BenM4YMHe, MOXe Ada CMyXuW Kao HanpeaHuW CEH30PCKU YBOP Y OKBUPY
KOHUEeNTa yMpexeHe WHTerpuMcaHe KOHTpore BaTpe MNpOTUBBA3AyXOMMOBHON
pejctBa (NIFC-CA Networked Integrated Fire Control — Counter Air ),
oapehyjyhn uurbeBe 3a pakeTe naHcupaHe ca asuoHa Super Hornet y3
oApKaBaH-e NPUKPUBEHOCTN.

UnHn ce pga jaBHO npuKasvBame pakeTe ynyhyje MOpyky caBesHuuMma Wt
noTeHumjanHUM MpPOTMBHULMMA, jep HarnawlaBa pasBoj yaapHUX CnocobHOCTU




amepudke MopHapuue. [lprvkasuBawem cucteMa TOKOM jaBHor porahaja,
amepuyka MopHapuLa nojayasa nosuunjy oaspahama Kpo3 TpaHCNapeHTHOCT U
nogpxaesa LUMPY CTpaTervjy npojekroBarkba MOhU LIMPOM MHAO-NaumMdUYKor
pernoHa. HakoH LWTo je gocturna noyeTHy onepatmBHy cnocobHocT (IOC) y jyny
2024. roguHe Ha 6pony CVW-2 USS Carl Vinson, paketa AIM-174B capa ce
BepoBaTHO LWmMpe pacnopehyje y amepunykoj onotu. [JMsajH pakete, 3aCHOBaH Ha
nposepeHoj ©6poackoj NpoTMBBA3AyXoMnnoBHOj paketw SM-6, omoryhasa
gopatHe mucuje, ykibydyjyhm ogbpaHy op 6pofoBa M pakeTa, Mako H.eroea
rmaBHa oyHKUMja OcTaje Ba3gyllHa Hagmoh Ha BenMKMM JarbMHama.

Pa3Boj pakeTe je HanpegoBao ynopedo ca pasBojeM 3ajefHudke HanpegHe
TakTudke pakete AIM-260 (JATM), 3a kojy ce oyekyje ga he nmatm sehmn gomer
N KOMNaTUMOUIMHOCT YyHyTpallker Hocada ca F-35. MehyTtum, nowTto pakeTa
AIM-260 jow Huje onepaTuBHa, YnHKU ce aa AIM-174B ncnywaBa XUTHY NoTpedy
3a npunarohaBakeM noctojeher 1 TecTUpaHor cuctema kako 6u ce npemMocTuno
TPEHYTHM ja3 y OQHOCY Ha onepaTvBHEe MOTryRHOCTU PYCKMX M KUHECKMX pakeTa
Ba3gyx-Ba3gyx.

MpBo jaBHO nNpeactaBrbake pakete AIM-174B y JanaHy o3HavaBa 3HauajHy
NpeKkpeTHUUY Yy pasBojy MOryhHOCTUM amepudke MopHapuue. AganTtupaH opf
npoBepeHe MOpHapu4yke pakeTe, OBaj HOBM CWUCTEM OOHaBrba KanauuteT
cucTema gyror gjoMeTa 3a OejCTBO y BasdylHOM MpPOCTOPY aBMOHa ca Hocada
aBMOHA, LWTO je KrbydHa nNpeaHOCT Y OrpoOMHOM OMnepaTMBHOM MoApyyjy
Maundmka. OBUM OTKpMBaHKEM amepuyka MOpHapuLa nokasyje CBOjy Hamepy
Aa ocyjeTn HOBe MpeTHe, UCTOBPEMEHO jayajyhu oaBpahare 1 KoopauHauujy
ca pervoHanHum casesHuumMmMa.

HpazaH M. Byukosuh (Dragan M. Vuckovi¢),
e-mail: draganvuckovic64@gmail.com,
ORCID iD: "“='https://orcid.org/0000-0003-1620-5601
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HoBa pycka pakeTa Basayx-Ba3gyx KS-1723

Pycka YjeanweHa BasgyxonnoBHa koprnopauuvja (YAK) sHadvajHOo je nogwurna
yrore y obnactu BasaylHe onbpaHe HagorpagwOM CBOP KyNTHOr npecpeTtada
MiG-31 wHTerpauujom HOBOI pakeTHOr cucTtema pyror pgometa KS-172.
MpBOOMTHO pa3BujeH TOKOM XNladHOr paTa 3a npecpeTawe CTpaTeLukux
bombapaepa HaasByyHUM Gp3anHama M Ha BenukuMm BucuHama, MiG-31 capa
ynasu y HoBy a3y eBonyumje, koja 6m mornma pegeduHUCATU KOHLUENT
BasdyllHe JOMMHauuje ayror gometa. Y epu Kaga cy Op30 BpeMe peakuuvje u
cynepuopHe MoryhHocT opb6paHa opnydyjyhe, obGHoBrbeHa wmoh MiG-31
npeacTaBrba BEMWKN TEXHOMOLWIKN U cTpaTelwkn npoboj. OBaj pa3Boj gonasu y
BpeMe eckanauuje rnobanHux TeH3uja, noBehaHe BOjHE KOHKypeHUuje Yy
obnactuma BeNuKMX BWCMHA W MOHOBHOr (QOKyca Ha npecpeTamwe NpeTHM
HaopyxareM criefehe reHepauuje.

lMpema peyuma pyckoe 8ojHoe cmpy4rbaka KoHcmaHmuHa Cuskoea, KS-172 Hadmawyje R-37 no
KOMMaKmHocmu, a ucmospemeHo HyOu umrnpecusaH domem 00 rpeko 400 Kuromemapa.

JloBay, npecpetau MiG-31, pa3BujeH y pyckoM Bas3gyxonsioBHOM ruraHty YAK,
oCTaje jegaH oA HajopXMx onepaTMBHMX BOjHUX aBMOHA Ha CBETY, crnocobaH 3a
Op3uHe 0o 2,83 maxa u BucuHe npeko 20.000 metapa. OnpemsbeH je MoOhHUM
dasHnM pagapcknm cuctemom 3acnoH-M, Koju Moxe MCTOBpPEMEHO aa npatu 24
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unmrba M ga pejcteyje Ha ocam. [pojekToBaH 3a npecpeTawe Ha BENUKUM
JarbMHama, aBuOH je NpBoBUTHO BMo HaopyxaH paketom R-33, ca gomeTom 10
300 km, a kacHuje paketom R-37M ca gpometom oa 150 go 400 km. MehyTtum,
yBohewe KS-172 npeacrtaerea Behy ybojutocT aejctea. [pema peumma pyckor
BOjHOr cTpyykaka KoHcTtaHTMHa CuBkoBa, KS-172 Hagmawyje R-37M no
KOMNaKTHOCTM, a WCTOBPEMEHO WMa WuMMo3aHTaH fometr of npeko 400
knnometapa. OBa pakeTa gpamaTuUdHO npowmpyje aomeTt paejctBa MiG-31,
omoryhasajyhu My ga norogu crpatelwke uurbeBe nonyt asmoHa AWACS,
TaHKkepa 3a AOMyHY ropvBOM Y BasdyLIHOM MPOCTOPY M CTEeNT nnatdopmMu npe
Hero WTO CTUrHY Yy 30HY edpmkacHor gejctea. Jloeay MiG-31, koju ce y HATO-y
HasnBa ,Foxhound”, pa3sBujeH je cefamageceTVx roguHa Kao HacneagHuK
npecpetaya MiG-25. Bno je TO npBU COBjeTCKM aBMOH ca ¢asupaHoMm
pagjapckom pelleTkoM W OCTaje jedHa oA peTkux nnatdopmu nocebHo
uspaheHnx 3a npecpeTawe UUrbeBa Benvke 6p3vHe M BUCUHE, Kao LITO Cy
Kpctapehe pakeTe, wusBuhavykm aBMOHM U OGombapaepn. TokoM [feueHwuja,
nnatcpopma je npowra Kpo3 Hekonvko dasa MoAepHusauuvje, nocebHo
BapujaHTe MiG-31BM w MiG-31 K, npu yemy je oBa agpyra npunaroheHa 3a
Hollewe XxunepcoHudHe pakeTe Kinzhal. MNpojekaT pakete KS-172, koju ce y
MoyeTKy CyoyaBao ca naysama y pa3Bojy U HegocTaTkoM OyLieTCKnx cpeacTtasa,
cafja ce MOHOBO MOjaBMO Kao AeO LUMper pyckor Hamopa ga noborblia cBoje
Ba3ayxonsioBHo oaspahake.

3a pasnuky of 3anagHux ekBuBaneHarta, nonyt amepwudkor AIM-120D wnun
knHeckor PL-15, gomeT pakete KS-172 ppamaTuyHo ce uctude. ok AIM-120D
Hyan MakcumanHu gomet of oko 160-180 km, a PL-15 vak go 300 km, gomet
pakete KS-172 op 400 km cBpcTaBa je y nocebHy kaTeropujy. KomnakTtHocT
pakeTe, kako je npumeTno Cuskos, omoryhasa Behy prekcnbnnHocT HOCMBOCTH
M MNOTEHUMjanHO YaK W BUWLIEHAaMEHCKO pacnopefuBawe Ha Apyrum
nnatgopmama. Mctopujcku rnegaHo, CrMYHU pakeTHW CUCTEMM Beoma Ayror
AoMeTa, Kao WTOo je nHauvjcka Bepsuja KS-172 nnu paHu COBJETCKU MOKyLUaju,
6unu cy orpaHudeHn y nornegy TexuHe, Bofjewa u noroHa. HegasHu Hanpegak
Yy MUHWjaTypu3aumjn pyckmnx pakeTa n emkacHOCTU NoroHa caga ocsapyje MiG-
31 HeynopeauBvMMm AOMETOM MPBOr yAapa y BasgyLIHOM MPOCTopy.

OnepaTuBHo pacnopehusame noeua MiG-31 ca paketama KS-172 Hocu Benuke
UMNAvKaumje, Kako Ha pervoHanHy, Tako W Ha rnobanHy AuHaMuky
Ba3gyxonmnoBHWx cHara. Ca reononuTuyke nepcrnekTMBe, TO java pycke
KanauuteTe 3a cnpedyaBawe npucTtynal/yckpahmsawe 3oHe (A2/AD) Hap
OrPOMHMM BasgyLlHMM npocTopuma Kao wTo cy Apktuk, MctouHa Espona un
Maumncmk. Ca BojHOr acnekta, TO Hamehe 3HavyajHe pu3MKe 3a 3anagHa
Ba3gyllHa cpeacTtsa, ykibyyyjyhu JSTARS, AWACS v TaHkepe, Koju CYy Kiby4HU
3a onepaTtuMBHy koopauHauujy u npojekuunjy mohu. Paketa KS-172 omoryhaBa
Pycuju ga yrpoau oBa cpefcTtBa ca guctadue, KoMMnukyjyhu asgyxonmoBHO
nnaHnpawe HATO-a n CAL u noteHuuwjanHo opepahajyhu onepauuje paHor
ynacka y crnopHe 3oHe. Tako MiG-31 eBonyupa og Op3or npecpertava y

CTpaTeLlKn Ba3ayLlwHu CHajnep.
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Mpecpetau MiG-31, 3acTapena penuvkeuja xnagHor parta, TpaHcopmuLLEe ce Y
jeaHor oA HajMOhHMjUX Ba3gyxOMnmoBHMX NpecpeTada 21. Beka 3axsarbyjyhu
nHTerpaumjn pakete KC-172. OBom HaporpaghHOM nrnatgopma He camo Aa
nobuja npowmnpeHn gomet Beh M HOBY ynory y cTpaTelkoMm ofspahawy wu
MucHjama npBor ygapa 3a obes3behyBare Ba3gyxonsioBHe HagMmohu. Y cBeTty
roe KoHTpona Heba yecTo ogpefyje ncxon moaepHux cykoba, eBonyumja noeua
MiG-31 je Buwe Of TEXHOMOLLKOr axypupawa; TO je jacaH curHanm pycke
Hamepe fa ofpXw JOMWHaLM)y y Ba3gyxOMioBHO] oAbpaHn W yckpatu
HenpujaTerbCKMM cHarama MoryhHOCT HeoMeTaHOr MaHeBpucawa. [dokne ropg
MiG-31 netu ca KS-172 nop cBojum Kpunuma, octahe jegHa of HajonacHujux
Ba3gyXOMNIIOBHUX NPETH:M Koje NocToje.

LpazaH M. Byukouh (Dragan M. Vuckovié),
e-mail: draganvuckovic64@gmail.com,
ORCID iD: "“='https://orcid.org/0000-0003-1620-5601
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CALL FOR PAPERS AND INSTRUCTIONS FOR AUTHORS

No3nB 1 YIYTCTBO AYTOPUMA

CALL FOR PAPERS AND ARTICLE FORMATTING INSTRUCTIONS

The instructions to authors about the article preparation for publication in the Military
Technical Courier are based on the Regulations on categorization and ranking of scientific
journals of the Ministry of Education, Science and Technological Development of the
Republic of Serbia (Official Gazette of the Republic of Serbia, No 159/20). This Regulations
aims at improving the quality of national journals and raising the level of their compliance
with the international system of scientific information exchange.

The Military Technical Courier / Vojnotehnicki glasnik
(www.vtg.mod.gov.rs/index-e.html, BTr.mo.ynp.cp6, ISSN 0042-8469 — print issue, e-
ISSN 2217-4753 — online, UDC 623+355/359, DOI: 10.5937/VojnotehnickiGlasnik;
https://doi.org/10.5937/VojnotehnickiGlasnik), is an peer-reviewed scientific journal.

The owners of the journal are the Ministry of Defence of the Republic of Serbia and
the Serbian Armed Forces. The publisher and financier of the Military Technical Courier is
the University of Defence in Belgrade (Military Academy).

The program of the journal is based on the annual classification of journals performed
by a relevant Ministry as well as on its indexing in international indexing databases.

The journal covers scientific and professional fields within the educational-scientific field
of Natural-Mathematical Sciences, as well as within the educational-scientific field of
Technical-Technological Sciences, and especially the field of defense sciences and
technologies. It publishes theoretical and practical achievements leading to professional
development of all members of Serbian, regional and international academic communities as
well as members of the military and ministries of defence in particular. It publishes papers
with balanced coverage of analytical, experimental, and applied research as well as numerical
simulations from various disciplines. The material published is of high quality and relevance,
written in a manner that makes it accessible to a wider readership. The journal welcomes
papers reporting original theoretical and/or practice-oriented research as well as extended
versions of already published conference papers. Manuscripts for publication are selected
through a double-blind peer-review process to validate their originality, relevance, and
readability. This being so, the objective is not only to keep the quality of published papers
high but also to provide a timely, thorough, and balanced review process.

The editorial policy of the Military Technical Courier is based on the COPE Core
Practices, common COPE, DOAJ, OASPA and WAME Principles of Transparency and
Best Practice in Scholarly Publishing as well as on the best accepted practices in scientific
publishing. The Military Technical Courier has been a COPE (Committee on Publication
Ethics) member since 2nd May 2018 and a member of OASPA (Open Access Scholarly
Publishers Association) since 27th November 2015.

The Ministry of Science, Technological Development and Innovation of the Republic
of Serbia classified the Military Technical Courier for the year 2024, on December 13, 2024

— on the list of periodicals for computer sciences,

category: reputed national journal (M51),

— on the list of periodicals for electronics, telecommunications and IT,
category: reputed national journal (M51),

- on the list of periodicals for mechanical engineering,
category: reputed national journal (M51),
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— on the list of periodicals for materials and chemical technology,
category: national journal of international importance (M24).

The approved lists of national periodicals for the year 2024 can be viewed on the
website of the Military Technical Courier, page Journal categorization.

More detailed information can be found on the website of the Ministry of Education,
Science and Technological Development of the Republic of Serbia.

The information on the categorization can be also found on the website of KOBSON
(Consortium of Libraries of Serbia for Unified Acquisition).

The periodical is categorized in compliance with the Regulations on categorization
and ranking of scientific journals of the Ministry of Education, Science and Technological
Development of the Republic of Serbia (Official Gazette of the Republic of Serbia, No
159/20). More detailed information can be found on the website of the Ministry of Education,
Science and Technological Development.

The journal is in the Serbian Citation Index — SCIndex (data base of national scientific
journals), in the Scientific Information System Redalyc, and in the Russian Index of Science
Citation/Poccuiickuin ungekc HaydHoro uutmpoBanus (RINC/PUHL) and is constantly
monitored depending on the impact within the bases themselves. More detailed information
can be viewed on the website of the Military Technical Courier, page Journal indexing.

The Military Technical Courier, in terms of its content, offers the possibility of open
access (DIAMOND OPEN ACCESS) and applies the Creative Commons Attribution (CC
BY) licence on copyright. The copyright details can be found on the Copyright notice and
Self-archiving policy page of the journal's website.

Manuscripts are submitted online, through the electronic editing system
ASSISTANT, developed by the Center for Evaluation in Education and Science — CEON.

The access and the registration are through the Military Technical Courier
site http://www.vtg.mod.gov.rs/index-e.html, on the page ASSISTANT or the page
SCINDEKS or directly through the link (aseestant.ceon.rs/index.php/vtg).

The detailed instructions about the registration for the service are on the website
http://www.vtg.mod.gov.rs/index-e.html, on the page Instructions for ASSISTANT.

All authors submitting a manuscript for publishing in the Military Technical Courier
should register for an ORCID ID following the instructions on the web page Registration for
an ORCID identifier.

The Military Technical Courier ~ publishes articles in English,
using Arial and a font size of 11pt with Single Spacing.

The procedures of article preparation, writing and editing should be in accordance
with the Publication ethics statement (http://www.vtg.mod.gov.rs/publication-ethics-
statement.html).

The article should contain an abstract with keywords, introduction (motivation for the
work), body (adequate overview of the representative work in the field, a clear statement
of the novelty in the presented research, suitable theoretical background, one or more
examples to demonstrate and discuss the presented ideas), conclusion, and references
(without heading and subheading enumeration). The article length should not normally
exceed 16 pages of the A4 paper format with single spacing, up to a maximum of 24 pages
with references and supplementary material included.

The article should be formatted following the instructions in the Article Form which
can be downloaded from website page Article form.




Title
The title should be informative. It is in both Journal's and author’s best interest to use
terms suitable for indexing and word search. If there are no such terms in the title, the
author is strongly advised to add a subtitle.
Letterhead title
The letterhead title is given at a top of each page for easier identification of article
copies in an electronic form in particular. It contains the author’s surname and first name
initial (for multiple authors add “et al”), article title, journal title and collation (year, volume,
issue, first and last page). The journal and article titles can be given in a shortened form.
Author’s name
Full name(s) of author(s) should be used. It is advisable to give the middle initial.
Names are given in their original form (with diacritic signs if in Serbian).
Author’s affiliation
The full official name and seat of the author’s affiliation is given, possibly with the
name of the institution where the research was carried out. For organizations with complex
structures, give the whole hierarchy (for example, University of Defence in Belgrade,
Military Academy, Department for Military Electronic Systems). At least one organization in
the hierarchy must be a legal entity. When some of multiple authors have the same
affiliation, it must be clearly stated, by special signs or in other way, which department
exactly they are affiliated with. The affiliation follows the author’'s name. The function and
title are not given.
Contact details
The postal addresses or the e-mail addresses of the authors are given in the first page.
Type of articles
Classification of articles is a duty of the editorial staff and is of special importance.
Referees and the members of the editorial staff, or section editors, can propose a category,
but the editor-in-chief has the sole responsibility for their classification.
The Military Technical Courier publishes scientific articles.
Scientific articles:

— Original scientific papers (giving the previously unpublished results of the author’'s
own research based on scientific methods);

— Review papers (giving an original, detailed and critical view of a research problem
or an area to which the author has made a contribution demonstrated by self-citation);

— Short communications or Preliminary communications (original scientific full papers
but shorter or of a preliminary character);

— Scientific commentaries or discussions (discussions on a particular scientific topic,
based exclusively on scientific argumentation) and opinion pieces.

Exceptionally, in particular areas, a scientific paper in the Journal can be in a form of
a monograph or a critical edition of scientific data (historical, archival, lexicographic,
bibliographic, data survey, etc.) which were unknown or hardly accessible for scientific
research.

Papers classified as scientific must have at least two positive reviews.

If the journal contains non-scientific contributions as well, the section with scientific
papers should be clearly denoted in the first part of the Journal.
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Short communications are usually 4-7 pages long, research articles and case studies
10-14 pages, while reviews can be longer. Page number limits are not strict and, with
appropriate reasoning, submitted manuscripts can also be longer or shorter. If extended
versions of previously published conference papers are submitted, Editors will check if
sufficient new material has been added to meet the journal standards and to qualify such
manuscripts for the review process. The added material must not have been previously
published. New results are desired but not necessarily required; however, submissions
should contain expansions of key ideas, examples, elaborations, etc. of conference papers.

Language

The language of the article should be in English. The grammar and style of the article
should be of good quality. The systematized text should be without abbreviations (except
standard ones). All measurements must be in Sl units. The sequence of formulae is
denoted in Arabic numerals in parentheses on the right-hand side.

Abstract and summary

An abstract is a concise informative presentation of the article content for fast and
accurate evaluation of its relevance. It contains the terms often used for indexing and article
search. A 100- to 250-word abstract has the following parts: introduction/purpose of the
research, methods, results and conclusion.

Keywords

Keywords are terms or phrases showing adequately the article content for indexing
and search purposes. They should be allocated heaving in mind widely accepted
international sources (index, dictionary or thesaurus), such as the Web of Science keyword
list for science in general. The higher their usage frequency is, the better. Up to 10
keywords immediately follow the abstract and the summary, in respective languages. For
this purpose, the ASSISTANT system uses a special tool KWASS for the automatic
extraction of key words from disciplinary thesauruses/dictionaries by choice and the routine
for their selection, i.e. acceptance or rejection by author and/or editor.

Article acceptance date

The date of the reception of the article, the dates of submitted corrections in the
manuscript (optional) and the date when the Editorial Board accepted the article for
publication are all given in a chronological order at the end of the article.

Acknowledgements

The name and the number of the project or programme within which the article was
realised is given in a separate note at the bottom of the first page together with the name
of the institution which financially supported the project or programme.

Article preliminary version

If an article preliminary version has appeared previously at a meeting in a form of an
oral presentation (under the same or similar title), this should be stated in a separate note
at the bottom of the first page. An article published previously cannot be published in the
Military Technical Courier even under a similar title or in a changed form.

Tables and illustrations

All the captions should be in the original language as well as in English, together with
the texts in illustrations if possible. Tables are typed in the same style as the text and are
denoted by Arabic numerals at the top. Photographs and drawings, placed appropriately in
the text, should be clear, precise and suitable for reproduction. Drawings should be created
in Word or Corel.




For figures and graphs, proper data plot is recommended i.e. using a data analysis
program such as Excel, Matlab, Origin, SigmaPlot, etc. It is not recommended to use a
screen capture of a data acquisition program as a figure or a graph.

Citation in the text

Citation in the text must be uniform. The Military Technical Courier applies the
Harvard Referencing System given in the Harvard Style Manual. When citing sources within
your paper, i.e. for in-text references of the works listed at the end of the paper, place the
year of publication of the work in parentheses and optionally the number of the page(s)
after the author’s name, e.g. (Petrovic, 2012, pp.10-12). A detailed guide on citing, with
examples, can be found on Military Technical Courier website on the page Instructions for
Harvard Style Manual. In-text citations should follow its guidelines. For checking in-text
citations, the ASSISTANT system uses a special tool CiteMatcher to find out quotes left
out within papers and in reference lists.

Footnotes

Footnotes are given at the bottom of the page with the text they refer to. They can
contain less relevant details, additional explanations or used sources (e.g. scientific
material, manuals). They cannot replace the cited literature.

Reference list (Literature)

The cited literature encompasses bibliographic sources such as articles and
monographs and is given in a separate section in a form of a reference list. References are
not translated to the language of the article.

In compiling the reference list and bibliography, the Military Technical Courier applies
the Harvard System — Harvard Style Manual. All bibliography items should be listed
alphabetically by author's name, without numeration. A detailed guide for listing references,
with examples, can be found on Military Technical Courier website on the page Instructions
for Harvard Style Manual. Reference lists at the end of papers should follow its guidelines.
In journal evaluation systems, non-standard, insufficient or inconsequent citation is
considered to be a sufficient cause for denying the scientific status to a journal.
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no3nB N YNYTCTBO AYTOPUMA O HAYUHY NPUNPEME YJ1AHKA

YnyTcTBO aytopuma O HauMHy npurnpeMe unaHka 3a objaBrbuBame Yy
BojHomexHu4ykoMm enacHuUKy ypaheHo je Ha ocHoBy [lpaBunHuKa O kateropmsauuju u
paHrmpamy Hay4yHux yaconuca MuHucTapcTsa NpocseTe, Hayke M TeXHOSOLKOr pasBoja
Penybnuke Cpbuje ("Cnyxbenn rmacHuk PC", 6poj 159/20). MNMpumeHa osor lNMpaBunHuka
NPBEHCTBEHO CNyXu yHanpehewy KBanuTeTa goMahmx yaconvca v HUXoBOr NOTNyHUjer
YKIbyunBama y meflyHapoaHu CUcTeM pasmeHe HaydHnX nHdopmauuja.

BojHoTtexHuuykn rnacHuk / Vojnotehni€ki glasnik / Military Technical Courier
(BTr.mo.ynp.cp6, www.vtg.mod.gov.rs, ISSN 0042-8469 — wTamnaHo m3gawe, e-ISSN
2217-4753 - online, UDC 623+355/359, DOI: 10.5937/VojnotehnickiGlasnik;
https://doi.org/10.5937/VojnotehnickiGlasnik), jecTe peLeH3paHn Hay4HM Yaconuc.

BrnacHuun vaconmnca cy MwuHuctapctBo opbpaHe Penybnuke Cpbuje n Bojcka
Cpbuje. N3pgaBay n dumHaHcujep Yaconuca je YHuBepsuTeT ogbpaHe y beorpagy (BojHa
akagemuija).

Mporpamcka opuvjeHTaumja Yaconmuca 3acHMBa Ce Ha roguLH0j KaTteropmsauujm
Yyaconuca, Kojy BPLUN HAASIEXHO ApXXaBHO MUHUCTAPCTBO y oapefheHnmM obnactuma, kao u
Ha HEeroBOM MHAEKCMPawy y MeflyHapogHum nHaekcHum 6asama.

Yaconuc obyxsaTta Hay4He, O4HOCHO CTpyYHe 06racT y OKBMpY 06pasoBHO-HAy4YHOr
norba MPUPOAHO-MaTEMaTUUKUX HayKa, Kao M y OkBupy oBOpasoBHO-Hay4yHOr Mnorba
TeXHMYKO-TEXHOJIOWKNX HayKa, a Hapounto obnactu opb6pambGeHUMX Hayka W
TexHonoruja. O6jaBrbyje Teopujcka W npakTM4Ha pocturHyha koja gonpuHoce
ycaBplUaBawy CBUX MpWNagHMKa cpricke, pervoHanHe u mefyHapoaHe akagemcke
3ajegHuue, a nocebHO NpuMnagHuKa BOjCkM U MMHMCTapcTasa oabpane. Mybnukyje pagose
Ca ypaBHOTEXEHNM M3BELUTABaHbEeM O aHAMUTUYKUM, EKCNEPUMEHTANTHUM 1 MPUMEHEHNM
ncTpaxusamwMmMa, Kao W HyMEepuukum cumynaumjama, obyxsaTtajyhu pasnuuute
avcumnnure. O6jaBrbeHV MaTepujanu Cy BUCOKOT KBanuTeTa u peneBaHTHOCTM, HanucaHm
Ha Ha4YMH KOjU UX YMHW OOCTYMHMM LUMPOKOj YuTanaykoj nybnmun. Ceu pagosu Koju
u3BellTaBajy O OpUIMHaNHUM  TEOPWJCKUM  W/MNU  NPaKTUYHO  OpPUWjEHTUCAHUM
UcTpaxunsaruma 1nu npompeHnum Bepanjama seh objaBrb.eHnx pagosa ca KoHdepeHumja
cy pobpogownu. Pagosun 3a objaBrbmBake ofabupy ce OBOCTPYKO CrenvM MOCTYMKOM
peLeHsmnje kako 6y ce ocurypana OpuUrMHanHoOCT, peneBaHTHOCT U YUTIBUBOCT. Mputom
UMb HWje camo da ce kBanuTeT objaBrbeHux pajosBa oAapxu Bucokum Beh n ga ce
06e36ean npaBoBpEMEHU, TEMEIbHN U YPaBHOTEXEHN NOCTYNaK peLieHsmje.

YpehuBayka nonmutnka BojHomexHUYKO2 2nacHuka 3acHMBa Ce Ha npenopykama
Opbopa 3a etuyHocT y nsgasawTtey (COPE Core Practices) u 3ajegHuukumM npyHumnuma
TpaHcnapeHTHOCTU 1 Hajborbe npakce y nsgasawtesy COPE, DOAJ, OASPA n WAME, kao
1 Ha HajborbMm NpuxsaheHnm npakcama y Hay4yHOM usfaBsallTBy. BojHOMEXHUYKU 2r1acHUK
je unan COPE (Committee on Publication Ethics) oa 2. maja 2018. roguHe u ynaH OASPA
(Open Access Scholarly Publishers Association) og og 27. HoBem6pa 2015. roanHe.

MuHucTapcTBO Hayke, TEXHOMOLUKOr pa3Boja M uHoBauuja Penybnuke Cpbuje
yTBpauno je gaHa 13. 12. 2024. roguHe kateropusaumjy BojHomexHu4Koe enacHuka, 3a
2024. rogunHy:

— Ha NNCTK Yaconuca 3a padyyHapcke Hayke:
KaTeropwuja BpXyHCKM Yaconuc HaumnoHanHor 3Hadvaja (M51),

— Ha NNCTK Yaconuca 3a eNeKTPOHMUKY, TeNleKOMyHuKaLmje n nicpopmaumnoHe
TexHosoruje:
KaTeropuja BpXyHCKM1 Yaconuc HauMoHanHor 3Havaja (M51),

— Ha NUCTU Yaconuca 3a MallnHCTBO:




KaTeropuja BPXyHCKM Yaconuc HalMoHanHor 3Havaja (M51),

— Ha NUCTK Yaconuca 3a MaTtepujane U xemumjcke TexHomnorumje:
KaTeropuja HauuoHanHu Yaconuc mehyHapogHor 3Ha4vaja (M24).

YcBojeHe nucte gomahux yaconmca 3a 2024. rognHy Mory ce BUMAETU Ha cajTy
BojHomexHu4koz anacHuka, ctpaHuua Kamezopusayuja Yaconuca.

OeTtarsHuje uHdopmauuje mory ce npoHahu u Ha cajty MuHucTapcTBa npocseTe,
Hayke 1 TexHonoLwkor pa3soja Penybnvke Cpbuje.

Mopaum o kateropusaumjyu mory ce npatutu n Ha cajty KOBCOH-a (KoH3opuujym
6ubnunoteka Cpbuje 3a o6jeanteHy HabaBky).

KaTeropusaumja yaconuca mssplleHa je npema [paBunHuKy o kateropmsaumju un
paHrMpawy HayyYHux Yaconvmca MuHucTapcTBa NpocBeTe, HayKe U TEXHOMOLLKOr pa3Boja
Peny6nuke Cpbuje ("Cnyx6eHn rnacHuk PC", 6poj 159/20).

Yaconuc ce npaTtu y koHTekcTy Cprnckor umtaTtHor uHaekca — CluHgekc (6asa
nogataka gomahmx Hay4yHux 4vaconuca), Hay4dHo-uHdopmaumoHor cuctema Redalyc n
Pyckor uHpgekca HaydHor uutupawa (PWUHLY). lMoasprHyT je ctanHoM BpeaHOBawy
(MOHUTOPUHIY) y 3aBUCHOCTW O yTMUAjHOCTU (MMnakTa) y camum Gasama. [leTarsu o
WHOEKcupawy Mory ce BuOEeTM Ha cajTy BojHomexHu4ykoe enacHuka, cTpaHuua
UHdekcupare yaconuca.

BojHomexHuyku 2nacHuk, y nornepy CBOr cagpxaja, npyxa moryhHocT oTBOpeHor
npuctyna (DIAMOND OPEN ACCESS) wn npumewyje Creative Commons (CC
BY) oapenbe o aytopckum npasmma. [letarou o ayTopckum npasuma MOry ce BUAETU Ha
CcajTy Yaconuca, cTpaHuua Aymopcka npasa u noaumuka camoapxusupara.

PagoBn ce npedajy nyteM OHMajH cuUcTeMa 3a €EMeKTPOHCKO YypehuBawe
ACUCTEHT, koju je pa3suo LleHTap 3a eBanyauujy y obpasoBamy n Hayum (LIEOH).

Mpuctyn n pernctpaumja 3a cepBuUC BpLUE Ce Ha cajTy www.vtg.mod.gov.rs, npeko
ctpaHnue ACUCTEHT wnnm CUMHOEKC, o0QHOCHO  AMPEKTHO  Ha  MUHKY
aseestant.ceon.rs/index.php/vtg.

[eTtarbHo ynyTcTBO O perucTpauuju u npujaBuM 3a CEpBUC Hamnasu ce Ha cajTy
www.vtg.mod.gov.rs, cTpaHuua Ynymcmeo 3a ACUCTEHT.

MoTpebHO je ga ce cCBM ayTopu KOjM MOAHOCE pykonuc 3a objaBrbuBame Yy
BojHomexHuykom enacHuky peructpyjy y peructap ORCID (Open Researcher and
Contributor ID), npema ynyTcTBY Ha CTpaHuum cajta Peaucmpayuja 3a 0obujare ORCID
uéeHmucgbukayuoHe wughpe.

BojHomexHu4Ku 2nacHuk 06jaBrbyje YnaHke Ha eHrneckoMm jeauky (arial, BenuynHa
cnosa 11 pt, npopen Single).

MocTtynak npunpeme, nucawa n ypefusawa ynaHka Tpeba ga 6yae y carnacHoctu
ca MWzjasom o emuuykom nocmynary (http://www.vtg.mod.gov.rs/izjava-o-etickom-
postupanju.html).

Unanak Tpeba aa cagpxu caxeTak ca Kiby4HUM pednma, yBod (MoTuBauujy 3a pag),
paspagy (ageksartaH npernep penpes3eHTaTMBHOCTM pada Yy Hherosoj 061acTu, jacHy nsjasy
0 HOBVHW y NPeACTaBIbEHOM UCTPaXuBaky, ogrosapajyhy Teopumjcky no3aauHy, jeaaH unu
BULLE MpUMepa 3a AEMOHCTpMpare U AUCKYCUjy O NPeAcTaBibeHNM UAgjaMa), 3akibydak
n nutepaTtypy (6e3 Hymepaumje Hacnoea un nogHacnosa). Obum ynaHka Tpeba ga 6yae oo
jenHor ayTtopckor Tabaka (16 ctpaHunua copmata A4 ca npopenom Single), a Hajsuwwe 24
CTpaHuue.

Unanak Tpeba Aa Oyae HanucaH Ha obpacuy 3a nucawe unaHka, Koju ce y
eneKTPOoHCKOoj hopMmn MOXe Mpey3eTn ca cajta Ha cTpaHuum Obpasay 3a rucare YnaHka.
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Hacnos

Hacnos Tpeba na ogpaxaBa Temy unaHka. Y UHTepecy je yaconuca v aytopa Aa ce
KOpWUCTe peuun NpuknagHe 3a UHAeKCUpake U NpeTpaxuBare. AKO TakBUX peun Hema y
HaCcMoBy, NOXeIbHO je Aa ce Npuaoaa v NogHAaCIoB.

Tekyhu HacnoB

Tekyhn Hacnoe ce ucnucyje ca cTpaHe CBake CTpPaHWLEe unaHka pagu nakwe
naeHTudmkaumje, NocebHO Konuja YnaHaka y enekTpoHckom o6nuky. Cagpxu npesmme u
vHUUMjan nmMeHa ayTopa (ako ayTopa uma BuLLe, MpeocTanu ce o3HavaBsajy ca ,et al.“ unm
.M Op.“), Hacnose paga n Yaconuca u konauujy (rogvHa, BONyMeH, CBecka, noyeTtHa u
3aBpLUHa cTpaHuua). Hacnosu yaconuca n unaHka Mory ce gaTtv y ckpaheHom obnmky.

Ume ayTopa
HaBoawu ce nyHo nme n npesume (cBux) aytopa. Beoma je noxersHo aa ce HaBegy u
cpeawa cnosa aytopa. MimeHa v npesumeHa gomahux aytopa yBek ce MUCMIUCYjy Y

opurMHanHoMm obnuky (ca CprnckUM AnjakpUTUYKUM 3HAKOBKMMA), HE3ABUCHO Of je3nka Ha
KOjeM je HanucaH pag.

Hasue yctaHoBe ayTopa (acpvnujaunja)

HaBoau ce nyH (3BaHU4YHW) HA3MB U CeauMLUTE YCTAHOBE Y KOjOj je ayTop 3anocreH, a
€BEHTyarnHo M Has3uB YCTaHOBE Y KOjoj je ayTop o00aBuO MCTpaxvBakse. Y CIOXEHUM
opraHu3auujama HaBoAu ce ykymnHa xujepapxuja (Hnp. YHuBepauteT oabpaHe y beorpagy,
BojHa akagemuja, Kategpa npupogHo-matematuukmx Hayka). bap jegHa opranmsaumja y
xvjepapxvju mopa 6uTM npaBHO nuue. AKO ayTopa Mma BULIE, a HEKU MOTMYYy U3 UCTe
yCTaHOBe, Mopa ce, NocebHUM O3Hakama WM Ha ApYrY HauuH, HasHauuTW M3 Koje of
HaBedeHWX yCTaHOBa MOTMYe CBakW OA HaBedeHux aytopa. Adwnujaumja ce ucnucyje
HenocpeaHO HakoH uMeHa aytopa. PyHKUWja 1 3Bare ayTopa ce He HaBozae.

KoHTakT nogauu
Agpeca nnv e-agpeca CBUx aytopa gaje ce nopej UMeHa v npesmMeHa aytopa.

KaTteropuja (Tun) 4naHka

KaTteropusauuja unaHaka obaBe3a je ypegHuwTBa M of nocebHe je BaXHOCTW.
Kateropujy unaHka mory npeprnaratm peueH3eHTW W YraHOBW YpeaHWLITBA, OJHOCHO
ypeoHuum pybpuka, anvM OAroBOPHOCT 3a KaTeropusauujy CHOCUM MUCKIbYYMBO [FaBHU
YPeOHuK.

BojHomexHuU4YKu enacHuUk 06jaBrbyje Hay4YHe YnaHke.

Hay4Hu ynaHak je:

— opurMHanaH HayyHu pag (pag y KojeM ce M3HOCe NpPeTXoAHO HeobjaBrbeHu
pes3ynTaTu COMCTBEHUX UCTPaXuBara Hay4HUM MEeTOA0M);

— npernegHn pag (pag Koju CagpXv opurMHanaH, AetarbaH U KPpUTUYKU npukas
ncTpaxusadkor npobnema nnu NoapyYja y Kojem je aytop octesapuo ogpefieHn gonpuHoc,
BUALMB HA OCHOBY ayTouuTara);

— KpaTKO N NPETXOAHO CaonLITEHE (OPUTMHANHN HAaYyYHM pag nyHor doopmMaTa, anv
Maner obuma nnu npenuMMHapHor Kapakrepay);

— HayyHa KpWTUKa, OOHOCHO nonemuka (pacnpaBa Ha oapeheHy HayvHy Temy,
3acHOBaHa WCKIbYYMBO Ha Hay4yHOj aprymMeHTaumju) 1 oCBpTW.

MN3y3eTHO, y Hekum obrnacTuma, HayyHu paj Yy 4Yacomnucy MoXe umatu o6nuk
MOHorpad)cke CTyauje, Kao M KpUTUYKOr u3aaka HayyHe rpafe (MCTopujcKo-apXMBCKe,
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nekcukorpadcke, 6ubnuorpadcke, nperneda nogartaka W cn.), AoTag HernosHaTe Unu
HEeJOBOIbHO MPUCTYNaYHe 3a Hay4yHa UCTpaXKmBak-a.

PafoBu knacuguKkoBaHW kao Hay4YHU Mopajy nmaTti 6ap ABe No3UTUBHE peLieHauje.

Ako ce y vaconucy objaBrbyjy 1 NpMnNosn BaHHay4HOr KapakTepa, Hay4YHu YnaHum
Tpeba ga Oyay rpynvMcaHu 1 jacHO U3ABOjeHW Y MPBOM Aefly CBECKe.

MoxersHo je ga 0bum KpaTkmx caonwTerwa Oyae 4 4o 7 cTpaHMua, HAyYHUX YnaHaka
n ctyavja cnydaja 10 go 14 crtpaHvua, AoK nperneaHu pagosu Mory 6utu u ayxu. bpoj
CTpaHu1La Huje CTPOro orpaHuyeH v, y3 ogrosapajyhe obpasnoxere, npujaBrbeHn YnaHum
Takohe mory 6yt ayxum unm kpahu.

AKO cy pagoBM KOjM Cy MpeTXodHO 06jaBrbeHU Ha KOH(EPEHLMjM MPOLUMPEHU,
ypeaHuum he npoBeputu Aa nu je JofaTto AOBOSbHO HOBOP MaTepwjarna Koju ucnykasa
cTaHaapae Yaconuca u kBanudukyje nogHecak 3a NocTynak peueHsuje. Jogatv matepujan
He cme 6uTM npeTxogHo objaBrbeH. HoBM pesyntatM HUCY HYXXHO MOTPeOHW, anu cy
noxersHn. Mehytum, nogHecak Tpeba fa cagpXu NpPOLIMPEHe KIbyyHe uaeje, npumepe,
paspage, UTa., Koju cy NpeTxoaHo Ounu cagpykaHu y NnoaHECKY ca KoHdbepeHLuje.

Je3uk papa

Jesuk paga Tpeba fa byae eHrnecku.

TekcT Mmopa OMTK jeandkn u CTUNCKU JoTepaH, cMcTemMaTusoBaH, 6e3 ckpaheHuua
(ocum ctaHgapaHnx). Cee dumsnyke BenuunHe mopajy 6utn uspaxerHe y MefyHapogHom
cuctemy MepHux jeamnuua — Sl. Pegocnen obpasaua (dopmyna) o3Hayasa ce pegHuM
HpojeBnma, ca gecHe CTpaHe y OKpyrnuM 3arpagama.

CaxeTtak

CaxeTak jecTe kpaTak MHdOpMaTUMBaH MpuKas cafpxkaja 4naHka Koju umtaouy
omMoryhaBa ga 6p30 1 Ta4HO OLIEHN HETOBY PEeNeBaHTHOCT. Y UHTEPECY je ypeaHuLTasa u
ayTopa [a caxeTak cagpXu TEPMUHE KOju Ce YeCTO KOpUCTE 3a MHAEKCUpare U npeTpary
unaHaka. CactaBHU JenoBU caxeTka Cy yBoa/Uuib UCTpaxuBara, MeToau, pesynrtaTt u
3akrbyyak. Caxetak Tpeba aa uma og 100 go 250 peun n Tpeba ga ce Hanasu uamehy
3arnaerba (HacnoB, MMeHa ayTopa M Op.) U KIbYYHUX PEYW, HAKOH KOjUX crnegu TeKCT
unaHka.

KrbyuHe peuun

KrbyuHe peun cy TepmumHM unu dpase koje agekBaTHO NpeacTaBrbajy cagpkaj
YnaHka 3a notpebe MHAeKcupara u npeTpaxueara. Tpeba nx gogersusatun ocnamajyhu
Ce Ha Hekun mefyHapoaHu n3sop (Monuc, peYHrK nnmn Tesaypyc) Koju je Hajlumpe npuxsaheH
Unu yHyTap AaTe HaydyHe obnacTu. 3a Hnp. HayKy yonwiTe, TO je nucTa Kiby4Hux peun Web
of Science. bpoj KIby4HUX peun He Moxe 6uTn Behu of 10, a y UHTEpecy je ypeoHuwTBa
W ayTtopa fAa ydyectanoct wuxoBe ynotpebe 6Oyde wTo Beha. Y unaHky ce nuwy
HEenocpeaHO HaKOH caxeTka.

Cunctem ACUCTEHT y 1y cBpxy kopuctu cneuujandy anatky KWASS: aytomaTtcko
EKCTpaxoBake KbYYHUX peyn M3 AUCUMNIMHAPHUX Tesaypyca/pevHuka no usbopy u
pyTUHE 3a HKX0B 04abup, Tj. NpuxBaTawe OAHOCHO ofbalumBame O CTpaHe ayTopa uunm
ypeaHuka.

[Jatym npuxsaTtaka YrnaHka

JaTtym kafa je ypeaHULITBO NPUMUIIO YnaHak, 4aTyM Kafa je ypeaHULITBO KOHauHO
NpMXBaTUIO YnaHak 3a objaBrbuBatkLe, Kao 1 4aTyMu kafa cy y MeflyBpemeHy [oCTaBrbeHe
€BeHTyarHe WCrpaBKe pyKonuca HaBOLE CE XPOHOMOLUKMM PedoCnefoM, Ha CTariHoM

MecTy, No NpaBuiy Ha Kpajy YnaHka.
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3axBanHuua

Ha3sne n 6poj npojekTa, 0O4HOCHO Ha3WB Mporpama y OKBMPY KOjer je YnaHak HacTao,
Kao M Ha3nB MHCTUTYUMje Koja je puHaHCMpana npojekaT WUnu nporpam, HaBoAu ce Yy
nocebHoj HaNnoOMeHW Ha cTariHOM MecCTY, MO NPaBWIy Npu AHY NPBE CTpaHe YnaHka.

MpeTxoaHe Bep3nje papa

AKO je unaHak y npeTxodHoj Bep3uju Ouo M3NOoXeH Ha Ckyny Yy Buay YCMeHor
caonwTewa (NO4 UCTUM UMW CMYHUM HAcMoBOM), nogatak o Tome Tpeba ga Gyne
HaBeeH Yy NocebHOoj HaNnoMeHW, No NpaBuny Npu AHy NpBe CTpaHe YnaHka. Pag koju je Beh
oGjaBrbeH y HEKOM vacomnucy He Moxe ce 006jaBuTn y BojHOMEXHUYKOM 2/1aCHUKY
(npewTamMnaTt), HX NOA CAIMYHUM HACrOBOM U U3MEHEHOM OBKKY.

TaGenapHu u rpachmyku npukasm

MoxersHo je Aa HacnoBM CBUX Npu1Kasa, a no MoryhcTBy 1 TeKCTyanHu cagpxaj, oyay
AaTn ABOjEe3NYHO, Ha je3nKy pada v Ha eHrneckoM jesuky.

Tabene ce N1y Ha UCTK HAYMH Kao M TEKCT, a 03Ha4aBajy ce pegHNM GpojeBuma ca
ropwe ctpaHe. doTorpacdumje n uptexu Tpeba aa Oyay jacHu, npernegHn U NOrogHn 3a
penpoaykuujy. Liptexxe Tpeba pagutn y nporpamy word unu corel. dotorpadumje un upTtexe
Tpeba NoCTaBUTK Ha XKEeIbEeHO MECTO Y TEKCTY.

3a cnuke v rpacmKoHe He CMe ce KOPUCTUTY CHYMak ca ekpaHa padyHapa nporpama
3a NpuKynrbame nogartaka. ¥ camoM TeKCTy uynaHka npenopydyje ce ynotpeba cnuka u
rpadukoHa HenocpeaHo M3 Nporpama 3a aHanuay nogataka (kao wTto cy Excel, Matlab,
Origin, SigmaPlot n gpyrn).

Hasohene (uMtnpame) y TekcTy

HauynH nosmBara Ha M3BOPE Y OKBMPY YraHka Mopa buTu jeqHooGpasaH.

BojHomexHu4Ku 2nacHUK 3a pedepeHLumparbe (UuTupane u HaBohewe nurepaType)
npumeryje XapBapackvu cuctem pedepeHLum, OAHOCHO XapBapAcku NPUPYYHUK 3@ CTUN
(Harvard Referencing System, Harvard Style Manual). ¥ camom Tekcty, y 06UYHVMM
3arpagama, Ha MeCTy Ha KOjeM Cce BpLuM No3uBake, OOHOCHO UMTWpake nutepartype
HabpojaHe Ha Kpajy YnaHka, o6aBe3Ho y 06MYHOj 3arpagmn HanucaTu Npes3nMe LUMTpaHor
ayTopa, roavHy usgawa nybnukauuvje n3 koje uMtmparte U, eBeHTyanHo, 6poj cTpaHuua.
Hnp. (Petrovi¢, 2012, pp.10-12).

[JeTarbHo ynyTCcTBO O HaYuHy LMTMpara, ca npumepuma, 4aTto je Ha CTpaHuum cajTa
Ynymemeo 3a XapeapOcku npupydyHuk 3a cmusn. NoTpebHo je ga ce nosuBake Ha
nuTepaTypy Y TEKCTY ypaaum y cknagy ca NOMeHyTUM ynyTCTBOM.

Cuctem ACUCTEHT y cBpxy KOHTpore HaBofewa (uuTupama) y TEKCTy KOpUCTU
cneuunjanHy anatky CiteMatcher: oTkpuBarwe U30CTaBIbEHMX UMTaTa y TEKCTy paja u'y
nonucy pedepeHum.

HanomeHe (¢pycHoTe)

HanomeHe ce gajy npv gHy CTpaHe Ha KOjoj Ce Hanasu TEeKCT Ha Koju ce ogHoce. Mory
cagpxaTu Mame BaxHe JeTarbe, [AOnyHcka objawrena, Ha3Hake o KopuwheHum
nssopvma (Ha npumep, Hay4Hoj rpafu, npupydyHuuMma), anv He Mory 6uTn 3ameHa 3a
uMTUpaHy nuTepartypy.

IucTa pedepeHumn (nutepartypa)

UutupaHa nutepaTypa oGyxeata, no npaeuny, Gubnuorpadcke mssope (4naHke,
MOHorpadwvje v crn.) u Aaje ce UCKIby4MBO Yy 3aceGHOM oferbKy YnaHka, y BUAy nucte




pecdepeHun. PedepeHue ce He npeBode Ha je3uk paga v Habpajajy ce y nocebHoM
OflerbKy Ha Kpajy YnaHka.

BojHomexHu4Ku 2nacHUK, Kao HauuH ucnuca nurepaType, npuMemyje XapBapacku
cucteMm pedbepeHuUn, OOHOCHO XapBapAcku npupydHuk 3a ctun (Harvard Referencing
System, Harvard Style Manual).

Jlntepatypa ce ob6aBe3HO nuile Ha NaTMHUYHOM NUCMY W Habpaja no abeueaHOM
pepocrnieny, Hasogehu Hajnpe npesumeHa aytopa, 6e3 Hymepauuje.

JeTtarbHo ynyTCcTBO O HauyuHy nonuca pedpepeHun, ca npumepuma, [ato je Ha
CcTpaHuuu cajta Yrnymcmeo 3a XapeapOcKu rnpupy4HukK 3a cmurs. NMoTpe6Ho je fa ce nonuc
nuTepaType Ha Kpajy YnaHka ypaaum y cknagy ca noMeHyTUM yrnyTCTBOM.

HecTtaHgapaHo, HEMOTNYHO UM HeJocneaHo HaBohewe nuTepaTtype y cucTemMmnma
BpeAHOBaHa Yyaconuca cMmaTpa ce AOBOSbHUM PasnoroM 3a ocrnopaBahe Hay4Hor ctaTtyca
Yyaconuca.

Cnctem ACUCTEHT y cBpxy KOHTpOne npaBWiIHOT uchiuca nucte pedepeHum
kopucTu crneumjanHy anatky RefFormatter: koHTpona obnukoBama pedepeHun y cknagy
ca XapBapacKvM NpUPYYHNKOM 3a CTWN.

U3jaBa o ayTtopcTtBY
Mopen unaHka gocTaBrba ce M3jasa 0 aymopcmey y Kojoj ayTopu HaBoge CBOj
nojeanHayHu OONPUHOC Y u3paaum YnaHka. Takohe, y Toj usjaBm notephyjy Aa cy 4ynaHak

ypagunu y cknagy ca [losugom u ymymcmeoMm aymopuma v M3sjagoM O emuykom
rnocmynary yaconuca.

CBu pagoBu noanexy CTpy4Hoj peLeH3unju.

Cnucak peueHseHaTa BojHomexHUYKO2 2rnacHUKa MOXe ce BMOETWM Ha CTpaHuum
cajta Cnucak peueHseHama. [lpouec peueHanparwa 00jallkbeH je Ha cTpaHuum
cajta PeuyeH3eHmcKu rnocmynak.

YpeaHnwTBo

Afpeca pegakumje:

BOjHOTEXHMYKN rnacHuK

Berbka Jlyknha Kypjaka 33

11042 Beorpag

e-mail: vojnotehnicki.glasnik@mod.gov.rs.

Ten: BojHn 40-260 (011/3603-260), 066/8700-123
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