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Abstract:

Introduction/purpose: The thorny graph of a graph G is obtained by at-
taching pendent vertices to the vertices of G. A mathematical study of
the Sombor index of thorny graphs is undertaken.

Methods: Combinatorial graph theory is applied.

Results: A general expression for the Sombor index of thorny graphs is
obtained, as well as lower and upper bounds. Several special cases of
this general expression are pointed out.

Conclusion: The paper contributes to the theory of the Sombor index.
Keywords: degree (of vertex), Sombor index, thorny graph.

Introduction

In this paper, G will denote a simple graph with n > 1 vertices and m
edges. lts vertices are labeled by v1,vs,...,v,. The degree (= number of
first neighbors) of a vertex v; will be denoted by d(v;). A vertex of degree
one is said to be pendent. An edge whose one end vertex is of degree one
is also said to be pendent.

For additional details of graph theory, see (Harary, 1969; Bondy & Murty,

In the last few years, a vertex-degree-based graph invariant, named the
Sombor index, has attracted much attention in mathematics, see e.g. (Li
et al., 2024; Rather et al., 2024; Wang et al., 2024) and found numerous
applications, both in chemistry, see e.g. (Hayat et al., 2024; Rauf & Ahmad,
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2024), network theory, see e.g. (Hamid et al., 2022; Imran et al., 2024), and
in other areas, see e.g., (Algahtani et al., 2024; Anwar et al., 2024; Jamil
et al., 2025).

The Sombor index of the graph G is defined as (Gutman, 2021a)

SO = SO(G) = > _4/d(v;)? + d(v;)?

where ¢;; denotes the edge connecting the vertices v; and v;, and the sum-
mation goes over all edges of G. The basic mathematical properties of the
Sombor index can be found in the review (Liu et al., 2022).

Letp1,po, ..., p, be non-negative integers. Then the thorny graph of the
graph G, denoted by G*, is obtained by attaching p; pendent vertices to the
vertex v;, foralli = 1,2,... n. Thus, the number of vertices and edges of
G*is

n n
n*:n—i-Zpi and m*:m-i-Zpi
=1 =1

respectively.

If pr = pa =--- = pp, then G* is said to be a thorn-regular graph.

Thorny graphs have been extensively studied, see for example
(Bonchev & Klein, 2002; De, 2012; Lakshmi & Parvathi, 2023; Marinescu-
Ghemeci, 2010; Walikar et al., 2006). The Sombor index of thorny graphs
was considered only in (Krishnan & Narayan, 2023) and (Lakshmi & Par-
vathi, 2023), but only for special cases when G is a complete graph, star,
wheel, path, and similar, and only when G* is thorn-regular. In the present
paper, we examine the general case, namely when G is an arbitrary (sim-
ple, not necessarily connected) graph, and p1, po, . .., p, are arbitrary non-
negative integers.

Main results

In this section we state some general properties of thorny graphs. In
order to avoid trivialities, it is assumed that such graphs possess at least
one edge, i.e., more than one vertex.

THEOREM 1. Let G be a simple graph onn > 1 vertices, and py,ps, ..., p, be
non-negative integers. Let G* be the thorny graph of G. Then the Sombor

414



index of G* satisfies the relation

SO(G") = 3" 4/ld(wi) +pil? + [d(wi) + p)? + 3 pi V/d(w)) + P + 1.
€ij =1
(1)

Proof. Fori = 1,2,...,n, the degree of the vertex v; of the thorny graph
G* is equal to d(v;) + p;. This implies the first term on the right-hand side of
(1), in which the summation goes over all edges of the graph G. In addition
to these edges, in G* there are p; pendent edges attached to the vertex v;,
foreachi = 1,2,...,n. Their contributions to the Sombor index of G* are
collected in the second term on the right-hand side of (1). O

The first Zagreb index

n

My =M(G) =) [d(v) +d(v))] = d(vy)?

€ij =1

is one of the oldest and best studied vertex-degree-based topological in-
dices (Gutman & Trinajsti¢, 1972; Nikoli¢ et al., 2003; Gutman & Das, 2004).
Using the inequalities

1
—(a+b) <Va?+b<a+bd
V2
the following well-known estimates for the Sombor index are straightfor-
wardly obtained (Milovanovi¢ et al., 2021; Gutman, 2021b, 2024):
1
— Mi(G) < SO(G) < Mi(G). 2
NG 1(G) < 50(G) 1(G) (2)
The equality on the left-hand side holds if and only if G is a regular graph.
By the same argument, we now have

S ldws) + 2+ d) + 512 <Y [di) + pi+ d(v) + 5]

— Z [d(vi) + d(vi)] + Z [pi + ;]
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= M(G)+ Y pid(w) 3)
=1

where we applied the identity (Dosli¢ et al., 2011)

Z[f(% + f(v)] Zd v;)

€ij

valid for any vertex-dependent function f.
The lower bound, analogous to (3) is

Z V() + pil? + [d(wi) + p)? > \}5 Mi(G) + ; pi d(vi)] @)

The equality in (4) cannot occur since no graph G* is regular.
For the other term in (1) we have

sz Uz +pz] +1 < sz 'Uz +pi + 1}

= Zpi d(v;) + Zpi(pi +1). (5)
i=1 i=1

and

sz Uz +pz +1 > = [sz Vi +sz pz (6)

The equality in (6) would occur for thorn-regular graphs of a regular graph.
Combining the estimates (3)—(6) we arrive at:

THEOREM 2. Let G be a simple graph onn > 1 vertices, and py,ps, ..., p, be
non-negative integers. Let G* be the thorny graph of G. Then the Sombor
index of G* is bounded as

1 M (G) + QZpi d(vi) + Zpi(pi +1)| <S50(G") <
\@ =1 =1
G)+2) pid(vi)+ > pilpi+1). (7)
=1 =1

The bounds (7) should be compared with inequalities (2). In fact, (2) is
the special case of (7) when p; =py =--- =p, =0.
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Corollaries

In this section, we list a few interesting special cases of Theorem 1.

COROLLARY 1. Let G be a regular graph on n vertices, of the degree r.
Then the Sombor index of a thorn-regular graph of G is

S0(GY) = \/im(r +p) +npV/(r+p)*+1

Proof. Setting d(v;) =rand p; =pforalli=1,2,...,n, the left-hand term
in (1) becomes /2m(r + p). For regular graphs, 2m = nr. O

COROLLARY 2. If p; = Nd(v;) holds forall i = 1,2, ... ,n, then

SO(G") = (A+1)SO0(G) + A(A+1) ; d(vi) \/d(”)2 TOoFe

If X\ is sufficiently large, then
SO(G*) =~ (A+1)SO(G) + A(A+1) M1(G).
COROLLARY 3. If p; + d(v;) = D holds forall i = 1,2, ...,n, then
SO(G*) =V2Dm + /D2 +1(n* —n)
where n and m are the numbers of the vertices and edges of G, whereas

n* is the number of the vertices of G*.

It is worth noting that the thorny graphs considered in Corollary 3 are
of chemical interest. Namely, for D = 3, if G is the molecular graph of
an unsaturated conjugated molecule, then G* is its plerogram (= hydrogen
filled molecular graph) (Gutman & Vidovic, 1998; Gutman et al., 1998). If
D = 4, then G* is the plerogram of the molecular graph of a saturated
hydrocarbon.
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indice de Sombor de graficos espinosos
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matematicas: primaria 05¢c07, secundaria 05c09)

TIPO DE ARTICULO: articulo cientifico original

Resumen:

Introduccién/objetivo: El grafico espinoso de un grafico G se ob-
tiene uniendo vértices colgantes a los vértices de G. Se realiza
un estudio matematico del indice de Sombor de graficos espino-
S0s.

Métodos: Se aplica la teoria de graficos combinatorios.
Resultados: Se obtiene una expresién general para el indice de
Sombor de graficos espinosos, asi como sus limites inferior y
superior. Se sefalan varios casos especiales de esta expresion
general.
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BUWO CTATbW: opurinHanbHas Hay4Hasi cTaTbsi

Pesrome:

BeedeHue/uenb: TepHucmbil epagh epatgha G nonydaemcs ny-
mem ripucoeduHeHUs sucsHel sepluUHbl K gepwiuHaMm G. B daH-
HoU cmambe rpedcmaesrnieHo MameMamu4eckoe uccriedosaHue
Combopckozo uHOeKkca mepHucmabix 2paghos.

MemoObi: B uccrnedosaHuu rnpuMeHeHbl KOMbuHamopuka u
meopus epaghos.

Pesynbmamei: B pesynbmame uccriedosaHus rnosny4yeHa Hogasi
obwas chopmyna dnss Combopckoao UHOEKCa MepHUCMbIX epa-
08, a makXe HUXHSIS U 8epXHSIS1 2paHuU. YKka3aHO Ha HECKOJIbKO
YacmHbIX C/ly4ae8 OmHOCUMesibHO Pe3yibmarmos.

Bbigo0bi: [JaHHasi cmambsi sHocum 8knad 8 meopuro Combop-
CKo20 uHdekca.

Knrouesbie cnosa: cmeneHb (8epuwiuHbl), Combopckuli UHOEKC,
mepHucmbIl epac.
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Caxemak:

Yeood/uurb: TpHosumu epagh epacha G dobuja ce dodasar-em
sucehux yeoposa Ha ysopose epagha G. [TpoyyasaHe cy mame-
mMamudyke ocosuHe Combopckoe uHdekca mpHo8UMuUX epaghosa.
Memode: lNpumerusaHu cy nocmynuyu KOMbUHamMopHe meopu-
Je epagposa.

Pesynmamu: HaheHa je Hoga onwma ¢hopmyna 3a Combopcku
UHOeKc mpHosUMUX epaghosa, Kao U Oore U 20pH-e 2paHuue.
UcmakHymo je HeKonuko crieyujamHux criydajeea o8ux pesyri-
mama.

Bakrbyyak: Pad donpuHocu meopuju Combopckoe uHOekca.
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Abstract:

Introduction/purpose: The paper deals with Paired-Chatterjea type con-
traction mappings as an extension of traditional Chatterjea type contrac-
tions that operates on three points rather than two, in the framework of
standard metric spaces.

Methods: The concept of Chatterjea type contraction mappings is em-
ployed in a metric space on three points rather than two using the idea
of paired contraction mappings.

Results: A series of corresponding properties has been discussed. Fur-
thermore, it is established that Paired-Chatterjea type mappings form
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a distinct class from traditional Chatterjea type mappings and obtain at
least one fixed point in the absence periodic points of prime period 2
within complete metric spaces. It is also demonstrated that how ad-
ditional criteria to these mappings, such as continuity and asymptotic
regularity, broaden the scope of fixed point results. Extending beyond
Chatterjea’s foundational contributions, two additional fixed point results
applicable to Paired-Chatterjea type mappings in metric spaces are es-
tablished, even in scenarios where completeness is not required.

Conclusions: Paired-Chatterjea type mappings are generally discontin-
uous; they exhibit continuity at fixed points similar to Kannan and Chat-
terjea type mappings. In the absence of a periodic point of prime period
2, these mappings have a fixed point within the complete metric space.

Keywords: metric space, fixed point, Chatterjea type mappings, Paired
contraction, Paired-Chatterjea type mapping.

Introduction

The study of fixed point theory (FPT), a captivating area in mathematics,
delves into the existence and properties of fixed points (FPs). In mathemat-
ics, a FP of a function is an element that stays the same when the function
is executed on it. Formally, if & is a function, then ( is a FP if 3(¢) = (.

Numerous findings regarding FPs and their diverse applications in vari-
ous mathematical and scientific domains have been documented. To yield
fresh and intriguing results, two principal approaches can be pursued.
Firstly, by modifying the characteristics of the operators involved, achieved
through the imposition or relaxation of specific constraints (Kannan, 1968;
Chatterjea, 1972; Chand & Rohen, 2024; Petrov, 2023; Bisht & Petrov,
2024). Secondly, by altering the framework, or the abstract space struc-
ture itself, which includes variations like metric spaces, symmetric or non-
symmetric spaces, b-metric spaces, S-metric spaces, and G-metric spaces
(Chand & Rohen, 2023; Chand et al., 2024; Bimol et al., 2024).

The Kannan’s FP theorem is a notable result in FPT, specifically within
metric spaces. It ensures the existence of a FP for mappings, even when
these mappings are discontinuous. It was introduced by R. Kannan in 1968
(Kannan, 1968) and provides conditions under which a mapping possesses
a unique FP.
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THEOREM 1. Let (U, 0) be a complete metric space, and suppose that < :
U — U is a self-map for which we obtain a constant 0 < \ < % satisfying:

0(3¢, Se) < A(9(¢,3C) + 9(g,¢e)) forall ¢,e € U. (1)
Then < has a unique FP.

Another noteworthy outcome in FPT is the Chatterjea FP theorem; it
also provides a FP for mappings that are discontinuous too. It was intro-
duced by S.K. Chatterjea in 1972 (Chatterjea, 1972) and provides condi-
tions under which a mapping has a unique FP.

THEOREM 2. Let (U, 0) be a complete metric space, and suppose that < :
U — U is a self-map for which we obtain a constant 0 < n < %

0(S¢, Se) < n(9(¢,[e) + 9(e,3()) forall ¢,e € U. (2)
Then there is a unique FP for .

DEFINITION 1. A self-map & : U — U is termed as a Chatterjea type map if
a constant can be found 0 < n < % such that

9(S¢, Se) < n(9(¢, e) + 0(e, (), (3)
satisfied for all (,e € U.

Like Kannan'’s fixed-point theorem (Theorem 1), the mapping < is guar-
anteed to be continuous at the FP (Rhoades, 1988) by condition (3). More-
over, the uniqueness of the FP is the only thing that unites Chatterjea map-
pings, Kannan mappings, and the Banach Contraction Principle; otherwise,
they are independent of one another.

Within the field of FPT, there are different types of generalizations of
the Chatterjea theorem that can be distinguished from one another. The
contractive property of the mapping is loosened in the first instance as illus-
trated, for example, in references (Chandok & Postolache, 2013; Debnath
et al., 2021; Kadelburg & Radenovic, 2016; Subrahmanyam, 2018; Bisht
& Petrov, 2024). The second instance involves relaxing the topology, as
examined, for instance, in reference (Agarwal et al., 2018). And the third
instance concerns theorems developed for multivalued mappings of the
Chatterjea type, which are covered in works such as (Choudhury et al.,
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2019; Tassaddiq et al., 2022). Lastly, the fourth instance provides a thor-
ough investigation of several generalization paths in this field by examining
notable extensions in a more flexible or comprehensive framework of the
metric space (Harjani et al., 2011; Karahan & Isik, 2019; Kohsaka & Suzuki,
2017; Malceski et al., 2016; Berinde & Pacurar, 2021).

In 2024, D. Chand and Y. Rohen (Chand & Rohen, 2024) presented a
novel class of mappings, referred to as a three-point version of the Banach
contraction, and termed them Paired-Contraction: the mapping is known
as Paired-contraction mapping, defined as follows.

DEFINITION 2. If (U, 0) is a metric space with |U| > 3. The self-mapping
S . U — U is referred to as a Paired contraction mapping if there is a
constant A € [0,1) so that the inequality

9(S¢, Se) 4+ 0(Se, ) < A(9(¢,€) + (e, §)), (4)
holds for all pairwise distinct C, e, £ € U.

Geometric refinement in metric FPT is obtained through the use of dif-
ferent combinations of unique distances, which are important. For 6 points
¢, e, €3¢, e, 3¢ specified in Definition 2, there are °Cy pairs that, when
taken two at a time, yield 15 unique distances. One of these combina-
tions, specifically 0(3¢, Se) + 0(Se, JE), appears in the left part of (4).
However, the expression in the right part combines two distances, that is,
(¢, e)+ (¢, &) for the pairwise distinct points ¢, € and £. This motivates the
development of various classes of three-point version mappings, similar to
the well-established two-point counterparts.

Inspired by the insights from (Chand & Rohen, 2024), we introduce
a Paired-Chatterjea type mapping on three point analogue by using four
distances among the points (, ¢, &, 3¢, Se, 3¢, represented as 9(¢, Se) +
d(g,3¢) + d(e, IE) + 0(&, () for the pairwise distinct points (, ¢, £ respec-
tively.

These mappings led to the establishment of a fixed-point theorem.
While the proof draws inspiration from Banach'’s classical theorem, the key
distinction lies in these mappings - instead of using two points to define it,
three points are used. Moreover, we need an assumption for these map-
pings in order to prevent periodic points with prime period 2. Notably, nor-
mal contraction mappings are a significant subset of these mappings.
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In the second Section, Paired-Chatterjea Type Mappings, we study
the relationship between Paired-Chatterjea type mappings, Chatterjea type
mappings, Kannan type mappings and Paired-Contraction mappings. In
addition, we introduce Example 1, a Paired-Chatterjea type mapping that
deviates from a Chatterjea type mapping.

In the third Section, Fixed Point Results of the Paired-Chatterjea Type
Mappings, the primary outcome of this article, Theorem 3, which gives a
fixed-point theorem for Paired-Chatterjea type mappings, is proved. No-
tably, this result states that for Paired-Chatterjea type mappings there ex-
ists at least one FP and there exist at most two FPs. In addition, we also
establish that Paired-Chatterjea type mappings exhibit continuity at their
FPs. We also included two examples (2) and (3) to support our findings.

In the fourth Section, Results on Paired Chatterjea-Style Mappings
within Incomplete Metric Spaces, based on Kannan'’s work (Kannan, 1969),
we offer two new FP results for Paired-Chatterjea type mappings. In the
first theorem (Theorem 4), we eliminate the necessity of the metric space
U being complete. In the second theorem (Theorem 5), we need the map-
ping & to be continuous in space, and condition (5) to only hold on a dense
subset M of the space U. The concept of continuity and discontinuity at the
fixed point is further elaborated in the recent papers (Savaliya et al., 2024;
Jachymski, 1994; Pant et al., 2021).

Paired-Chatterjea type mappings

In this section, we will introduce the Paired-Chatterjea type contraction
and discuss Paired-Chatterjea type mappings and also establish the con-
nections between Paired-Chatterjea type mappings, Paired-Contractions
mappings, Kannan-type mappings and Chatterjea-type mappings.

DEFINITION 3. If (U, 0) is a metric space with |U| > 3. Amapping 3 : U — U
is known as a Paired-Chatterjea type mapping on U if the following inequal-
ity:
9(S¢, ) + 0(Se, ) < A(0(¢, Fe) + (e, 3¢) + 0(&, Se) + (e, 3E)), (5)
1
]

holds for the constant \ € [0, 5) and pairwise distinct points (,¢,¢ € U.
REMARK 1. It is essential that (,e,& € U be pairwise distinct. Without this
condition, the definition would reduce to that of a standard definition of
Chatterjea-type mapping of a two point version.
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PRrRoPosSITION 1. Chatterjea type mappings are Paired-Chatterjea type
mappings.

Proof. In a metric space (U, 0) with |U] > 3, let & : U — U represent a
Chatterjea type mapping. Take three (,¢,£ € U pairwise distinct points.
Examine inequality (2) for the pairs (,¢), (¢,£), we get inequalities, we
obtain:

A(S¢, Se) < n(0(¢, Se) + d(e, (), (6)
and

9(Se, I¢) < (e, I¢) + 9(€, Se)), (7)

Adding inequalities (6) and (7), we have
A(3¢, Fe) 4 0(Se, IE) < n(9(¢, Se) + 0(e, I¢) + (e, IE) 4 0(€, Se)). (8)

This supports the desired claim. O

PROPOSITION 2. Kannan type mappings are Paired-Chatterjea type map-
pings for the contracting coefficient 6 € |0, i).

Proof. Let (U, 0) be a metric space with || > 3. Consider three pairwise
distinct points (, ¢,¢ € U, examine inequality (3) for the pairs (¢, ¢), (¢,&),
we get

A(SC¢, Se) < 6(9(¢, IC) + A, Se)), (9)
and

(e, JE) < 5(0(e, Se) + (£, 3E)). (10)

Adding these inequalities, we have

9(S¢, Je) + (e, IE) < 6((¢,3¢) + 0(e, Ie) + (e, e) + 0(€, I€)),
(Using triangle inequality)
(¢,Se) + 9(3¢, Ye) + 9(e, () + 9(3¢, Je)
= 5{+a (e J)) + (e, %gz) +a(e, 35)) + (S, %g)}
= (1—20)(0(]¢,e) + 9(Ye, VE)) < 6(0(¢, Je)+
(e, 3C) + 9(e, ]¢) + 9(&,Je))
= 0(S¢,Se) + 0([e, JE) <

T35 (0(C,92) + (e, 0) + 0=, 3€) + (€, S2).
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Since 0 < § < wegetd < \= ﬁ < 5. Thus, S is a Paired-Chatterjea
type mapping. O

PRoPOSITION 3. In a metric space (U, 0), where |U| > 3, a Paired con-
traction(PC) mapping & : U — U with contracting coefficient o € [0,%)
represents a Paired-Chatterjea Type mapping.

Proof. Consider three pairwise distinct points (,¢,£ € U. Since & is a
Paired contraction mapping, then we have

(3¢, Se) + 9(Se, IE) < a(I(C,e) + (¢, 9)).
Utilizing triangle inequality many times to the above inequality, we get
- Cxo Ok 9(¢, ) + 0(g, 3¢) + I(SC, Je)
(3¢, ) +0(e,3¢) < @ {—i—@(s, J€) + 0(&,e) + 0([e, & \sﬁ)}
(1= a)(9(3¢, Se) + 0(Se, B¢)) <
a(0(¢,Se) + 0(e,3C) + (g, IE) + 9(&, Se)),
(0(3¢, Se) + 0(Se,E)) <
- (0(¢, ) + (e, 3C) + (g, IE) + 9(&, Se)).

a
1—

As0 <o < 1, wehave 0 < A= 2 < 3. Consequently, S is a mapping of
the Paired-Chatterjea type. O

PROPOSITION 4. In a metric space (U, 0), where |U| > 3, andlet S : U — U
be a Paired-Chatterjea type mapping. We obtain the following inequality for
any e € U if  is an accumulation point of G and < is a continuous mapping
at¢:

(3¢, Ie) < MD(C, Se) + A(e, 3¢)). (11)

Proof. Suppose ( is an accumulation point in U, and let ¢ € U be another
element. If ¢ = (, then there is nothing to prove. Let ¢ £ (. Given that ¢
is an accumulation point, we can assert the existence of a sequence (¢,,)
where &, # (, &, # ¢, and all &, are distinct for every n. Hence, by (5) we
conclude that

9(3¢, Je) + 0(Se, I6n) < AO(C, Se) + 0(e,3C) + 0(En, ) + (e, I6n)),
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satisfied for each n € N. Given that at ¢, & is continuous and &, — ( as
n — +oo, therefore, 3¢, — 3¢. We get

0(SC, e) + 0(Se, IC) < ANO(¢,Se) + A(e,3¢) + 9(¢, Se) + 9(e,3()),
= 20(S3¢, Se) < \(20(¢, Se) + 20(e,3C)),
= 0(3¢,Se) < ANO(¢,Se) + (e,3()),

which is the desired inequality. O

COROLLARY 1. In a metric space (U, 0) where, |U| > 3, and let S : U — U
be a continuous Paired-Chatterjea mapping, then < is a Chatterjea type
mapping if all points in U are accumulation points.

Proof. As per proposition (2), the following inequalities are established:

I(S¢, Se) < A(I(¢, Se) + 0(e,3()), forall e € U, (12)

(e, I¢) < A(0(e,3¢) + 9(¢, e)), forall ¢ € U. (13)
Adding equations (12) and (13), we get

0(3¢, Se) < A(0(¢,Se) + I(e,3(¢)) forall ¢,e € U. (14)
Since A € [0, %), thereby concluding the proof. O

EXAMPLE 1. Let U = {(,£,&} and the metric 0 defined on this set by
9(¢.¢) = 9(e,e) = 9(&,6) = 0, 9(¢,§) = 0(e,€) = 2, 9(C,e) = 1. Leta

mapping S : U — U be such that 3¢ = ¢, Se = e and 3¢ =¢.

Now, we have
(3¢, Se) = (¢, ¢) = 1, and 9(¢, Se) + (e, I¢) = 9(¢, ¢) + I(e, () = 2.

Itis evident that for every n € [0, 1), inequality (2) does not hold. Therefore,
S is not a Chatterjea type mapping.

But, we get that inequality (5) holds for A\ = % and for all (,e,¢ € G,
implies that & is a Paired-Chatterjea type mapping.

Fixed point results of Paired-Chatterjea type mappings

A point ¢ € U is termed a periodic point of period n if applying the map-
ping & repeatedly n times returns ¢ to its original position, i.e., 3"(¢) = ¢,
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where U is a metric space and ( is a self-map on it. The smallest positive
integer n that satisfies this condition is known as the prime period of (. If
I(S(¢)) = ¢ and 3¢ # ¢, then ¢ has prime period 2.

We will now demonstrate the main result of this paper, which is stated
and proven as follows:

THEOREM 3. Let (U, 0) be a complete metric space, where (6| > 3, and
consider the mapping < : U — U that is a Paired-Chatterjea contraction
mapping and has no periodic elements of prime period 2. Under these
conditions, there exists at least one FP of &, and the number of FPs can
be at most two.

Proof. Consider an arbitrary point ¢ € U, and set the sequence {(,} as
G =20 ¢ =S¢ and ¢ = IC—1 = I"(p. If for some n, ¢, is a FP then
there is nothing to prove. Assuming that {,, isnota FPforanyn =0,1,2, ...,
we can deduce that (,—1 # (. # (u+1- Since, $ had no periodic point
with prime period 2 implies (,+1 # (,—1. Therefore, (,—1, ¢, and (,1 are
pairwise distinct. Placing ( = (,,—1, € = (, and £ = (,+1 in (5), then we get

O(SCn—1,]C) + (S, SCpt1) <
A {a(gn—la %Cn) + 8(Cna %Cn—l) + 8(Cn> %QL—H) + a(Cn—Ha %Cn)} )
A(Cns Cnr1) + O0(Gnt1,s Cnr2) <
A {6<Cn—17 Cn—&-l) + a(Cnv Cn) + a(Cm Cn+2) + 8(<n+17 Cn—&-l)} : (15)

Utilizing the triangle inequality in (15), we have

a(Cm <n+1) + a(CnJrla Cn+2) <
A {8(Cn—17 Cn) + a(Cna Cn-‘rl) + 8(Cna Cn-i—l) + 8(Cn+17 <n+2)} )

(1 - /\)(a(Cm Cn+2) + a(CnJrla <n+2)) < A {a(Cnfly Cn) + 8(Cn, CnJrl)} )
A

a(Cny Cn-‘rQ) + a(Cn-‘rlu Cn-i-?) < ﬁ {8(Cn—17 Cn) + a(Cm Cn-‘rl)} )
I(Cns Cnr2) + 0(Cntt, Cng2) < a{0(Cn—-1,Gn) + O(Cny Cngr) } - (16)
Where o = 1% Since 0 < X < % therefore 0 < a = ﬁ < 1. From

X
inequality (16), we get

a((na Cn+2) + a(CnJrl) Cn+2) <a {8(@1,1, Cn) + 8(Cn» Cn+l)}
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< 042 {a(<n727 Cnfl) + a(Cnfla Cn)}

< a"{0(¢o, 1) +9(¢1,¢2) } -

If we consider Ko = 9({o, (1) + 9(C1, G2, K1 = 0(C1,G2) + 0((2, (3),... Ky =
9(Cny Cnr1) + O(Cnt1, Cnra, then it follows that

K,<aK, 1 <a’K, 9<...<a"K,. (17)

Suppose there is the smallest number j > 3 such that (; = ¢; for some
i where 0 < i < j — 2. In the present situation, it appears that (;11 = (i+1
and (j12 = (2. Therefore

Ki = 0(Gi, Giv1) + 0(Gir1, Giv2)
= 0(¢j, Gjr1) + O(Cr1, Git2)
=K.

This results in a conflict with equation (17). Therefore, such values of i
and j cannot exist.

Now, let us show that {(,} is a Cauchy sequence. Based on the previ-
ous arguments, it is evident that:

I(Cns Cnt1) < Ky < oK. (18)

Taking into consideration equation (18), for (m — n) € N, assuming
m > n for the sake of simplicity and utilizing repeatedly triangle inequality,
we find that

a(Cnv Cm) < a(Cm Cn—&-l) + 8(<n+17 Cn+2) + ..+ a(Cm—l; Cm)
< OénKo + O[n_lKo + ...+ Oém_lKo
=a"l+a+a’+...+a™ HK,
1—a™
=a" K.
() o
Under the assumption that « € [0,1), we can observe that 9((,, () <
a”ﬁKo. Consequently, as we let m,n — oo, we find that 9({,, () — 0.
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This proves that sequence {(,} is a Cauchy. This sequence has a limit
¢* € U according to the completeness of (U, 9).

Note that any consecutive three elements of {¢,, } are distinct from each
other. If (* # (. forany k € {1,2,3,...}, then inequality (5) is satisfied for
any three elements ¢*,(,,_1 and ¢,,. Assume that {;, = (* for the smallest
possible &k € {1,2,3,...}. If m > k exists such that {,, = ¢*, then the
sequence, beginning from k, is cyclic and cannot be a Cauchy. Therefore,
forn — 1 > k, the points ¥, {,—1, and (,, are distinct from each other.

Now, we demonstrate that the limit point (* is a FP of S that is S¢* = ¢*.
Ifthere existsa k € {1,2,3,...} such that {;, = ¢*, thenassumingn—1 > k,
and applying the triangle inequality with inequality (5) follows that:

9(¢*,S¢C7) < A(CT, Cn) + 9(Cny SCT)
< O(CF, Gn) + A0(Cn—1,IC) + (¢, ICn—1) + 9(Cn, SCT) + (¢, 3¢Cn))
< O(C, Cn) + A(0(Cn—1,C) + (¢, Cn) + O(Cns SCT) + O(CT, Cnrn))-
Considering the continuity of the metric 9 and letting n — oo, we obtain
O(¢*,I¢) < 2X00(¢F, 3¢CT). (19)
Since 0 <\ < % we have 0 < )\ < 1 which implies from inequality (19) that
0(¢*,3C*) = 0 that is I¢* = ¢*.

Assume there are three distinct FPs (,c and £ implies that 3¢ = ¢,
Se = € and &€ = £. Consequently, it follows from equation (5) that:

9(¢,e) + (e, €) < 2M0(¢,€) + (e, €)),

which is a contradiction for any A € [0, %). It concludes the theorem’s proof.
O

REMARK 2. If under the supposition of Theorem 3, (* is a FP of the
mapping <& which is the limit of a Picard sequence defined as ¢, = 3¢,-1
foralln € {1,2,3,...}, where {;, € U. Then ¢* is a unique FP.

On the contrary, suppose that & has another FP (** such that {** = (*.
Then, we have ¢, # ¢** foralln € {1,2,3,...}. Hence, (*, (** and ¢, are
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distinct from each other for all n = 1,2, 3, .. .. Think about the ratio:

_ B¢, SC™) + D¢, 36)

A(C*, IC) + 0(¢*, I¢) + (¢, ) + 0(Gn, SC)
_ A(¢*,¢™) + 0(¢™, Gt
(¢ ) + D¢, ¢F) + O(C, Grr) + DGy €)'

Taking into consideration that 9(¢*, (,+1) — 0, 9(C**, (1) — O(C*, ()
and 0(¢,,¢*) - 0, we getI',, — % as n — oo, this is against condition (5).

Ly

In general, Chatterjea-type mappings are continuous at their FPs under
reasonable conditions. This follows from the contraction property and the
fact that for a sequence converging to the FP, the images of the sequence
under the mapping also converge to the FP. The continuity at the FP guar-
antees that the FP is stable under small perturbations of initial conditions,
which is a crucial property in iterative schemes used in practical applica-
tions.

In the next proposition we will prove that Paired-Chatterjea type map-
pings are also continuous at their FPs.

PROPOSITION 5. Paired-Chatterjea type mappings are continuous at their
FPs.

Proof. Consider a metric space (U, d), where || > 3. Let3: U — U be a
Paired-Chatterjea type mapping and ¢* be a FP of 3. If {(,,} is a sequence
such that {,, — ¢*. To show continuity at {* of &, we need to show that
3¢, — SC*. We consider the following cases to complete the proof.

Case 1: (, # (11 and ¢, # ¢* for all n;
Utilizing inequality (5), we get

AO(CT, 3Cn) + 0(Gn, SC) + 0(C7, SCnp1) + O(Cny1, SCT)).

By utilizing triangle inequality and FP property, we get

(S, ICT) 4+ (I, SCng1) <
AO(SC*, ICn) + 0(Gny €F) + O(ICT, SCnt1) + 9(Gnr1,CF))-
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Therefore, we have
(1= X (O(SCn, IC*) + (3¢, ICnt1)) < AO(Gns €F) + F(Cnr1,CF))-
Which implies that

A

(0(Cns ) + O(Cnt1,.C7))-
Since 9(¢p,¢*) = 0 and 9(¢p+1,¢*) — 0, we have
(S, ICT) + O(SC7, SCpp1) = 0,
and, hence, 9(3¢,, S¢C*) — 0 implies that S¢, — S¢C*.
Case 2: (,, # ¢* for all n, but ¢, = (,,+1 is possible.

Consider the subsequence {(,, } obtained by removing corresponding
repeating terms of {(,,} so that (,, # (,, ., for all k. Clearly ¢,, — ¢*, as it
was just proved that 3¢,, — I¢* = ¢*. The difference between 3¢, and
3¢, is that 3¢, can be achieved by adding the corresponding repeating
terms to 3¢, . Itimplies that 3¢, — 3C*.

Case 3: If {, = (*foralln > N, where N is a fixed natural number, then it
is evident that ¢, — C*.

Case 4: Let {¢,} be an arbitrary sequence such that {,, — ¢*, butin a
manner different from the previously discussed cases:

Let us consider ({,,) achieved by removing (*(if exist) from the se-
quence (¢,). Hence, ¢,, — ¢*. It was just demonstrated that 3¢, — 3¢*
for such a sequence. Again, we observe that ¢, can be derived from
$¢,, by adding the term (* at certain positions. Hence, it is clear that
3¢ = ¢ O

EXAMPLE 2. Let us consider U = {a, b, c,d, e, f} as shown in Figure 1. And
let the metric d on U be defined by
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d(a,b) =d(a,c) =d(b,c) =d(b,d) =d(c,e) =d(d,e) =d(d, f) =d(e, f) =1,
and

d(a,d) =d(a,e) =d(b,e) =d(c,d) =d(b, f) =d(c, f) =2 and d(a, f) = 3.

IV 1

C e

Figure 1 — A Paired-Chatterjea type mapping

Let & : U — U be such that Sa = Sd = Se = Sf = f, b = d and
Se = e.(Note: We denote left-side by L((,¢,£) and right-side by R((, ¢, &)
of inequality (5)) We have

L(a,d,e) = L(a,e,d) = L(d,a,e) = L(a,d, f) = L(a, f,d) = L(d, a, f)
- L(a7€7f) - L<a7f>e) - L(e,a,f) - L(d?eaf) = L(dmf,e) - L(eadaf) =0,

L(a,d,b) = L(b,a,d) = L(a,e,b) = L(b,a,e) = L(a, f,b) = L(b,a, f)
= L(a,d,c) = L(c,a,d) = L(a,e,c) = L(c,a,e) = L(a, f,c) = L(c,a, f)
= L(d,b,e) = L(b,e,d) = L(b,d, f) = L(b, f,d) = L(b,e, f) = L(b, f,e)
= L(¢,d,e) = L(c,e,d) = L(c,d, f) = L(c, f,d) = L(c,e, f) = L(c, f,e) =1,

L(a,b,c) = L(a,c,b) = L(b,a,c) = L(a,b,d) = L(a,b,e) = L(a,b, f)
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= L(a,c,d) = L(a,c,e) = L(a,c, f) = L(b,c,d) = L(b,d,c) = L(c,b,d)

= L(b,c,e) = L(b,e,c) = L(c,b,e) = L(b,c, f) = L(b, f,c) = L(c,b, f)
= L(d,b,e) = L(d,b, f) = L(e,b, f) = L(d, ¢,e) = L(d, ¢, f) = L(e, ¢, [) = 2.
And

R(a,b,c) = R(a,c,b) = R(b,a,c) = R(b,a,d) = R(b,a,e)
= R(c,a,d) = R(c,a,¢e) = R(d,a,e) =8,

R(a,b,e) = R(a,e,b) = R(a,b, f) = R(f,a,b) = R(a,c,d)
= R(a,d,c) = R(a,c, f) = R(c,a, ) = R(d,a, [) = R(b,¢,d) = R(b,c,e)
= R(b,C,f) = R(va7f) = R(e,a,f) =T,

R(a,b,d) = R(a,d,b) = R(a, f,b) = R(a,e,c) = R(a, f,c) = R(a,d,e)
= R(a,e,d) = R(c,b,d) = R(b,c,e) = R(b, f,c) = R(e,b, f) = R(d,c, f) =6,

R(b,d,c) = R(b,e,c) = R(b,e,d) = R(d,b,e) = R(d,b, f)
= R(d,c,e) = R(e,c, f) = 5,

R(a, f,d) = R(a,e, f) = R(a, f,e) = R(b,d,e) = R(b, f,d) = R(b,e, f)
:R(bafae) :R(Cadae) :R(d7eac) :R(Cadaf) = R(Cvf>d) :R(Cvfae) =4,
R(b,d, f) = R(c,e, f) = R(d,e, f) = R(e,d, f) = 3,andd(d, f,e) = 2.

We note that 5
L(C,é‘,g) S ER(C7€7€)7

for all pairwise distinct points (,¢,& € U. Therefore, & is a Paired-
Chatterjea type mapping.

Since
d(Sb, 3d) = d(b,d) =1,

and
d(b,3d) +d(d, 3b) = d(b, f) + d(d,d) = 2,

it does not satisfy (3) forany 0 < n < % so & is not a Chatterjea type
mapping.
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Also
d(Sa, 3b) + d(Sb, Sc) = d(f,d) +d(d,e) =2,

and
d(a,b) +d(b,c) =2,

it does not satisfy (4) for any 0 < X\ < 1, so & is not a Paired contraction
mapping.

We observe that & possesses a unique FP.

EXAMPLE 3. Let U = R, 0(¢,¢) = | —¢] and & : U — U defined as
0, if (<3,
3¢ =
1, if ¢>3.

To prove a Paired-Chatterjea type mapping, we will discuss all possible

cases. When (,¢,¢ are pairwise distinct and ¢ < 3,e < 3.6 < S or ¢ >

%,e > %,f > % then inequality (5) satisfy trivially as L((,e,£) = 0. The

other possible cases are as follows:
. 5 5
Case1: (,e > 35,{< 3,

L(¢,e,€) = 8(1,1) + d(1,0) = 1,

R(C2.6) = D¢, 1) + 0= 1) + 0(e,0) + 0(€. 1) = ¢ — 1]+
R R A E
Case2: (,(>35,e<3,
L(¢,e,&) =0(1,0)+0(0,1) = 2,

R(G e 8) =[Cl+]e -+ |e -1+ ] =C+E+2e -1 =5
Case3:¢,¢>3,(<3,

L((,e,6)=0(0,1) +0(1,1) =1,

R(C,&&):!C—1!+I6!+|5—1|+\§—1|:\§—1\+25+§_221271'
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Case4: (> 3,e,6< 3,

L(¢,e,€) = 0(1,0) + 8(0,0) = 1,

7
R(C.e.8) =[Cl+]e =1+ [e| +[§] =+ || + e = 1]+ |¢] > 5
Case 5 ¢ > 2,(, &< 3,
L(¢,e,&) = 0(0,1) +9(1,0) = 2,

R(Ce,8) = [C =1+ [e[ + e[+ =1 = [C = 1[+ 2|+ ] - 1] = 5.
Case6: £ >3 (e <2,

L(¢,&,8) = 9(0,0) + 9(0,1) = 1,
R(Ce,8) = [(l+ e[ +]e =1+ ¢l = [C] + el + e -1+ &=

It can be seen, in all cases, that

L(G,,8) < 2RIGE9).

Hence, & is a Paired-Chatterjea type mapping. We observe that $

possesses a unique FP.

Now, for { = 1.9, =2, = 2.1, we have
(3¢, Se) + 0(Se, 3¢ = 0(0,1) + 0(1,1) =1,
and
D(C,e) + (e, €) = 0(1.9,2) + 9(2,2.1) = 0.1 + 0.1 = 0.2,

so, we get that S is not a Paired contraction mapping.
Also, for { =2, = 3,

and

D(C,3C) + A(e, Se) = (2,0) + A3, g) _ g

hence, S is not Kannan type mapping.
Moreover,

0(¢,3) +0(e,3¢) = 0(2, ) + 0(3,0) = 7.

also, we get that & is not a Chatterjea type mapping.
We observe that & is a discontinuous mapping.
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Results on Paired Chatterjea-style mappings within in-
complete metric spaces

In the theorem corresponding to Theorem 1 in (Kannan, 1969) we pre-
sented here, exclude the completeness requirement for the metric space
and includ two assumptions, denoted as (PC4) and (PCy):

THEOREM 4. Let (U, 0) be a complete metric space, where |U| > 3, and
consider the mapping & : U — O that is a Paired-Chatterjea contraction
mapping and has no periodic elements of prime period 2. If & holds follow-
ing two assumptions:

(PC1) < is continuous at ¢* € U.

(PC3) There exists {, € U such that the sequence {(,}, where (,, =
S¢n—1 forn = 1,2, ..., has a convergent subsequence {(,, } to ¢*.
Then ¢* is a FP of &. Moreover, & exhibit no more than two FPs.

Proof. Given that < is continuous at ¢* and ¢,, — (¥, it follows that
Sy = Cu+1 — SC*. Note that while ¢, +1 is a subsequence of (,, it
is not necessarily a subsequence of ¢,,. Let us consider, for the sake of
contradiction, that ¢* # &(*. Let us examine two balls:

Bl = Bl(C*,T) and B2 = BQ(%C*,T),
where r < %8(4*, 3¢*). Therefore, a positive integer NV exists such that, for
each i > N, we have
Cn; € By and (,,+1 € B,
which implies that,
0(Cns»r Cny41) > rfori > N. (20)

If the mapping < has no fixed points in the sequence {(,} , then we can
apply the arguments presented in Theorem 3. Forn = 3,4, ..., by (17), we
get

a((na CnJrl) < Oan(),

where Ko = 0(Co,¢1) + 9(¢1,¢2) and o = 25 € [0,1). Therefore,
a(Cnn Cni+1) < Oém’Ko.

Which tends to 0 as i — oo, which leads to a contradiction to (20). There-
fore, it follows that S¢* = ¢*.
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From the final paragraph of Theorem 3, it can be proven there exist at
most two fixed points. O

In the next theorem corresponding to Theorem 2 in (Kannan, 1969), we
consider & as a Paired-Chatterjea type mapping defined on an everywhere
dense subset of U. The mapping S is continuous on U, although this con-
tinuity is not necessarily restricted to the point (*.

THEOREM 5. Let (U, 0) be a metric space with || > 3, and consider a
mapping & : U — U that has no periodic point with prime period 2 and is
a Paired-Chatterjea type mapping on (9, 0), where 9t is an everywhere
dense subset of U. If & holds following two assumptions:

(PC1) < is continuous at * € U.

(PCy) There exists (y € U such that the sequence {(,}, where ¢, =

S¢n—1 forn = 1,2, ..., has a convergent subsequence {(,, } to ¢*.

Then ¢* is a FP of S. Moreover, & exhibits at most two FPs.

Proof. The proof will be based on Theorem 4, provided that & is demon-
strated to be a Paired-Chatterjea type mapping on U. Consider three
pairwise distinct points (, ¢, ¢ from U. To demonstrate that & is a Paired-
Chatterjea type mapping, we will examine three distinct cases:
Case 1. (,e e Mand & € U/M;

Since 9t is an everywhere dense subset of U, we can find a sequence

{&} c Msuchthat, — &, &, # (, &, # e forevery n, and ¢; # ¢; for

i # j. Consequently,

O(SC, e) + 0(Se, IE) < IS, e) + 0(Se, S + I(SEn, J€)
(Using triangle inequality)

< AO(¢,Se) + 0(2,3C) + 0(&n, Se) + (e, 3En)) + I(Sn, IE)

< ANO((, ) + 0(e,3¢) + (€, e) + 9(&, &) + (e, 3E) + 0(]E,3E))
+0(3&n, 3¢)
< MNO(C,Se) + (e, 3¢) + 9(&n, Se) + 0(g,3€))
+AI(&n, &) + (1 + N)O(SY&n, €).

As n — oo, we have 0(&,,&) — 0 and 0(3&,,3€¢) — 0. Therefore,
inequality (5) is established.

Case 2. (e M and e, & € U/M;
Let {e,}, {&.} be sequences in Mt such thate,, — cand &, — £. (Here
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and in the next case, we will consider the points ¢, ¢, £ and all points of
the sequences including the limit points of the sequences are pairwise
distinct.) Then, by applying the triangle inequality and (5) on 9, we
obtain

0(SC, Se) + 0(Se, IE) < I(SC, Sep) + 9(Sen, Se) + (e, Sep)+
O(Sen, S) + 0(SEn, SE) = (0(SC¢, Sen) + 0(Sen, &)+
20(Sey, Se) + I(Sp, I€)
< ANO(¢,Sep) + A(en, SC) + A(en, Sn
+20(Sep, Se) + (I, €)
< MNO(C,Se) + 0(e,3¢) + (e, IE) + 0(&,3C)) + 2X(en, €) + A&, §)
+2(1+ X)0(Sep, Se) + (1 + X)I(In, 3€).

Once again, inequality (5) is obtained by letting n — oo as d(e,,¢) —
0, 0(&n,€) — 0, 0(Sey, Se) — 0 and I(IE,, IE) — 0.

Case 3. (,e,& € 5/M, and let {(,}, {e,} and {&,} are sequences in Mt
such that ¢, — ¢, e, — ¢ and &, — £. Consequently,

(¢, Ye) + 0(Fe, IE)
< O(SC,SCn) + O(SCn, Sep) + 0(Sen, Se) + 0(Se, Sey,)
+0(Sen, &) + (S, SE) = (O(SCn, Sen) + 0(Sen, )
+0(S¢, SCn) + 20(Se, Sey) + 0(IE, SEy)
MO(Cn, Sep) + O(en, %Cn) O(en, &) + 0(&n, Sep))
+a(%C, SCn) + 20(Se, Sey) + 0(SE, SEy)
AO(¢, e) + 9(e,3C) + 0(g,IE) + (€, e))
FA(O(Cn, Q) + 20(en, €) + 0(&n, €))
+(1+ X)) (O(S¢, Y¢Cn) +20(Se, Sep) + 0(]E, IER)).

Again, allowing n — oo, inequality (5) is obtained as 9(¢,,() — 0,
d(en,e) — 0, 0(&n, &) — 0, O(V¢n, IC) — 0, I(Sep,Je) — 0 and
(3¢, IE) — 0.
Hence, S is a Paired-Chatterjea type mapping on . Therefore, mapping
$ satisfies all assumptions of Theorem 4, which completes the proof. [
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ExAMPLE 4. Let U = [0, 1) equipped with standard metric 9(¢,e) = | — ¢|.
It is an incomplete metric space. Let a self map <& be defined on U as:

{ ¢, if¢eQnio,1);
3¢ =
S, if¢eqenio,1).

Here, it is clear that S is a discontinuous map over U = [0, 1) except at
¢ = 0. Consequently, the Banach contraction principle is not applicable.
Let us consider a nonempty subset 9t = QN|0, 1) of U which is everywhere
dense in G. For any three points ¢, ¢, £ € O, we have

D(¢,32) + 8, 3C) + (e, 36) + 9, 32) = D¢, 5) + dle, )+
o6 ) +06, D =lc- S Hle-SiHe - S+l 51 @)
and
D3¢, 99) + 03,80 = (S, )+ S =15 S+ 15 -4 (22)
Now,
1 1
1 ¢ 1 § . ¢ €
4{C—!+!—!+|€—4!}+4{!6—4!+!4—4\+!£—4}
3¢ ¢ e £ 1
— - seis- b s - Sre - S-S e- 1)

— 1§-Sris-Ss g {ic- G- Sivie-Svie- S @)

Therefore, from (21), (22) and (23), we can conclude that < is a Paired-
Chatterjea type mapping with the parameter A = 1 € [0, 1), on (90, 9).

Hence, it can be easily verified that the mapping <& satisfies all the as-
sumptions of Theorem 5 with ¢* = 0, which implies that there exists a fixed
point of the mapping & on ©. In this example, “0” is the only fixed point of
the mapping &
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Resumen:

Introduccién/objetivo: El articulo trata sobre las aplicaciones de
contracciones de tipo Paired-Chatterjea como una extension de
las contracciones de tipo Chatterjea tradicionales que operan en
tres puntos en lugar de dos, en el marco de espacios métricos
estandar.

Métodos: Se emplea el concepto de Mapeo de tipos de Chatter-
Jea sincronizado en un espacio métrico en tres puntos en lugar
de dos utilizando la idea de Mapeo de tipos de Chatterjea sin-
cronizados.

Resultados: Se ha discutido una serie de propiedades corres-
pondientes. Ademas, se establece que los mapeos de tipo de
Chatterjea sincronizada constituyen una clase distinta al de ma-
peo de tipos de Chatterjea tradicionales y obtienen al menos un
punto fijo en ausencia de puntos periédicos de periodo primo 2
dentro de espacios métricos completos. También se demuestra
coémo criterios adicionales a estas aplicaciones, como la con-
tinuidad y la regularidad asintética, amplian el alcance de los
resultados de punto fijo. Mas alla de las contribuciones funda-
mentales de Chatterjea, se establecen dos resultados adiciona-
les de punto fijo aplicables a las aplicaciones de mapeo de tipos
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de Chatterjea sincronizada en espacios métricos, incluso en es-
cenarios donde no se requiere la completitud.

Conclusién: Los mapeos de tipos de Chatterjea sincronizada
son generalmente discontinuas; presentan continuidad en pun-
tos fijos, similar a las aplicaciones de tipo Kannan y Chatterjea.
En ausencia de un punto periédico de periodo primo 2, estas
aplicaciones tienen un punto fijo dentro del espacio métrico com-
pleto.

Palabras claves: espacio métrico, punto fijo, aplicaciones de tipo
Chatterjea, contraccién sincronizada, Mapeo de tipos de Chat-
terjea sincronizada.

MapHoe cxaTtue Tvna YaTTepaxu: HoBble peaynsTaThl
C HernoABWXHOMN TOYKOW 1 CBOMCTBA HEMPEPBLIBHOCTY B
METPUYECKNX NMPOCTPAHCTBaX

Jun YaHp?, FomHam Poxer®,
Canacam CypeHOa CvHr?, Hukona ®abuaHo®

& HauunoHanbHbIi TeXHONornYeckmn MHCTUTYT Manunypa,
MaTeMaTnyeckuii akyneTeT,
r. lTanron, mnxan, Manunyp, Pecnybnvka NHaous

5 MaHunypckwit yHUBEpCUTET, MaTeMaTN4ecKnii dakyrnsTeT,
r. Kanunnyp, Mmnxan, Manunyp, Pecnybnuka UHgms

® Benrpaackuii yHuBepcuteT, IHCTUTYT saepHbIX uccreaoBaHui
«BuH4ya» - MHcTUTyT rocygapctBeHHOro 3HaveHuns ansa Pecny6nvku
Cepbus, . Benrpag, Pecny6nuka Cepbusi, koppecnogeHT

PYBPUKA TPHTW: 27.25.17 MeTpudeckanTeopmadyHKLNUNA,
27.39.15 JlnHelrHblenpocTpaHCTBa,
cHabxeHHbleTononorven,
NOpPSAKOMUAPYTMMUCTPYKTYpamm
BWO CTATbW: opurmHanbHas Hay4Hasi ctaTbsi

Pesrome:

BsedeHue/uenb: B cmambe paccmampuegaromcsi napHble omob-
paxeHuss HYammepOoxu, Komopble Sensomesi pacuupeHuem
mpaduyUOHHbIX CXumMmarwux omobpaxeHuli muna Yammep-
OXU U onepupyroujue mpemMsi moykamu emecmo 08yX 8 pamKax
cmaHdapmHbIX MeMpPUYECKUX npocmpaHcme.

Memoosi: Cxumarowue omobpaxkeHusi muna Yammepoxxu uc-
M10/1b3yIOMCs1 8 MEMPUYECKOM MPOCMPaHCMee 8 mpex moykax
emMecmo 08yX, OCHOBbIBasiCb Ha UOEee O MapHbIX CXUMarOULUX
0mMobpaXKeHusix.
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Pesynbmamel: B cmambe makxe ripedcmasrieH psd ceolicms
coomeemcmeyruux omobpaxeHul. YcmaHoerneHo, 4mo nap-
Hble omobpaxxeHuss Yammepdxu obpasyrom ocobbili Krnacc rno
CpaBHeHU ¢ mpaduyuoHHbIMU omobpaxeHusamu murna Yam-
mepadxu, komopsie obnadarom xomsi 6b1 00HOU HernodeuXxHoU
moykol npu omcymcmeuu nepuoOUYEeCcKUX MOYeK MPoCmozo
rnepuoda 2 8 pamkax Mo/HbIX Mempu4YecKux npocmpaHcms. B
xo0e uccrniedosaHusi 6bI/10 8bISIBIIEHO, YMO OOMNOIHUMEbHbIE
Kpumepuu 0151 amux omobpakeHul, makue Kak Hernpepbls-
HOCMb U acumMnmomu4eckasl peaynspHocms, pacwupsirom dua-
nasoH pesyrbmamos ¢ ¢bukcuposaHHol moykol. Pacwupss
ekrnad Yammepodxu, 6binu nonydeHbl d8a Q0NONHUMEbHbIX pe-
3ynbmama ¢ Hernod8UXHOU MOYKoU, MPUMEHUMbIE K MapHbIM
omobpaxeHusim Yammepdxxu Oaxke 8 HEMOIHbIX MEMPUYECKUX
rnpocmpaHcmeax.

Bb1800kb1: MapHbie omobpaxeHus muna Yammepdxu, kak npa-
surio, npepbigucmbl. OHU deMOHCMpPUPYOM HernpepbI8HOCMb
8 Hernoo8UXXHbIX moYKax, aHallocuU4HbIX omo6pa>KeHu,qM muna
KaHnHaH u Yammepdxu. [lpu omcymcmeuu nepuoduyeckol
MOYKU ¢ nNpocmbIM nepuodoM 2, HerodsuXXHasl moyka amux
omobpaxeHull pacrnonazaemcsi 6Hympu rnosiHo2o0 Mempu4YecKo-
20 npocmpaHcmaa.

Knrouesbie crioga: mempu4veckoe rnpocmpaHcmeo, Hernodsux-
Hasi mo4yka, omobpaxeHuss muna Yammepoxu, napHoe cxa-
mue, napHble omobpaxeHuss Hammepoxu.

BpcTa ynapeHux npecnvkaBawa Tuna Chatterjee: HoBu
pesynTatn (PMKCHE TayKe U CBOjCTBA KOHTUHYyUTETa Y
METPUYKMM NpocTopuma

[un Yang?, JymHam Poxen®,
Canacam CypeHda CwvHr?, Hukona ®abnaHo®

& HauunoHanHu MHCTMTyT 3a TexHonorujy Manunyp,
Opcek 3a matemaTtuky,
Tanron, Mmdan, Manunyp, Penybnvka NHawnja

5 YuuBepauteT Manunypa, Oacek 3a MaTeMaTyKy,
Kanuunyp, Mmdban, Manunyp, Penybnuka NHavja

® YHuBep3auTeT y Beorpany, MHCTUTYT 3a HykneapHe Hayke ,BuHuya” —
HaunoHanHuu nHctutyT Penybnuke Cpbuije,
Beorpagn, Penybnvka Cpbuja, ayTop 3a npenucky

OBJIACT: matematunka
KATETOPWJA (TWM) YNAHKA: opurMHanHu Hay4Hu pag
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Caxemak:

Yeod/uurb: Y pady je pasmampaHO yesohere ynapeHux rpe-
cnukaearba murna Chatterjee koja npedcmaerbajy npowupere
mpaduyuoHaIHUX KOHMPaKmMUeHUX rpeciiukasara 0802 murna,
a Koja Oernyjy Ha mpu madyke ymecmo Ha 0ee, y OK8Upy CmaH-
GapdHUX MemMpPUYKUX rpocmopa.

Memoode: KoHmpakmusHa ripecriukasara murna Chatterjee ko-
pucme ce y Mempu4KkoM rpocImopy Ha mMpu madke, yMecmo Ha
dse npumeHoM udeje yrnapeHux KOHmMpakmueHUX fpecriukasa-
Ha.

Pesynmamu: Pa3amompeH je HU3 ceojcmaesa ripedMemHux rpe-
C/uKaearba. YcmaHo8s/beHO je Oa yrnapeHa rpecrukasarka mu-
na Chatterjee yuHe nocebHy knacy y 0OHOCy Ha mpaduyuoHarnHa
npecrukagaka 0802 muria Koja rocedyjy HajMarse jedHy ¢huk-
CHy ma4Ky y o0cycmay rnepuoOu4HUX madyaka rnpocmoa nepuoda
2 yHymap KOMiaemH{ux Mempu4kux npocmopa. Takohe, noka-
3aHo je 0a dodamHuU KpumepujyMu 3a oea rnpecriukasara, kao
wmo cy HernpeKkudHOCm U acuMnmomcka peaynapHocm, rnpowu-
pyjy onicee pesynmama ¢bukcHe madke. Npowupyjyhu donpuHo-
ce Chatterjeea, ycnocmaerbeHa cy d8a dofamHa pe3ynmama
bUKCHE mayKe NpUMeHsbuea Ha yrapeHa rpecriukasama muna
Chatterjee y mempuykumM nipocmopuma, 4Yak Uy cumyauujama
20e Huje nompebHa KOMMIemHocm.

Sakrpyyak: YnapeHa npecnukasarba murna Chatterjee koja cy
Hajuewhe QucKkOHMUHyarHa, rokasyjy HernpekudHocm y ¢buk-
CHUM madykama Criu4HO rpecriukaearwuma murna Kannan u Chat-
terjee. Y odcycmey nepuoduyHe madke rpocmoa nepuoda 2,
oea rnpecriukasarba umajy QpUKCHYy madky yHymap KOMIIemHoa
Mempu4Koe rpocmopa.

KrbyyHe peyu: Mempuyku npocmop, GhuKCHa maydka, rpecriuka-
earba murna Chatterjee, ynapeHa KoHmpakyuja, ynapeHa rpe-
cnukasara murna Chatterjee.
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Abstract:

Introduction/purpose: In an interesting article, Perveen & Imdad (2019)
introduced the notion of an MA-simulation function, and utilized it to prove
the existence of a fixed point for a self mapping through «-admisibilty and
the continuity of the self-map in a fuzzy metric space. The purpose of this
paper is to establish a unique fixed point theorem for an MA-contractive
mapping by relaxing the condition of continuity and «a-admissibilty of the
map in a fuzzy metric space. As an application of our result, we study
the existence and uniqueness of the solution to the damped spring-mass
system. The article includes an example which shows the validity of our
results.

Methods: The fixed point method with an MA-simulation function was
used.

Results: A unique fixed point for a self map in a fuzzy metric space is
obtained.

Conclusions: A fixed point of the self map is obtained without the conti-
nuity and a-admissibility of the self map via the MA-simulation function.
Also, the existence and uniqueness of the solution of a damped spring-
mass system in the setting of a fuzzy metric space is obtained.

Key words: fuzzy metric space, M-Cauchy sequence, fixed points, MA-
simulation function.
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Introduction

In 1965, the fuzzy set theory was initiated by Zadeh (1965) introduc-
ing a method to deal with uncertainty and vagueness in everyday life.The
concept of fuzzy sets was used by Kramosil & Michalek (1975) to intro-
duce fuzzy metric spaces. Later on, it was modified by George & Veera-
man (1994) in order to obtain a Hausdorff topology for this class of fuzzy
metric spaces. Contractive mappings in fuzzy metric spaces were studied
by various authors, see, e.g. Mihet (2008), Mihet (2010), Tirado (2012)
and Wardowski (2013),Gregori & Mifiana (2014), and used in establishing
some fixed point theorems in a fuzzy metric space in the sense of George
& Veeraman. Jain et al. (2009), established fixed point results in a fuzzy
metric space by using the concept of a compatible map and a weakly com-
patible map. Khojasteh et al. (2015) introduced simulation functions de-
fined as follows
A mapping ¢ : [0, +00) x [0,+00) — R is said to be a simulation function if
it satisfies the following:

(1) ¢(0,0) = 0;

(2) ¢(t,s) < s—t,forallt,s > 0;

(3) if {t,,} and {s,} are sequences in (0, +o0) such that lim,,_, . t, =

limy, 400 8n > 0, then limsup,, , , .o ((tn,sn) < 0.

After this, several authors utilized a simulation function by modifying it in
various spaces and proved results on a fixed point. Recently, Perveen &
Imdad (2019) introduced an MA-simulation function and proved some fixed
point theorem for a self map through a-admissibility and continuity of the
self map. In this paper, we establish a new fixed point theorem for a self
map using a new contractive condition via the MA-simulation function. The
paper is organized as follows
Following the preliminaries discussions, we introduce a new contractive
condition using the MA-simulation function.Then we study a fuzzy contrac-
tive mapping due to Gregori & Minana (2014), Mihet (2010), Tirado (2012)
and Wardowski (2013). Subsequently, we establish the existence of a
unique fixed point of a self mapping in an M-complete fuzzy metric space
and provide an illustrative example to demonstrate our result. Lastly, we
apply our results to demonstrate the existence and uniqueness of the so-
lution for the damped spring-mass system in the setting of a fuzzy metric
space.
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Now, let us recall the definition of a fuzzy metric space and other results
given in George & Veeraman (1994).

DEFINITION 1. (Schweizer & Sklar, 1983) A mapping * : [0,1] x [0,1] — [0, 1]
is called a continuous triangular norm (t-norm for short) if = is continuous
and satisfies the following conditions:
(i) = is commutative and associative, i.e. a * b = b *x a and
ax*(bxc)=(axb)xc foralla,b,cel0,1];

(i) 1xa =a,foralla € 0,1];

(iii) axc<bxd,fora<b,c<d,fora,b,c,de]|0,1].

The well-known examples of the t-norm are the minimum t-norm x,,,, ax,,
b = min{a, b} written as x,, and the product t-norm x,a * b = ab.

DEFINITION 2. (George & Veeraman, 1994) A fuzzy metric space is an or-
dered triple (X, M, x) such that X is a (nonempty) set, x is a continuous
t-norm and M is a fuzzy set on X x X x (0,+00) satisfying the following
conditions, for all z,y,z € X and t,s > 0;

(GV1) M(x,y,t) > 0;

(GV2) M(x,y,t) = 1ifandonly if x = y;

(GV3) M(x,y,t) = M(y,z,t);

(GV4) M(x,z,t+s) > M(x,y,t)* M(y, z,s);

(GV5) M(x,y,.): (0,+00) — (0,1] is continuous.

Note that in view of the condition (GV2) we have M (z,z,t) = 1, for all
xeXandt>0and M(z,y,t) <1,forallz #yandt> 0.
The following notion was introduced by George & Veeraman (1994).

DEFINITION 3. (George & Veeraman, 1994) A sequence {z,} in a fuzzy
metric space (X, M, ) is said to be M-Cauchy, or simply Cauchy, if for
each ¢ € (0,1) and each t > 0 there exists an ny € N, such that
M(zp,xm,t) > 1 — ¢, for all n,m > ng. Equivalently, {x,} is Cauchy if
limyy, p—st00 M (2n, Tm,t) = 1, forall t > 0.

LEMMA 1. (Grabiec, 1988) Let (X, M,*) be a fuzzy metric space. Then
M(x,y,.) is non-decreasing for all x,y € X.
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THEOREM 1. (George & Veeraman, 1994) Let (X, M, x) be a fuzzy metric
space and T be the topology induced by the fuzzy metric. Then for a se-
quence {x,} in X,{x,} — x ifand only if M (x,,,xz,t) — 1 asn — oc.

DEFINITION 4. George & Vieeraman (1994) (X, M, x) (or simply X) is called
M-complete if every M-Cauchy sequence in X is convergent.

LEMMA 2. (Saha et al., 2016) If x is a continuous t-norm, and
{an},{Bn}, {7} are sequences such that o,, -+ av and ,, - yasn — +oo
then

lm (o * Bk * ) = a*x lim B *x7,
k—+o0 k—+o00

and
limy_, (o * B * ) = axlimy_, B * 7.

LEMMA 3. (Saha et al., 2016) Let {f(k,.) : (0,+00) — (0,1];k =0,1,2,...,}
be a sequence of functions such that f(k,.) is continuous and monotone
increasing for each k > 0. Thenlimy_, o f (k, t) is a left continuous function
in tand lim, ., f(k,t) is a right continuous function in t.

DEFINITION 5. (Perveen & Imdad, 2019) Let (X, M, «) be a fuzzy metric
space. A mapping S : X — X is said to be a-admissible if there exists a
function o : X x X x (0,4+00) — [0, +00) such that for all t > 0

z,y € X,a(z,y,t) > 1 implies a(Sz, Sy, t) > 1.

M A-Simulation function

In Perveen & Imdad (2019), the authors have defined the following MA-
simulation function in a fuzzy metric space:
A mapping € : (0,1] x (0,1] — R is said to be an MA-simulation function if
it satisfies the following conditions:

(&) &(t,s) < 1 — 1 forallt,s € (0,1);

(&2) if {tn},{sn} are a sequence in (0,1] such that lim, ,it, =
lim, s4+008, = [ € (0,1), and ¢, < s,, for all n € N, then
limsup,, ;o &(tn, sn) < 0.

The set of all MA-simulation functions is denoted by =, 4.

DEFINITION 6. (Perveen & Imdad, 2019) Let (X, M, ) be a fuzzy metric
space and £ € Zyr 4. A mapping S : X — X is said to be a-admissible
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=y a-contraction if there exists a function & € =Zy;4 such that forall t > 0, it
satisfies the following:

z,y € X,a(z,y,t) > 1 implies  §(M(z,y,t), M(Sz,Sy,t)) > 0.

Now we define a new contractive condition employing an MA-simulation
function as follows:

DEFINITION 7. Let (X, M, %) be a fuzzy metric space and & € Ey;4. A map-
ping S : X — X is said to be =); 4 contractive if for some & € =), 4 and for
all t > 0, it satisfies the following condition:

z,y € X,x #y,&(M(z,y,t), M(Sz, Sy,t)) > 0. (1

Gregori & Sapena (2002) defined the fuzzy contractive mappings as
follows:
Let (X, M, %) be a fuzzy metric space. A mapping 7' : X — X is called a
fuzzy contractive mapping if there exists k € (0, 1) such that

1 1
m—lék(m—l),forallx,yex

REMARK 1. The fuzzy contractive mapping defined by Gregori &
Sapena (2002), is Zjpa-contractive if we take ¢ € Epya to be
£t,s) = k(2 —1)— (2 —1), for all s,t € (0,1), and k& € (0,1) in
(1).

Tirado (2012) defined the following contraction.
Let (X, M, ) be a fuzzy metric space. A mapping 7' : X — X is a Tirado
contraction if there exists k € (0, 1) such that
1-M(Txz,Ty,t) < k(1 — M(x,y,t)), forall z,y € X.

REMARK 2. Every Tirado contraction is =y, 4-contractive if we take £ € =4
tobe &(t,s) = k(1 —t)+ (s—1),forall t,s € (0,1),in (1).

Mihet (2010) defined the class ¥ of mappings as follows:
Let : (0,1] — (0, 1] such that ¢ is continuous, non-decreasing and v (t) >
t,forallt € (0,1).
Lety € . Amapping T : X — X is called a fuzzy «-contractive mapping

454



M(z,y,t) >0 implies M(Tz,Ty,t) > p(M(x,y,t)),
forallz,y € X and ¢t > 0.

REMARK 3. Every fuzzy -contractive mapping is =,;4-contractive, if we
take € € Eppatobe E(t,s) = s —(t), forall t,s € (0,1).

Wardowski (2013) defined the following class H of mappings as follows:
Let H be the family of the mappings n : (0,1] — [0, +o0) satisfying the
following conditions:

(H-1) n transforms (0, 1] onto [0, +00);

(H-2) n is strictly decreasing.

A mapping T : X — X is called fuzzy H-contractive with respectton € H
if there exists £ € (0, 1) satisfying the following condition:

n(M(Tz,Ty,t)) < kn(M(z,y,1)),
forallz,y € X and ¢t > 0.

REMARK 4. In view of the remark in Gregori & Mifiana (2014), every fuzzy H-
contractive mapping with respect to n € H is =, 4-contractive with respect
to the function £ € =4, if we define £(t,s) = k(n(t)) — n(s)), forall t,s €
(0,1) in equation (1).

The following result has been established in Perveen & Imdad (2019)
Theorem 3.1 (Perveen & Imdad, 2019) Let (X, M, %) be a complete fuzzy
metric space and S : X — X is an a-admissible =;;4-contraction with
respect to £. Assume that the following conditions are satisfied

zye X, a(z,y,t) >1 implies  &{(M(z,y,t), M(Sz,Sy,t) >0,

(a) there exists zy € X such that a(zp, Szo,t) > 1;
(b) S is triangular a-admissible;

(c) S is continuous
or
if {z,} is a sequence in X such that a(z,, z,+1,t) > 1, for all n €
N,t>0and {z,} — z, for some z € X, there exists a sub sequence
{zn, } of {2z} such that a(z,,,z,t) > 1,forall k € N and ¢t > 0.
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Then, S has a fixed point in X.

Main results

Ouir first new result is the next one.

Theorem 1 Let S be a self map on a complete fuzzy metric space
(X, M, *). For some ¢ € =4 the map S is Z),4 contractive. Then, S
has a unique fixed point in X.

Proof. First we prove the uniqueness of the fixed point. Suppose « and v
be two fixed points of S. Then u = Su and v = Sv. We show that u = v.
Suppose, on the contrary, that v # v, then Su # Sv. Now

0 < &M (u,v,t), M(Su,Sv,t)),(using equation (1))

= &(M(u,v,t), M(u,v,t)),
1 1 .
< M(u,v,t) M(u,v,t)’(usmg &)

= 0.

which is not possible. So, u = v. Thus, if the map S has a fixed point, then
it is unique.

Now we prove the existence of the fixed point of the selfmap S. Forzy € X
define the sequence {z,} by Sx,, = 1, forn =0,1,2,....

Now we consider the different cases for the sequence {z,} .

CASE | Suppose z,, = x,41, for some n € N. Now z, = x,41 = Sz,
and so we have Sz, = x,. Thus, z, is a fixed point of the map S in this
case. So we can assume the consecutive terms of the sequence {z,} are
distinct.

Again, to see the existence of the fixed point in the other case, we first show
that all the terms of the sequence {x,,} are distinct.

CASE Il Suppose z,, = x,,, for some m > n, and consecutive terms of the
sequence {z,} are distinct. Then Sx,, = Sx,,, i.€e. , Tp41 = Tpmy1. AlsO

0 < g(M(xnaxTH-l)t)?M(S‘TTHSCEH-‘Flvt)J (USing equation (1 ))

= g(M(xnvxn—i-l,t)vM(xn+1a$n+2at))
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1 1

< — , (usin .
M($naxn+17t) M(xn+17xn+27t) ( ggl )

M (xp, Tpy1,t) < M(2ps1,Tnso,t), forallt>o0. (2)
Repeating the above procedure m-times, we get

M (2, Tng1,t) < M(Tpq1, Tpy2,t) < < M(Tm, Tmga,t) = M (20, Tnga, t),

which yield M (zy,, xp11,t) < M(zy,xn+1,t) Which is not true. So, this case
does not arise and we conclude that z,, # z.,, for distinct n, m € N. Thus,
the elements of the sequence {z,} are distinct.

STEP 1 In this step, we prove that lim,,_, ;oo M (2, xn+1,t) = 1, forall t > 0.
From equation (2), we have

M($n, Tn+1, t) < M(xn—O—l; Tn+2, t), forall t > 0.

Thus, {M (zn,zn+1,t)}, for each ¢ > 0, is a strictly increasing sequence
which is bounded above by 1. Let lim,, 4 oo M (2, Tpt1,t) = a(t), fort > 0.
We claim that a(t) = 1.
Suppose, if possible, on the contrary, that a(s) < 1, for some s > 0.
Taking s, = M(zp41,Tnt2,s) and t, = M(zy,,z,+1,s) then again from
equation (2), ¢, < sy, for all n and using the condition (£2) we have

0 <limsup {(M (2, Tnt1,5), M(Tni1, Tni2,s)) <0,

n—-4o0o

which is not possible and we arrive at a contradiction. Hence a(s) = 1. e.

lim M(zp,xn4+1,t) =1, forallt> 0. (3)

n—-+o0o

Now we prove that the sequence {z,,} is M-Cauchy. Suppose, if possible,
on the contrary, that it is not true: then there exist n € (0,1),t, > 0 and the
sequences {p(n)},{q(n)} (¢(n)) being the smallest integer corresponding

to p(n).

n < p(n) < Q(n)v M(xp(n)v Lg(n)> tO) <1l-mn, M(ij(n)a Lg(n)—1s tO) >1—n.
(4)
STEP 2 In this step, we show that lim,, , oo M (Tp(n)—1, Tg(n)—1,t0) = 1 =1,
Now foralln > 1,0 < A < tp/2, we obtain,

l—n = M(.%'p(n), xq(n)7t0)7 (usmg(4))

= M(2p(n), Tp(n)—15A) * M(Epn)—1, Tg(n)—1 to = 2A) *+ M (2 () -1, Z(n
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Let
hy (t) = limnﬁooM(:Ep(n)—la Lg(n)—1s t)) t>0.

Taking the limit supremum on both sides of the above inequality and using
the properties of M and %, and by Lemma 2, we obtain

1-n >1=x mnﬁ+mM(xp(n)_1, Tg(n)—1> to — 2)\) * 1 (usmg(3)) (5)
— ha(to — 2)).

Since M is bounded with the range in (0, 1] continuous and non-decreasing
in the third variable t, it follows from Lemma 3, that i, is continuous from
the left. Therefore, for A — 0, we obtain

hy (tO) = mn%+<>o]\4(xp(n)—17 Lg(n)—1> tO) <l-n (6)
Let

h?(t) = himn_>+ooM(xp(n)—lv Lg(n)—1, t)7t > 0.
Again, foralln > 1,tg > 0

M('rp(n)fla Tg(n)—1, A+ tO) M(xp(n)fla Lp(n)> /\) * M(xp(n)axq(n)flv tO)

>
> M(xp(n)vxp(n)—lv )‘) * (1 - 77) (USIng(4))
Taking the limit infimum as n — +oc in above inequality, we obtain

h?()\ + tO) = liimn*)JrooM(mp(n)fh Lg(n)—1, A+ tO)v
2 himn—>+ooM($p(n)7xp(n)—17 )‘> * (1 - 77)7
= 1x(1-7), (using(3))
(1—mn)
Since M is continuous and bounded with the range in (0,1] and non-

decreasing in the third variable t, it follows from Lemma 3, that h5 is con-
tinuous from the right. Therefore, for A — 0, we obtain

himn—H—ooM(xp(n)—l? Lg(n)—1> tO) >1-n. (7)

Combining inequalities (6) and (7), we get

lim M(ajp(n)—l’ Lg(n)—1, tU) =1-n. (8)

n—-+o00
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STEP 3 In this step, we show that lim,,, ;oo M (z(n), Tq(n), to) = 1 — 1.
From equation (6), we have

m71%4»001\4(3717@)7 Lg(n)s to) <1—mn. 9)
Also, for alln > 1 and ¢ty > 0, we have
M<$p(n)7 Lg(n)> t0+2)‘) > M(.%'p(n), Lp(n)—1, A)*M(H?p(n)_l, Lg(n)—1, tO)*M(mq(n)—

Taking the limit infimum as n — +oo in the above inequality, using(8) and
the properties of M and x and by Lemma 3, we obtain

himn—>+ooM(xp(n)7xq(n)vt0 + 2)‘) > 1x himn—H-ooM(xp(n)—lv Lg(n)—1, tO) * 1
=1-n,
(10)
Since M is bounded with the range in (0, 1] continuous and non-decreasing
in the third variable t, it follows by Lemma 3 that lim,, , . M (z},(n), T4(n), to)
is a continuous function of t from the right. Therefore, for A — 0, we obtain

himnﬁ\+ooM(xp(n)7xq(n)7t0) >1-n. (11)
Combining inequalities (9) and (11), we get

HETOOM($p(n)7xq(n))t0) =1-n. (12)
STEP 4 In this step, we show that the sequence {z,} is an M-Cauchy
sequence.

Taking = = ,(,,)_1 and y = x,(,)—; in equation (1), we have

p(n)

0 < &M (2zpm)—1,Tgm)—151), M(STpm)—1, STg(n)—1,1))

- §(M(xp(n)—l7 Lg(n)—1, t)a M(xp(n) s Lg(n)s t))
1 1

< - ’
M(xp(n)fla Lg(n)—1, t) M(Ip(n)’ Lg(n)s t)
i.e.
M(l‘p(n)_l, Tg(n)—1 t) < M(:L'p(n), Zy(n)> t), forall t > 0.
Taking t, = M(Tpm)—1,Tgm)—1,t) aNd s, = M(Tpp), Tem),t) then

t, < sn, forall n and using equations (8) and (12), we have
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lim t,= lim s,=1-—n.
n—-+oo n—-+o0o

Using (§2) we have

0 < limsup g(M(xp(n)—la Lg(n)—1, t)a M(xp(n)a'rq(n)vt)) <O0.

n—-+oo

which is not possible and we arrive at a contradiction. So, the sequence
{z,} is an M-Cauchy sequence in X which is M-complete. Therefore, there
exists u € X such that

{zn} — u. (13)

{Szp} — u. (14)

STEP 5 Now we show that Su = u. Suppose, on the contrary, that Su # u.
Then there exists a positive integer n( such that Su # z,,, for all n > ny (for
otherwise we get Su = ). Taking x = v and y = x,, in equation (1) we get

0 < &M(u,xn,t), M(Su,Szp,t))
1 _ 1
M(u, zn,t)  M(Su,Sxy,,t)

M(u, zp,t) < M(Su, Sxy,,t), forallt > 0.

As M is continuous and for n — +oco and using equations (13) and (14), we
obtain

M (u,u,t) < M(Su,u,t), forall t > 0.
So, M(Su,u,t) > 1, and we arrive at a contradiction as Su # wu. Thus
Su = u. O]

We llustrate by the following example that the necessity of the a-
admissibility and the continuity of the self map S is not all required for the
existence of the unique fixed point of the map.

460



Example (of Theorem 1): Let X = [—1, 1], and define a fuzzy set M on
X x X x (0,400) by:

1; ifx =y,

, , forallx,y € X, t € (0,
min{1 — 21— Wy if g £y, y (0, +00)

M(m,y,t) = {

Taking &(t,s) = k(2 — 1) — (3 — 1), forallt, s € (0,1] and a * b = min{a, b}
then (X, M, x) is an M-complete fuzzy metric space.
Define the mapping o : X x X x (0, +0c0) by

L ifa,y €[0,1/2],

0, otherwise. ,forallx,y € X, t € (0,400).

oot = {

Define the self-map S on X by

S(x) = { (1): :]:O_ISZQCS?O , forallx,y € X, t € (0,+00).
Thus, all the conditions of primary result theorem are satisfiedand z = 1 is
the unique fixed point of the map S.

Note that the map S is neither continuous nor a-admissible as

forz = 0and y = 1/2 we have S(0) = 0,5(1/2) = 0 and a(x,y,t) =
a(0,1/2,t) = 1 but a(Sz, Sy, t) = «(S(0),S5(1/2),t) = a(1,1,t) =0 < 1.

Application (to the damped spring-mass system)

In this section, by applying our theorem, we prove the existence of the
unique solution for the spring mass system in an automobile suspension
system. Let m be the mass of the spring and F' be the external force act-
ing on it, then the critical damped motion of this system subjected to the
external force F' is governed by the following initial value problem:

d?v dv
B = 1
mos +pdt mE(r,v(r)) =0, (15)

v(0) = 0,v'(0) =0,
where m is the mass of the spring, (> 0) is the damping constant and F’
is the external force acting on it given by F': [0, J] x Rt — R is continuous.

461

Jain, Shobha. et al., Solving a damped spring-mass system via the MA-simulation functionn, pp.450—468



@i VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

In terms of in integral equation, the above problem is

J
o(r) = /0 R(r, 2)F (2, 0(2))dz, 1€ [0,J]] (16)

where the respective Green’s function R(r, z) with i = £ is given by

R(r,z) =

176“(7‘72) H < < < N
{u , ifo<z<r<J,; (17)

0, ifo<r<z<J

Theorem 2 Consider equation (16) with R(r, z) given by (17). Suppose
(2.11) g € (C]0, J], R) is a lower solution of problem equation (16), i. e.

J
6(r)§/0 R(r,z)F(z,v(2))dz, (18)

(2.12) F(z,.) is an increasing function on (0,1] for every z € [0,J] and
choose p suitably such that
info<,<y R(r,2) > 0.

0< sup (6(u,7))? < 1/2. (19)
0<rJ

R(r,2)F(z,1) < J7 1,
where §(p,r) = (1+r57;e”)
(2.13) For each r € [0, J] and u,v € X, we have

|F(r,u(r)) — F(r,o(r))| < Mu(r) —o(r)], A€ (0,1). (20)

Then equation (16) has a solution in (C|0, 1], R) which is a unique solution
for initial value problem (15).

Proof. Taking X = (C|0,J], R). Then X is a complete metric space with a
sup-metric

d(z,y) = sup |(t) = y (1)

and the space (X, M, ) is a complete metric space if we take M (z,y,t) =

m, forall z,y € X and t > 0 and taking p x ¢ = pq, forallp, q <€ (0,1].
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Define S : X — X by
J
Sv(r) = / R(r,2)F(z,v(z))dz, forallv e X. (21)
0

Then v is a solution of (16), if v is a fixed point of S.
For u,v € X we have

J J
|Su(r) — Sv(r)] = \/0 R(r,z)F(z,u(z))dz—/O R(r,2)F(z,v(2))dz|

IN

J
/0 R(r,2)|F(z,u(z)) — F(z,v(z))|dz

J
< / R(r,2) sup |F(zu(z) — F(z,0(2))|dz
0 0<r<J

J
= sup |F(z,u(z))—F(z,v(z))|/0 R(r, z)dz

0<r<J
J
< X sup |u(z)—v(z)]/ R(r, z)dz
0<r<J 0
1 _ru
< A swp fu(z) —v(e)| B
0<r<J 2

1+rpy—e™

|Su(r) — Sv(r)| < X sup |u(z) —v(2)| 5

0<r<J ©
Taking the supremum, we get

sup |Su(r) — Sv(r)| < X sup |u(z) —v(z)| sup (5(u,r))>.
0<r<J 0<r<J 0<r<J

d(Su,Sv) < X sup (6(u,7))%d(u,v)

0<r<J
< %d(u,v).
Also
1 1 - d(Swu, Sv)
M(Swu, Sv,t) B t
< Ad(u,v)
- 2t
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A 1

—(=——— —1), forall Xt .
Q(M(u,v,t) ), uveX,t>0

Taking £(t,s) = 3(2 —1) — (} — 1), forallt, s € (0,1]. All the conditions of

the primary result theorem are met. As a result S has a unique fixed point
in X.
O
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Resumen:

Introduccién/objetivo: En un interesante articulo, Perveen & Im-
dad (2019) introdujeron la nocién de una funcién de simulacion
MA y la utilizaron para demostrar la existencia de un punto fijo
para una auto papeo mediante a-admisibilidad y la continuidad
del auto mapeo en un espacio métrico difuso. El propésito de es-
te trabajo es establecer un teorema de punto fijo unico para una
aplicacion MA-contractiva mediante la relajacion de la condicion
de continuidad y «-admisibilidad del mapa en un espacio mé-
trico difuso. Como aplicacién de nuestro resultado, estudiamos
la existencia y unicidad de la solucién para el sistema resorte-
masa amortiguado. El articulo incluye un ejemplo que muestra
la validez de nuestros resultados.
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Métodos: Se utiliz6 el método de punto fijo con una funcién de
simulacion MA

Resultados: Se obtuvo un tnico punto fijo para una auto mapa
en un espacio métrico difuso.

Conclusion: Se obtiene un punto fijo de los auto mapas sin la
continuidad ni la a-admisibilidad del auto mapa mediante la fun-
cién de simulacion MA. Ademas, se obtiene la existencia y unici-
dad de la solucién de un sistema resorte-masa amortiguado en
el contexto de un espacio métrico difuso.

Palabras claves: espacio métrico difuso, secuencia M-Cauchy,
puntos fijos, funcién de simulaciéon MA.

PeleHune I'IpO6J'IeMbI p,emnchpOBava CUCTeMbl Mmacca-
NpyXxuHa € NOMOLLbIO TEMAaTNU4YECKOro MmogenmpoBaHnd
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Pesrome:

BeedeHue/uenb: B ceoell uHmepecHeliweli cmambe Perveen
& Imdad (2019) esenu noHamue ¢hyHKUUU Mamemamu4ecko-
20 Mo0enuposaHusi, Ucronb3ys eeo 0511 Ookasamesibcmea cy-
wecmeosaHusi Hernods8UXHOU MOYKU MpU caMoomobpaxxeHuu
yepe3 «-00MycmuMoCcmb U HErNpepbIBHOCMb 0MobpaxeHusi 8
HeYemKoM Mempu4yeckom rpocmpaHcmee. Llens daHHoU cma-
mbu — npedcmasumps yHUKarbHYyt0 meopemy O HernodeuxHoU
moyke 0511 MameMamu4ecko2o omobpaxeHus, ocriabus ycro-
8ue HerpepbiBHOCMU U «-00ryCmuMOCmu caMoomobpaxKeHusi
8 HEYemKoM Mempu4eckoM rpocmpaHcmee. B uensx noo-
meep>k0eHusi pesyribmamos uccriedosaHusi bbiu U3y4YeHbl Cy-
wjecmeosaHue U yHUKanbHoCMb peweHus rnpobremesl demrgpu-
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poeaHusi cucmeMbl Macca-npyxuHa. B cmamese npusedeH npu-
mep, Komopbili dokasbieaem OOCMOBEPHOCMb Pe3yribmamos
uccnedosaHus.

Memodbi: B cmambe ucrnosnb3o08aH Memod HIoO8UXHOU MOYKU
¢ ¢pyHkyuet MA-modenupoesaHusi.

Peaynbmambl: Honyqua YHUKarbHas HernodsuXXHasi MmoyKa
onsa caM00m06pa)KeHu;=l 8 He4YeImKoM mempu4d4eCcKoM ripocmpaH-
cmee.

Bbigo0bi: HenodsuxHasi moyka camoomobpaxeHusi rosydYyeHa
b6e3 yyema HernpepbiBHOCMU U «-00MycmumMocmu camoomob-
paxeHusi ¢ nomowibto pyHkuuu MA-modenuposarus. Nomumo
moeo, No08ep)KEeHO CywecmeosaHue U yHUKarnbHOCMb PeUEHUs
npobnemsl demrichupogaHuUsi cucmembl Macca-rpyXxuHa 8 ycro-
BUSIX HEYEMKO20 MEMPUYECKO20 rIpocmpaHcmea.

Krnroueeble crioga: HeYemkoe Mempuyeckoe MpocmpaHCcmeo,
nocrnedosamenbHocmb Kowu, HernodsuxxHble moyku, MA-
umumauyuoHHoe MoodenuposaHue.

PewaBare npuryeHor cucrema onpyra-maca nomohy MA
cumynaumoHe dyHKumje

Llo6a Llajn?, ayTop 3a npenucky, CmojaH H. PaneHosnh®,
Wuwup Llajn?
2 YuueepauteT Lpu BeluHas Buajanut, Matematuyku dpakynrer,
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Beorpag, Peny6nuka Cpbuja

OBNACT: matemaTtunka
KATEFOPWJA (TWM) YNAHKA: opurMHanHu Hay4Hu pag

Caxemak:

Yeod/uurs: Y ceom 3aHumsrbusom pady Perveen & Imdad (2019)
yeenu cy nojam MA cumynauuoHe ¢hyHkyuje kopucmehu 2a 3a
dokasuearbe rocmojarba (YUKCHEe madke 3a camoripecriukasa-
€ KPO3 q-puxeamsbugocm U KOHMUHyumem camornpecsiuka-
garba y pacriiuHymumM Mempuykum ripocmopuma. Lurb ogoe
pada jecme Oa ycmaHosu meopemy jeduHcmeeHe (huKCHe may-
Ke 3a MA KOHmMpakmueHO ripeciukasaH-e penaxkcayujom ycriosa
KOHMUHyumema u «-fpuxeamsbueocmu mMare y pacriauHymom
mempu4kom ripocmopy. Padu npumeHe dobujeHux pesynmama,
ucrumaHo je nocmojare U jeQUHCM8eHOCM pelera npuayuwe-
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Hoe cucmema onpyaa-maca. Hagodu ce u npumep Koju riokasyje
ganudHocm pe3ynmama.

Memode: KopuwheHa je memoda ¢hukcHe madyke ca MA cumy-
nayuoHoM ¢hyHKUUJOM.

Pesynmamu: [JobujeHa je jeQuHcmeeHa ¢hukcHa madka 3a ca-
Moripecriukasare y pacriuHymom Mempu4yKkoM rnpocmopy.

Bakrpyyak: ®ukcHa mayka camoripecriukasara 0obujeHa je
6e3 KoHmMuUHyumema u a-rpuxsamsbUusocmu caMmoripecsiukasa-
wa nymem MA cumynayuoHe pyHkyuje. YmepheHo je, makohe,
rocmojarbe U jedUHCMBeHOCM peuwera fnpuayweHoe cucmema
orpyea-maca rpu rocmassbamy pPacriauHymoa MempuyKoe cu-
cmema.

KrbyyHe pedu: pacrnuHymu mempudku rnpocmop, M-Kowujes
Hu3, hukcHe madke, MA cumynayuoHa chyHKyuja.
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Abstract:

Introduction/purpose: This article focuses on determining the dynamic
characteristics of the automatic firing system through experimental
methods. Additionally, the study mentions the impact of ammunition belt
stiffness.

Methods: The research findings include the displacements of the basic part
(bolt carrier) and the ammunition belt of automatic weapons during firing
series. To measure and determine these parameters, a high-speed camera
model FASTCAM SA1.1, specifically the 675K-C1 variant, was utilized. The
elastic force between the belt links was determined using deformation
stamps equipped with force-measuring sensors. To validate the reliability of
the method, experiments were conducted on the PKMS machine gun.

Results: The results obtained show that, when using a tape with a stiffness
of 42 [N/mm], the kinematic characteristics of the basic link such as recoil
velocity and recoil time change significantly compared to using a tape which
has a stiffness of 98 [N/mm]. In particular, the maximum recoil velocity of
the base gun can be reduced by ~8% when firing a series of 6 bullets.
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These results can be applied in calculations and designs to optimize the
structure of the ammunition belt and the automatic firing system.
Furthermore, these findings can aid in calculating the firing rate of the gun,
thus facilitating the operation of automatic weapons.

Conclusion: The testing procedure developed in this study serves as a
crucial theoretical foundation for evaluating and determining the dynamic
characteristics of other automatic weapon systems.

Keywords: automatic firing system, ammunition belt, 7.62 mm PKMS
machine gun.

Introduction

In the final years of the 20" century, numerous armies worldwide were
engaged in large-scale conflicts, utilizing infantry weapons and various
other arms with great intensity. The emphasis was on improving these
weapons to minimize weight, ensure reliable operation, reduce recoil force
impacting the gunner, enhance shooting stability, and enable quick
maneuvering on the battlefield. To address these challenges, multiple
solutions were implemented, with a specific focus on studying the
dynamics and stability of automatic guns. A crucial aspect of weapon
design involved researching the interplay between different structures to
achieve optimal solutions. This knowledge can be applied to the process
of exploiting and designing weapons and equipment, particularly compact
firepower mounted on racks or mobile vehicles.

The effectiveness of a soldier in combat relies heavily on the reliable
performance of guns and artillery. This includes factors like shooting
accuracy, stability, and the ability to function effectively in harsh conditions
(Fiser & Popelinsky, 2007; Van Hung et al, 2024; Wang & Jiang, 2008).
One of the causes that can impact these factors is the movement of the
ammunition belt during firing. The bullets must be positioned accurately
and quickly, with low energy consumption for reloading, while also
avoiding vibrations and strong collisions with the gun. If these
requirements are not met, the ammunition belt can disrupt the
mechanisms of the automatic firing system, leading to wear and intense
vibrations, resulting in inconsistent and unstable shots. Additionally, the
working period and firing cycle of the automatic firing system can be
affected. This can lead to issues like bullet choking or jamming, causing
damage to the ammunition belt or automatic firing system, ultimately
rendering the shot unable to be fired.

The movement of the ammunition feeding mechanism relies on the
movement of the automatic firing system (Dingguo, 1996; Balla et al,
2015). Bullets in the ammunition belt move in different planes and at
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varying speeds. The movement of a subsequent shot in a series of shots
is influenced by both the operation of the ammunition belt pull mechanism
operation and the initial speed of the ammunition belt, as well as the forces
acting on it in space. To facilitate the study of ammunition belt dynamics,
previous studies have made use of several assumptions to simplify
calculations (Balla et al, 2011; Balla & Mach, 2007). Figure 1 illustrates
some typical computational models of ribbon dynamics.

F A, /,
— %7077 a.

Figure 1 — Models for calculating ammunition belt movement

In the models presented in Figure 1, the ammunition belt is treated as
a rigid bar affected by a pulling force, as seen in Figure 1a. In contrast,
Figure 1b takes into account the bullets in the ammunition belt being
connected by rigid joints and experiencing a horizontal pulling force.
Finally, Figure 1c considers the ammunition belt as an elastic bar that is
affected by a horizontal pulling force (Doan et al, 2023; Vo et al, 2021;
Vitek, 2019). However, both theoretical calculations and testing have
shown that these models are overly simplistic, resulting in significant errors
and not accurately representing the movement of the ammunition belt in
real-life scenarios.

Furthermore, the theory of multi-body mechanics has been utilized in
various studies to examine the dynamics of ammunition belts. One notable
example is the research conducted by Dingguo Zhang (Dung et al, 2023;
Tien et al, 2022). In this study, the theory of many-body system dynamics
was employed to construct a mathematical model for the dynamics of
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aircraft gun ammunition belts. Additionally, Matlab software was utilized
for numerical simulation. The study also mentions a dynamic model for the
ammunition belt of the Gatling machine gun (Goldberg & Goldberg, 2019;
Macko et al, 2021). This model describes the continuous reloading
process and identifies specific factors that affect it. Another study (Bien et
al, 2021a, 2021b) analyzed the mechanical properties of a vertical
ammunition belt system using a spiral guide. To simulate the impact and
contact between two points in the ammunition belt, a virtual spring was
utilized. It is worth noting that the impact of belts is rarely addressed in
recent studies on the dynamics of automatic firing systems, as seen in
(Balla et al, 2010; Hung et al, 2024; Tien et al, 2021).

In general, previous studies on ammunition belt dynamics have been
relatively simplistic and do not accurately reflect real-life ammunition belt
movement. The interaction between the automatic firing system and the
ammunition belt as well as the influence of various ammunition belt
parameters on the loading process have not been thoroughly studied.
Additionally, the impact of ammunition belt stiffness on the operation of
automatic guns using gas extraction has not been addressed. The
dynamic parameters of both the ammunition belt and the automatic firing
system are affected by numerous random input factors, making it
impossible for mathematical models to fully capture the complexity of the
system. To improve the accuracy of studying ammunition belt dynamics,
this study utilized experimental methods. These experiments not only
provide valuable data on ammunition belt dynamics, but also play a crucial
role in the calculation, design, manufacturing, and improvement of weapon
models. The results of these tests allow for a comparison between
theoretical calculations and actual data, providing a measure of the
accuracy of the theoretical model.

Problem formulation

Theoretical basis

Many physical and mathematical models have been established to
determine the dynamic parameters of automatic firing systems worldwide.
Among them, the model presented in the document is relatively complete
and clear (Macko et al, 2021).

In this article, the physical model of the automatic firing system is
presented as shown in Figure 2 and Figure 3.
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Figure 3 — Forces acting on the bolt carrier when pushed up
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Symbols in Figure 2 and Figure 3: 1. the bolt carrier and the piston;
2. the return spring; 3. the guide rail on the weapon casing; 4. the i-th
working mechanism; Fy« — the force of the combustion gas pressure acting
on the piston; Pi— generalized force effects on the i-th working mechanism;
x — displacement of the bolt carrier relative to the gun body; x; — displacement
of the i-th working mechanism relative to the gun body; F.s — the force of
the return spring; F¢ — collision force between the bolt carrier and the gun
body; Fq— the force to remove a cartridge from the cartridge belt; R, — cartridge
case extraction force; P, — resistance of the cartridge belt; F;— friction force
between the bolt carrier and the gun body.

The link diagram between the bolt carrier and the feed lever is shown
in Figure 4.
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Figure 4 — Link diagram between the bolt carrier and the feed lever

The second type Lagrange equation is used to establish the
mathematical model for this model.

i al _al+a£:Qj (]:1’2’) (1)
dt\ 0q,; Oq; 0q;

where: T — total kinetic energy of the whole system; /T — potential

energy of the system; g; — independent generalized coordinate; Q; —
generalized force; and j - number of degrees of freedom.

Set up an experimental model

Purpose, objects, and testing conditions

- Testing purpose

The following parameters are determined by experimental methods:
elastic force, displacement law, and velocity of the ammunition belt link in
the ammunition belt when firing series with belts of different stiffnesses. In
addition, the law of displacement and velocity of the breech of the
automatic firing system is also determined when firing in series with belts
of different stiffnesseses. These parameters are the scientific basis for
evaluating the impact of ammunition belt stiffnesses on the working
process of the automatic firing system.

- Test subject

+ PKMS machine gun (Figure 5) and K53 ammunition at level 1, still
packaged in a zinc box at a storage temperature of 20°C;
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Figure 5 — The PKMS Kalashnikov 7.62 mm machine gun

+ Two belt samples with different stiffnesses were used for testing
(Figure 6). A prototype belt made in Russia and a belt made in Vietnam
were softened to reduce stiffness. The stiffness of these tapes was
determined experimentally by the Testometric M500-100AT tensile and
compression testing system. This system is controlled by a computer, and
WinTest™ Analysis software running on the Windows™ operating system
was used. Some basic parameters of the Testometric M500-100AT tensile
and compression testing machine system are shown in Table 1. The
stiffness of the straps is determined based on the graph obtained in
combination with Hooke's overturning test. After 5 measurements, the
average stiffness of the belts is determined in Table 2.

Figure 6 — Belts used for the testing
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Table 1 — Basic parameters of the Testometric M500-100AT tensile and compression
testing system

Machine capacity: 100kN

Speed range: 0.001 to 500mm/min in steps of
0.001mm/min

Crosshead travel (excluding grips): 1059mm
Throat: 420mm

Table 2 — Belt stiffness for two different samples

Belt model Made in Russia | Made in Vietnam
Medium stiffness [N/mm] 98 42

- Test conditions

+ The test was conducted at the Weapons Testing Center - Le Quy
Don Technical University;

+ Ambient temperature 20°C, humidity 50%, no wind;

+ Gun prices are considered fixed, not affected by external factors.

The simulation belt link is made to measure the elastic force

To determine the elastic force of the belts, the principle of deformation
stamp force measurement was utilized (Wang & Jiang, 2008). The
simulated belt link was made from a material similar to that of the
ammunition belt of the PKMS machine gun, with manufacturing dimensions
shown in Figure 7.
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Figure 7 — Dimensions for manufacturing the simulated belt links

476



A sensor is attached to the simulated belt link and it is then installed into
the ammunition belt to measure the elastic force between the belt links during
a series of 7.62mm PKMS machine gun firings, as depicted in Figure 8.

4 J 2

v |
/A
/

I

Figure 8 — Ammunition belt with the sensor attached:
1 - springs connecting the belt links; 2 - ammunition belt puller;
3 - simulated belt link with sensor stickers; 4 - belt link

The simulated belt link is installed on the belt, which is then calibrated
to determine the conversion factor.

Figure 9 — Force measurement system calibration equipment
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Measuring devices

- FASTCAM SA1.1 high-speed camera 675K - C1

The FASTCAM SA1.1 high-speed camera system is utilized for
measuring the belt movement and the displacement of the basic part. This
system consists of a Fastcam SA1.1 high-speed camera with the basic
parameters listed in Table 3, a computer for installing PFV software and
storing information, a lighting system, and a connection cable. The PFV
software allows for control of the high-speed camera from a computer,
while TEMA software is used for processing the records and collecting
necessary data (Fiser, 2007; Bien et al, 2021a, 2021b).

Figure 10 — SA1.1 High-speed camera system

Table 3 — Some basic parameters of the high-speed camera SA1.1

Parameters Values

Maximum write 675000 fps at 64x16 pixels

speed

Data memory 8GB is equivalent to 5457 64x16 pixels
photos or 5400 1024x1024 pixels photos

Sensor 12bit DAC

- DEWETRON 4000 dynamic signal analyzer

The sensor for measuring the elastic force of the belts is connected
to the DEWE-4000 multi-function measuring system (Figure 11). DEWE-
4000 is a multi-function measuring system that synchronizes mechanical,
thermal, deformation, pressure, and force parameters.
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Figure 12 — Modul DAQN — BRIDGE

Figure 11 — DEWE-4000
multifunction measuring system

To connect the belt elastic force measuring sensor to the DEWE-4000
multi-function measuring system, the DAQN - BRIDGE channel module
available in the machine (Figure 12) is used. The main technical
characteristics of these modules are as follows:

- They can be used synchronously with resistive stamp measuring
sensors with a spherical structure, with sensor sensitivities of 0.1, 0.2, 0.5,
1.0, 2.0, and 5.0 mV/V.

- Selecting the working mode corresponding to the above sensitivities
of the sensor and filter modes can be done manually or by software.

- The sensor's stable DC power supply is provided by Modules 2.5, 5,
10 and 15 volts.

- The measuring range of the spherical resistors is from 120 Q to 10
k Q.

- Output impedance is lower than 10 Q.

- The signal is received from the measuring sensor through the 9-pin
jack.

To ensure the safety of people and the measuring equipment, the
distance from the measuring sensor to the location of the measuring
equipment must be greater than 50 m. Therefore, a specialized shielded
cable to prevent interference on the transmission line is used to transmit
measurement signals from the sensor to the center.

The signal from the measurement sensor (about a few tens of mV) is
transmitted from the sensor to the DAQN - BRIDGE module, where the
measurement signal is amplified to a few volts and sent to the PCI-
DAS1620/16 ADC CARD for processing and display. This signal is stored
on Dasy Lab 11.0 software.
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Test diagram
- Diagram determining the elastic force between the belt links

To determine the elastic force between the belt links, a test model is
built as shown in Figure 13. The actual implementation image is presented
in Figure 14.

Figure 13 — Diagram of the testing system for measuring the elastic forces between the
belt links:
1 - DEWETRON 4000 dynamic signal analyzer; 2 - PKMS machine gun;
3 - the simulated belt link is installed in the ammunition belt; 4 - bullets on the belt;
5 - ammunition belt box

Figure 14 — Simulated belt link installed on a machine gun ammunition belt
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The operating principle is as follows: after replacing the simulated belt
link with a real one, the belt puller will draw the belt inward to feed
ammunition during firing. A sensor attached to the simulated belt link will
record its deformation when stretched. The DEWETRON 4000 dynamic
signal analysis system will then convert the tensor strain into force which
is exported to the elastic force data file between the belt links.

- Diagram to determine the displacement of the ammunition belt
The test model to determine the displacement and velocity of the belt
link is set up as a diagram in Figure 15.

2 3

Figure 15— Schematic diagram of the experimental model:
1 - specialized gun rack; 2 - PKMS machine gun;3 - ammunition;
4 - ammunition belt box; 5 — lighting system;
6 - FASTCAM SA1.1 high speed camera 675K - C1; 7 — computer

In this test, the high-speed camera FASTCAM SA1.1 model 675K -
C1 was arranged in an appropriate position to record the movement of the
bullet belt when firing multiple shots and then export the data file,
displacement, and velocity of each bullet in the ammunition belt, see
Figure 16.
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Figure 16 — Experimental setup in the tunnel

- Displacement and velocity test diagram of the bolt carrier

The test model was set up to measure the displacement of the base
part of the PKMS machine gun automatic firing system when firing in
series, as shown in Figure 17.

1 2 3

Rq : '

7

-

V2
QN

6

Figure 17 — Displacement measurement test diagram of the bolt carrier:
1 - specialized gun rack; 2 - bolt carrier; 3 - gun barrel; 4 - lighting system;
5 - FASTCAM SA1.1 high-speed camera 675K - C1; 6 — computer

To facilitate the process of observing the movement of the bolt carrier,
the bolt box cover part is cut. The high-speed camera FASTCAM SA1.1

model 675K - C1

is used to record the bolt carrier movement when firing
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in series. The recorded data is exported into graphs and images of the bolt
carrier movement.

Figure 18, Figure 19, and Figure 20 show the images obtained by the
high-speed camera FASTCAM SA1.1 model 675K - C1. The maximum
recording speed was 675000 fps at 64x16 pixels of the base part at
different positions during burst firing.

Figure 18 — Bolt carrier of the PKMS machine gun in the firing position

Figure 19 — Bolt carrier of the PKMS machine gun when backing up
and withdrawing the cartridge case

Figure 20 — Bolt carrier of the machine gun when in the bottom position
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Results and discussion

Problem solution

Elastic force between the belt links

During automatic fire, the platform pulls the ammunition belt in as the
bolt carrier moves backward. This process ensures that the ammunition
belt is always pulled, preventing any gaps from appearing between the belt
links. The pulling force of the belt causes the connection between the first
and second links to elastically deform, allowing them to move together
during the first shot. This process is then repeated for the subsequent links
in the belt. Experiments have shown that the elastic force between the belt
links is at its highest during the first shot and varies depending on the
stiffness of the bullet belt. Graphs depicting the elastic force between the
belt links for a series of 6 bullets, each corresponding to a bullet belt of
different stiffness, can be seen in Figure 21 and Figure 22. The maximum
elastic force values for the belt links are listed in Table 4.
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160 ¥H080 - b X: 0.4341
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Figure 21 — Elastic force between the belt links during a series of firing with the belts of a
stiffness of K=42 [N/mm]
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Figure 22 — Elastic force between the belt links during a series of firing with the belts of a
stiffness of K=98 [N/mm]

Table 4 — Maximum elastic force at the belt link when firing a series of 6 shots

Order of firing Maximum elastic force [N] with Maximum elastic force [N] with
K=98 [N/mm] K=42 [N/mm]
1 174.9 168.8
2 149.1 141.6
3 155.2 155.1
4 144.3 143.1
5 151.4 147.3
6 143.2 144 .2

Displacement and velocity of each belt link during burst firing

The ammunition belt was observed with a high-speed camera FASTCAM
SA1.1 model 675K - C1. The maximum recording speed was 675000 fps at
64x16 pixels. The movement of the ammunition belt is observed when firing in
series with Russian test belts with a stiffness of K=98 [N/mm] and Vietnamese
belts with a stiffness of K = 42 [N/mm], see Figure 23.
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Figure 23 — Image of the bullet belt movement during burst firing

The displacement trajectory and displacement velocity of the belt link
during a series of firing corresponding to the stiffness K=42 [N/mm] and
K=98 [N/mm] are shown in Figure 24 and Figure 25.

n

Y [m]
Velocity [m/s]

0.1 02 0.3 04 05 06 0 005 01 015 02 025 03 035 04 045
X [m] Time [s]

(a) (b)
Figure 24 — Displacement trajectory and displacement velocity of the belt link when firing

in series with a belt with stiffness of K= 42 [N/mm]:
a) displacement trajectory; b) displacement velocity

The maximum speed of the belt link corresponding to different belt
stiffness is shown in Table 5 and Table 6.

Table 5 — Maximum speed of the belt link with a belt stiffness of K=42 [N/mm]

Order of firing 1 2 3 4 5 6

2.094 | 2.057 | 2.034 | 2.009 | 2.074

Maximum speed [m/s] | 1.89
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Figure 25 — Displacement trajectory and displacement velocity of belt link during a series
of firing with the Russian prototype belt with a stiffness of K= 98 [N/mm]:
a) displacement trajectory; b) displacement velocity

Table 6 — The maximum speed of the belt link with a belt stiffness of K=98 [N/mm]

Order of firing 1 2 3 4 5 6

Maximum speed [m/s] | 1.876 | 2.089 | 2.051 | 2.033 | 2.025 | 2.09

Displacement and displacement velocity of the bolt carrier

The displacement and displacement velocity of the bolt carrier can be
determined based on the images obtained from the Fastcam SA1.1 high-
speed camera. TEMA software was used to process images as well as to
collect necessary data. The displacement and velocity of the base link with
different belt stiffnesses are shown in Figures 26 - 29. The motion
parameters of the base link when firing in series with different belt
stiffnesses are presented in Table 7 and Table 8.

e “Lan 2l0at 10v_Nga_C /Point#1 filtered [time/abs.length] Y-Min: 0.232 m (T=650.0 ms) Y-Max: 0.367 m (T=713.9 ms)
[1E-3 m] T=210.1 ms

L AL A0 0 A A A A 0 A A A A M A A
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
[ms]

Figure 26 — Displacement of the bolt carrier corresponds to a Russian belt whose
stiffness is K=98 [N/mm]
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Figure 27 — Velocity of the bolt carrier corresponding to the Russian belt with K=98
[N/mm]
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Figure 28 — Moving the bolt carrier with a Vietnamese belt with a stiffness of K=42 [N/mm]

fdl +Lan 4 Day_bang_VN_COO01HO0150001/point=1_fharad [time spesd] T=D0 4335 ¥-min'0 Y-max:7 153m's
8

75

p WHHASJRCRRES CESceeds NeRHNEHY

35 LA 74

25
2

15

1

a5

o 005 0.1 0.5 0.2 0.25 03 0.35 0.2 0.45 os[s]

Figure 29 — Velocity of the bolt carrier with the Vietnamese belt with a stiffness of K=42
[N/mm]
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Table 7 — Motion parameters of the bolt carrier corresponding to the Russian belt with a
stiffness of K=98/N/mm]

Order Maximum recoil Maximum push-up Recoil time of Working
of firing | velocity of the bolt velocity of the bolt the bolt carrier | cycle of the
carrier [m/s] carrier [m/s] [s] bolt carrier
[s]
1 7.59 4.748 0.0281 0.0865
2 7.71 4.755 0.0276 0.0869
3 7.76 4.752 0.0265 0.0845
4 7.78 4.698 0.0278 0.0878
5 7.71 4.731 0.0269 0.0881
6 7.72 4.741 0.0271 0.0855

Table 8 — Motion parameters of the bolt carrier corresponding to the Vietnamese belt with
a stiffness of K=42 [N/mm]

Order off Maximum recoil Maximum push-up | Recoil time of | Working cycle of
firing velocity of the bolt velocity of the bolt | the bolt carrier the bolt carrier [s]
carrier [m/s] carrier [m/s] [s]

1 6.722 4.739 0.0294 0.09045

2 7.068 4.725 0.0273 0.08937

3 6.931 4.729 0.0289 0.08955

4 7.057 4.498 0.0282 0.08955

5 7.080 4.631 0.0268 0.08972

6 7.153 4.684 0.0259 0.08969

Based on the results obtained, some comments are made as follows:

- With the Russian belt with a stiffness of K=98 [N/mm], the
displacement of the bolt carrier remains relatively stable during a series of
shots. However, there is a noticeable change in displacement at the top
and bottom positions (see Figure 26). This can be attributed to various
processes taking place at these positions, such as the closing of the bolt,
the withdrawal and ejection of the cartridge case, and the firing process.
In contrast, the maximum recoil velocity of the bolt carrier during the first
shot is only 7.59 [m/s], which is lower than in subsequent shots (see Figure
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27 and Table 7). This can be explained by the fact that the belt puller must
initially overcome the weight of the entire ammunition belt, resulting in
increased resistance in the automatic firing system. As a result, the first
shot takes longer to complete compared to subsequent shots.

- With the Vietnamese belts of stiffness of K=42 [N/mm]: the period of
each shot increases, which means the period of operation of the automatic
firing system increases, see Figure 28, and Figure 29. However, this
change only increases within certain limits shown in Table 8.

- The survey results have shown that variations in belt resistance
directly affect the duty cycle of the automatic firing system, leading to a
decrease in shooting accuracy. Specifically, when the stiffness of the bullet
belt is increased, the shot cycle is reduced, resulting in a higher rate of fire
(refer to Tables 7 and 8). It is important to note that this change can be
influenced by various factors, but our findings confirm a clear correlation
between the belt stiffness and the shot cycle, independent of other factors.

Conclusion

When researching the dynamic problem of the automatic firing
system, taking into account the characteristics of the ammunition belt is
extremely necessary. With the results obtained, some conclusions can be
drawn as follows:

- The experiments described in this study provide an important
theoretical foundation for determining kinematic parameters (displacement
and displacement velocity) of the bullet belt and the bolt carrier of the
automatic firing system which operates on the principle of gas extraction.

- High-speed cameras can be used to experimentally determine the
motion parameters of objects with high moving speeds and complex
working environments.

- The experimental determination of the elastic force between bullet
belt links yields results that are relatively consistent with reality, making it
an important parameter in the study of bullet belt dynamics.

- The use of measuring devices ensures high accuracy, reliability, and
stability in the measurement of physical quantities.

- The method for determining dynamic parameters is reasonable,
consistent, and reliable. The results obtained from this research can be
used in design calculations to optimize the structure of the belt and
automatic firing system, as well as to calculate the firing speed of the gun
for the exploitation process. Additionally, these results can be used to
verify corresponding mathematical models.
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- The procedure used in this paper can serve as a reference for
practical methods in other weapon systems.

The authors' next research will focus on surveying, analyzing, and
evaluating the effects of changing the gap between ammunition belt links
and the number of bullets in the ammunition feeding process. This will
provide specific parameters for evaluating the impact on the reliable
functioning of the automatic firing system.
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Resumen:

Introduccién/objetivo: Este articulo se centra en determinar mediante
meétodos experimentales las caracteristicas dinamicas del sistema de
disparo automatico. Ademas, el estudio menciona el impacto de la rigidez
del cinturén de municiones.

Métodos: Los resultados de la investigacion incluyen los desplazamientos
de la parte basica (portacerrojos) y del cinturén de municiones de armas
automaticas durante series de disparos. Para medir y determinar estos
parametros se Uutilizd6 una camara de alta velocidad modelo FASTCAM
SA1.1, especificamente la variante 675K-C1. La fuerza elastica entre los
eslabones de la correa se determin6é mediante sellos de deformacion
equipados con sensores de medicion de fuerza. Para validar la fiabilidad
del método, se realizaron experimentos con la ametralladora PKMS.

Resultados: Los resultados obtenidos muestran que, cuando se utiliza una
cinta con una rigidez de 42 [N/mm], las caracteristicas cinematicas del
eslaboén basico, como la velocidad de retroceso y el tiempo de retroceso,
cambian significativamente en comparaciéon con el uso de una cinta que
tiene una rigidez de 98 [N/mm]. En particular, la velocidad maxima de
retroceso del arma base se puede reducir en ~8% al disparar una serie de
6 balas. Estos resultados se pueden aplicar en calculos y disefios para
optimizar la estructura de la cinta de municiones y el sistema de disparo
automatico. Ademas, estos hallazgos pueden ayudar a calcular la
velocidad de disparo del arma, facilitando asi el funcionamiento de las
armas automaticas.

Conclusion: El procedimiento de prueba desarrollado en este estudio sirve
como base tedrica crucial para evaluar y determinar las caracteristicas
dinamicas de otros sistemas de armas automaticas.

Palabras claves: sistema de disparo automatico, cinturén de
municiones, ametralladora PKMS de 7,62 mm.

493

Vo, B.V. et al, Research into the effect of ammunition belt stiffness on the operation of automatic firing systems using experimental methods, pp.469-495



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

MccnepnoBaHue BRMSHWSA XXECTKOCTM NAaTPOHHOM NEHTHI Ha
3(PPEKTUBHOCTb CUCTEMBI CEPUIHONM CTPENbObLI 3KCNEPUMEHTasbHLIMN
MeTogamm

bueH B. Bo?, ®oH [1. HyneH?, KoppecnoHAEHT,
®y M. Hyner?, floHe C. By°

a TexHunyecku yHuBepcuteT umenu Jle Kyn [oHa,
dhakynbTeT cneunansHoro obopyaoBaHus,
r. XaHon, Counanuctunyeckasi Pecny6nuka BeeTHam

6 YuueepcuteT TpaH Jan Hrua,
r. XowumuH, Couynanuctuyeckasi Pecnybnuvka BeeTHam

PYBPUKA TPHTW: 55.68.00 MNpoun3BoacTso opyxus
B CTATbW: opurmHanbHas HayyYHas ctatbsl

Pe3some:

BeedeHue/uyenb: [HaHHas cmambsi nocesweHa ornpederneHuro
OuHaMU4YeCKUX XapakmepucmuKk cucmembsl cepuliHol cmpersnbbbi
aKcrnepumeHmarnbHbiMu Memodamu. MTomumo moeo, 8 uccnedosaHuu
U3y4YeHO 8JIUSIHUE XXeCmKOCmU nampoHHOU JIEHMbI.

Memodbi:  Pe3dynbmamsbi  uccriedogaHUsi  8bi8UU  CMeljeHue
3ameopHoU pambl U ampoHHOU JIeHMbl a8MOMamuU4YeCKo20 OPYXXUSsI 80
epemsi cepuu 8bicmpesios. s uaMepeHusi U onpedesieHuss 3mux
rnapamempo8 UcCrosb308aiack 8bICOKOCKOPOCMHasl Kamepa Modesnu
FASTCAM SA1.1, 8 vacmHocmu eapuaHm 675K-C1. Ycunue u npeden
ynpyeocmu Mex0y 38eHbSIMU NampoHHOU JieHMbl U3Mepsisiucb C
nomouwbto meH3od0amyuka. C uesnbio sanudayuu HadexHocmu memoda
bb11u nposedeHb! akcrnepumeHmai Ha nynememe NMKMC.

Pesynbmamei: [lony4yeHHble pe3ynbmamel foKa3anu, 4mo rpu
ucCrnonb308aHUU fIeHMbI C Xecmkocmbio 42 [H/MM] KuHemamuveckue
XapakmepucmuKku OCHOBHO20 38eHa, maKkue KakK CKopocmb U epeMsi
omodayu, 3Ha4yumesibHO U3MEHEHbI M0 CPaBHEHUKO C UCMO/Ib308aHUEM
neHmsb! ¢ xecmkocmbio 98 [H/mm]. B 4acmHocmu, MakcumarsibHasi
cKkopocmb omdadyu mMoxem O6bimb CHUXeHa Ha ~8% npu cepuu u3 6
sbicmpesios. [aHHble pe3yrnbmambl Mo2ym 6bimb UCMO/b308aHb! 8
pacyemax u npoeKkmuposaHuu u onmumMu3ayuu nampoHHOU fIeHmMbI, a
makxe cucmembl cepulHol cmpenbbbl. Kpome mozo, asmu
pesynbmambl Mo2ym MOMOYb 8 pacyeme CKOpOCmpesibHoCmu, mem
cambiM obriegqas IKCrTyamauyuro agmomMamuyecko20 OPyXUs.

Bbigod: [lMpouedypa ucrnibimaHud, paspabomaHHass 6 xode OaHHO20
uccriedosaHusi, rpedcmaessnisiem 8axHbIl meopemuyeckul pyHOameHm
Oriss oyeHKku u onpederneHusi QUHaMUYECKUX XapakKmepucmuKk Opyaux
cucmeM asmomamuyecKo20 OPYXKUS.

Kntouesnie crioga: cucmema cepuliHol cmperbbbl, mampoHHas IeHma,
7,62-mm nnynemem FNKMC.
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UcTpaxunsare edekata KpyTOCTM pefeHUKa Ha YHKLUOHCae
cuctema 3a padanHy nars6y nomohy ekcnepmmaHTanHmx metoga
Buen B. Bo?, ®oH [1. Hyner?, aytop 3a npenucky, @y M. Hynen?, florHz C. By°®
a TexHunyku yHuBepauTeT ,J1e Kaj [loH”, PakynTeT 3a cneuujanHy onpemy,
XaHoj, Coumnjanuctnyka Penybnuka BujeTHam
6 Yuusepautet ,TpaH Oaj Hrua”,
Xo Wn MuH, CoumjanucTtnyka Penybnuka BujeTHam

OBJIACT: matemaTuka, MaLLMHCTBO
KATEFOPUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: Y oeoj cmyduju ce nomohy ekcriepumeHmasnHux memoda
odpehyjy OuHamuuke Kapakmepucmuke cucmema 3a paghanHy narnoy.
Takohe, pasmampa ce u ymuuaj Kpymocmu pedeHUKa.

Memode: Pesynmamu ucmpaxuearba yKibydyjy rnomepaje ocHoeHoe Oena
(Hocaya 3ameapada) u pedeHuka aymoMamcKux Opyxja 3a epeme
papanHe narwbe. 3a Mepere U o0pefjusare 08UX Mapamemapa
KopuwheH je moden kamepe gernuke bpsuHe FASTCAM SA1.1, eapujaHma
675K-C1. Cuna enacmu4yHocmu uamehy criojHuya pedeHuka odpeheHa je
rmomoRhy erlemMeHama 3a Mepere 0eghopmauiuje orpPemMrbeHUX CEeH30puUMa
3a Mepewe cune. Padu eanudauuje noysGaHocmu Memoda
ekcriepumeHmu cy pafheHu Ha mumparbe3y [NKMC.

Pesynmamu: lNoka3aHo je da ce npu yrnompebu mpake kpymocmu 42
N/mm, KuHemMamuyke KapakmepucmuKe OCHOBHE CrIojHUUE, Kao Wmo cy
bp3uHa mp3arba U 8pemMe mp3arba, y 3HamHoj Mepu Mersajy y nopefierby
ca yrnompebom mpake Koja uma Kpymocm o0 98 N/mm. KoHKkpemHo,
MakcuMmanHa 6p3uHa mp3ama Moxe ce pedykoeamu 3a ~8% npu
onasrbusary cepuje 00 6 memaka. Osu pe3ynmamu moay da ce rnpumeHe
y npopadvyHuMa U rpojekmosarumMa padu onmumusauyuje cmpykmype
pedeHuka u cucmema 3a pachanHy narbby. HasedeHu Hanasu mozay Oa
MoMoz2Hy U Mnpu u3padyHasarmy Op3uHe narbbe, 4ume ce orakwasa
yrpasrbarse aymoMamcKuM OpYKjeMm.

Sakrbyuak: [Nlocmynak ucniumugarsa pa3gujeH y 080j cmyduju CyuImuUuHCKU
npedcmasrba MeopemcKy OCHO8Y 3a rpouerbusare U odpefusar-e
OUHaMUYKUX Kapakmepucmuka Opyaux cucmema aymomarmckoa opyxja.
KmbyyHe pe4qu: cucmem 3a padgpanHy narpby, pedeHuk, PKMS
mumparbes kanubpa 7,62 mm.
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Abstract:

Introduction/purpose: Models developed for routing transport vehicles with
an environmental focus are predominantly dedicated to reverse logistics or
transporting environmentally hazardous cargo. Few models in the relevant
literature consider the ecological factors for routing vehicles involved in the
distribution of consumer goods.

Methods: This paper presents a model for planning vehicle routes to
optimize fuel consumption, considering the time windows required for
service and payload capacity of vehicles. A heuristic algorithm was
developed to minimize fuel consumption. A Simulated Annealing
metaheuristic was applied to enhance the solutions obtained by the
proposed heuristic.

Results: The results from the heuristic algorithm for fuel consumption
minimization and the improved results using the Simulated Annealing
metaheuristic are presented. All tests were conducted on Solomon's
instances.

Conclusion: The developed approach to vehicle routing ensures a
compromise between transport companies and ecology. The results show
that applying this approach can simultaneously minimize the costs of the
transport company and CO> emissions.

Key words: vehicle routing, fuel consumption, simulated annealing,
heuristic algorithm.
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Introduction

Environmental protection has become one of the most important
factors in carrying out any activity. Road transport vehicles significantly
impact the environment negatively, as they use fossil fuels, the combustion
of which releases harmful gases that contribute to the greenhouse effect.
However, road-transport vehicles remain irreplaceable for cargo
distribution. It is crucial to recognize that one of the main contributors to
the greenhouse effect is carbon dioxide (COz) emitted from fossil fuels by
vehicles with internal combustion engines. Moreover, the amount of CO;
released into the atmosphere is directly related to the fuel consumption of
the vehicle; thus, reducing fuel consumption also reduces CO, emissions.
Globally, there is a trend toward transitioning from fossil-fuel-powered
transport to alternative fuels that pollute the atmosphere less.

If transitioning from one type of vehicle to another is not feasible,
efforts should be focused on minimizing the harmful impacts of standard
road transport vehicles that use fossil fuels. One effective approach is to
apply vehicle routing models that also consider environmental factors
(Asghari & Mirzapour Al-E-Hashem, 2021). Implementing these models to
minimize fuel consumption is highly attractive to transport companies, as
it reduces transportation costs while promoting environmentally
responsible behavior.

Fuel consumption of a transport vehicle depends on numerous
factors. These factors can be divided into those that can be optimized and
included in the mathematical model and those that cannot be directly
influenced by the optimization model, but can still be managed through
appropriate measures.

Factors that cannot be optimized through a mathematical model
include driver habits, vehicle age, and vehicle condition. Driver habits can
significantly impact fuel consumption. Practical experience indicates that
efficient driving can reduce fuel consumption by 1 to 2 liters per 100 km,
resulting in substantial monthly fuel savings. To influence the habits of
professional drivers, companies can organize training sessions on efficient
driving and implement monitoring systems.

Vehicle age can also significantly affect fuel consumption. Truck
manufacturers aim to reduce fuel consumption with each new series of
trucks, so newer vehicles generally consume less fuel than older ones.
Additionally, vehicle condition greatly influences fuel consumption. A well-
maintained vehicle in good condition certainly consumes less fuel than a
poorly maintained one. Therefore, older vehicles that are properly
maintained can sometimes consume less fuel than newer vehicles that are
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not well-maintained. Consequently, it is not always accurate to assume
that newer vehicles have lower fuel consumption than older vehicles.

Factors influencing the minimization of fuel consumption, and
amenable to optimization models, encompass cargo volume, distance
traveled, journey duration, and vehicle utilization. Notably, fuel
consumption varies significantly between an empty vehicle and one at
maximum capacity, with differences of up to 10 liters per 100 km (Cirkovi¢,
2018). Conversely, reducing time and distance typically aids in lowering
fuel usage. However, many overlooked the importance of time, neglecting
that a vehicle covering 100 km in 2 h consumes differently from one doing
so in 3 h. Thus, minimizing either factor does not necessarily equate to a
fuel reduction. Hence, developing an optimization model that considers
distance, time, and cargo volume is imperative for fuel conservation. This
study tackled this multifaceted problem, integrating these three factors.

The principal benefit of the mathematical model, which focuses on
vehicle routing to reduce fuel consumption, lies in aligning the cost-saving
objectives of transport companies with broader societal aims. While
companies aim for cost reduction, societies, in general, aspire to curtail
environmental pollution, attainable through meticulous route planning.

In this paper, the mathematical formulation of the Vehicle Routing
Problem with Time Window (VRPTW) is modified in terms of the objective
function. The objective function is an equation that determines the fuel
consumption on the route depending on the amount of cargo in the vehicle
and the distance traveled. In the paper, heuristic and metaheuristic
algorithms designed to minimize fuel consumption are developed and
used to solve the mentioned VRPTW problem. To improve the solution
generated by the new heuristic algorithm, a Simulated Annealing
metaheuristic is adapted and applied to the mentioned problem. Testing
the developed heuristic and metaheuristic approaches was performed on
Solomon instances, to validate the mentioned approaches. The main
contribution of this paper is the application of heuristic and metaheuristic
approaches adapted to solve the VRPTW problem, with the goal to
minimize fuel consumption, and thus CO, emissions. Also, the test results
show the possibility of direct practical application of the developed
approaches.

The structure of the paper unfolds as follows. After introductory
discussions, an extensive literature review is presented in the second
section. The third section elaborates on the mathematical model
addressing the vehicle routing problem, which incorporates both time
windows required for delivery and vehicle capacity as significant factors
contributing to increased fuel consumption. Section four delves into the
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developed heuristic algorithm for fuel consumption minimization, while
section five introduces the Simulated Annealing metaheuristic. The sixth
section unveils the results of the testing, with the final, seventh section
concluding with remarks and outlining ideas for future research.The
introduction is an introductory part of the article.

Literature review

Vehicle routing problems that consider ecological factors, including
carbon dioxide emissions, fuel consumption, and noise levels, aiming to
minimize them through improved planning, fall within green logistic areas
(Asghari & Mirzapour Al-E-Hashem, 2021). Considering that oil-fueled
vehicles, known for their substantial environmental impact, are
predominantly employed in road transport, it becomes imperative to
prioritize ecological considerations in vehicle routing to ensure the
sustainability of this sector in the future.

Routing is a routine task in the distribution and transportation sectors.
Various software applications are used daily to define vehicle routes,
aiming to boost company profits or cut costs. However, practical
implementation of software that considers both economic factors and
environmental protection is rare, largely owing to the recent development
of optimization models with this objective. Additionally, environmental
constraints further complicate the problem, hindering model formation and
resolution.

Some authors have approached the routing problem from the
perspective of "green" routing and schedules. Additionally, models related
to sustainable logistics have been created (Asghari & Mirzapour Al-E-
Hashem, 2021), such as:

— Waste collection problems;

— Transportation of hazardous materials;

— Time-dependent routing problems - indirectly influencing harmful gas
emissions by aiming to reduce travel time by avoiding congested
routes;

— enhancing the system in question, etc.

Models developed for routing transport vehicles with environmental
considerations are mostly dedicated to reverse logistics or transportation
of environmentally hazardous cargo. Few models have focused on the
environmental concerns used for routing vehicles involved in the
distribution of consumer goods. By developing such models, which strike
a balance between societal aspects and the goals of transportation
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companies, a real impact on the environment can be achieved. Another
reason to pay attention to these models is that the number of vehicles
involved in daily distribution far exceeds the number of vehicles used for
cargo collection. By reducing the environmental impact of vehicles during
both distribution and collection, significant environmental benefits can be
achieved compared with considering environmental factors only in either
distribution or collection. Therefore, models addressing environmental
concerns and routing vehicles for both distribution and collection should
be concurrently developed to achieve the best outcome.

Since the introduction of the first Vehicle Routing Problem (VRP) in
1959 (Dantzig & Ramser, 1959), numerous modifications and extensions
to this problem have emerged. Various models have been developed for
determining routes during goods distribution, aiming to minimize costs
(Herdianti et al, 2021), time (Chen et al, 2021), and distance (Pan et al,
2021), while fewer models consider environmental criteria (CO2 emissions,
fuel consumption, etc.) (Tiwari & Chang, 2015). A detailed overview of
VRP problems, solution methods, and objectives can be found in the
review articles by Marinakis & Migdalas (2007), Braekers et al. (2016), and
Konstantakopoulos et al. (2022).

Reducing fuel consumption and CO. emissions during goods
distribution can be achieved by defining a set of routes to minimize fuel
consumption in the case of internal combustion engine vehicles (Liu et al,
2020; Ramadhani & Garside, 2021; Song et al, 2020), introducing electric
vehicles (Napoli et al, 2021), and combining drone and internal combustion
engine vehicle operations (Huang et al, 2022). In the study by Liao et al.
(2019), a detailed comparison of the advantages and disadvantages of
internal combustion engine vehicles and electric vehicles can be found.
Due to the insufficiently developed infrastructure for electric vehicle usage
(locations of fast chargers) and the high costs of replacing internal
combustion engine fleets with electric ones, exclusive use of electric
vehicles for goods distribution remains unfeasible for many companies.
Therefore, reducing CO2 emissions is most easily achieved by reducing
fuel consumption during goods distribution, which can be accomplished by
developing new and improved algorithms. Ramadhani & Garside (2021)
addressed the VRP problem using the Particle Swarm Optimization (PSO)
metaheuristic to minimize fuel consumption, primarily to reduce costs for
distribution companies due to frequent fuel price increases. Liu et al.
(2020) solved the Time-Dependent Vehicle Routing Problem with Time
Windows (TDVRPTW) problem by considering vehicle speed, travel time,
waiting time, service time, time windows, and the influence of driving
modes and speeds on CO, emissions. Liu et al. (2020) attempted to strike
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a balance between company and societal goals by solving the stated
problem by combining economic (vehicle fixed and driver costs) and
environmental (fuel consumption, CO, emissions, noise level, etc.) criteria
in the objective function. Opportunities to reduce fuel consumption during
goods distribution are even more pronounced in cold chains. Song et al.
(2020) solved the Vehicle Routing Problem with Time Windows (VRPTW)
problem in the cold chain to reduce fuel consumption. In addition to the
distance traveled and route completion time, the fuel consumption in the
cold chain can be reduced by optimizing temperature maintenance device
operations. The latest literature review on "green" VRP problems aimed at
reducing fuel consumption, CO, emissions, noise levels, etc., was given
by Asghari & Mirzapour Al-E-Hashem (2021).

Solving VRP problems to minimize only one environmental criterion
is rare. Hence, the motivation for developing algorithms in this paper is to
enable the determination of routes for wide-scale goods distribution,
respecting time windows and vehicle capacity, to minimize only fuel
consumption. Fuel consumption minimization falls under the category of
economic criteria from the perspective of the distributing company, while
from a societal perspective, minimizing fuel consumption affects CO;
emissions, making it an environmental criterion. Unlike papers in the
literature that exclusively combine economic or environmental criteria in
the objective function, this paper focuses solely on minimizing fuel
consumption, which simultaneously falls under both economic and
environmental criteria, thus achieving the best compromise between the
company's interests and those of the community.

Problem description and mathematical formulation

To present the mathematical formulation of the problem, it is
necessary to first introduce certain notations. Let G (V, A) denote an
oriented transport network, where V is the set of all nodes in the network
V(0,1,2,3, ..., nt1), and A is the set of edges (i, j). The nodes 0 and n+1
denote the depot, that is, the places where vehicles start and end their
routes, respectively. Let N denote the set of nodes that must be serviced
N (1, 2, 3, ..., n), that is, the set of clients. The notation q; represents the
quantity of cargo demanded by the client /, and the notation [a), b] indicates
the time window within which the required amount of cargo must be
delivered to the client .

Daily problems related to cargo distribution to facilities can be treated
as vehicle routing problems with time windows - VRPTW (Desrochers et
al, 1988).
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The parameters:

t;j — travel time from the node i to the node j;

M — a sufficiently large positive number;

wr— variable indicating the start of service at the node i with the

vehicle k;

Q — vehicle capacity;

c;j — transportation cost from the node i to the node j

a; — the earliest time when service can start at the node i

b; — the latest time when service can start at the node i

S; — service duration at the node 7

q; — demand at the node i

k — vehicle
The variable:

ok = {1, if the vehicle k after visiting the node i visits the node j

y 0, otherwise

The mathematical formulation of the proposed problem (Desrochers

et al, 1988):

Minimize

IR (1)

k€K (i,j)eA
with constraints:

xf=1 VieN

keK jed* (i) (2)
X(I;j =1 VkeK (3)

JjE&T(0)
lekj— ZX{CJ-:O VkEK,jEN (4)

i€ (i) €8+ (D)
xffnﬂ = vk € K (5)

i€6-(n+1)

wi = wl + S8 +t; — M(1—xf) vk €K, (i,j) €A (6)
a; < wk < b vk €K,i€V (7)
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Zqi z x{‘jSQ vk € K (8)

iEN  je&* (D)

xf € {0,13 vk €K, (i,j) €A 9)

The objective function (1) is of a minimization type, representing either
total costs or total distance traveled. Alternatively, it can minimize the total
time required for the defined routes. Constraint (2) ensures that all clients
are serviced, while constraints (3) and (5) guarantee that every vehicle
departing from the depot also returns to it. Constraint (4) ensures that
every vehicle arriving at a node to provide service also departs from that
node. Constraints (6) and (7) pertain to time intervals, and constraint (8)

ensures vehicle capacity. Constraint (9) indicates that xX is a binary

ij
variable.

As previously mentioned, decreasing fuel consumption not only
mitigates emissions of harmful gases but also plays a pivotal role in
reducing overall transportation costs. By decreasing fuel usage, we not
only cut down on expenses but also contribute to the preservation of finite
natural resources (Cirkovi¢, 2018). Statistics indicate that fuel costs
represent approximately 60% of total transportation expenses. (Xiao et al,
2012).

Xiao et al. (2012) introduced a modified model for the vehicle routing
problem with capacity constraints, aiming to minimize the fuel costs
required to visit all nodes within a network. Their model considers fuel
consumption as dependent on both the cargo weight in the vehicle and the
distances covered with this cargo weight. While accounting for various
factors influencing fuel usage, such as driver habits and vehicle age, these
are treated as constants within the model.

If Qo denotes the weight of the vehicle and Qs denotes the weight of
the cargo in the vehicle, then the fuel consumption rate per unit length is p
(Xiao et al, 2012):

p(Q1) = a(Qo + Q1) + b (10)

During vehicle routing, two extreme situations can arise. The first
extreme situation occurs when the vehicle is empty, and the second when
the vehicle is fully loaded. When the vehicle is empty, the fuel consumption
rate is calculated as follows (Xiao et al, 2012):

po=aQo+b (11)
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If Q denotes the maximum cargo capacity that can be loaded onto the
vehicle, then the fuel consumption rate when the vehicle is fully loaded is
calculated as follows (Xiao et al, 2012):

p*=a(@Q+Q)+b (12)

The value of the coefficient a is obtained by dividing the difference in
fuel consumption rates between the two extreme situations by the
maximum amount of cargo that can be loaded onto the vehicle (Xiao et al,
2012):

*

P —Po
Q

a =

(13)

When formula (13) is substituted for the coefficient a in equation (10),
the fuel consumption rate is calculated as follows (Xiao et al, 2012):

PPy, (14)

p(Q1) = po + 0

If y; denotes the quantity of cargo transported by the vehicle from the
node i tothe node j, formula (14) is modified as follows (Xiao et al, 2012):

pP" — Po
0 Yij (15)

Pij = Po t

The fuel consumption for transporting the cargo quantity y; over the
distance dj is equal to (Xiao et al, 2012):

p —p
cij(vij) = pij - dij = (Po + 0 Oyij) - dyj (16)

First, it is necessary to determine the cost of the fuel consumed along
one edge, that is, when traversing the distance from the node i to the node
J. The cost of the fuel consumed along the edge (j, j) is obtained using the
following formula (Xiao et al, 2012):

C;Lel = Co " pij * dij (17)
where:
co — fuel price;
pi — fuel consumption rate from the node i to the node j; and
dij— edge (i, j) length.
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Given the method for calculating the fuel cost along one edge, the
total fuel cost during the realization of a defined set of routes can be
calculated as the sum of the products of the fuel cost per edge and a
variable indicating whether the vehicle has traversed that edge. The
formula for computing the fuel cost along the routes is:

Cfuelzz Z C}Lez'xfj:z Z Co " pij * dij - X (18)

keK (i,j)eA keK (i, eA

Applying formula (18) yields the fuel cost incurred during the service
of n clients - nodes. If instead of fuel cost, the quantity of fuel consumed
needs to be determined, this can be achieved by setting the unit fuel price
to one, c0 =1. Thus, the resulting value of Cfuel represents the total fuel
consumption when servicing n clients. Integrating the fuel consumption
coefficient into the standard vehicle routing problem creates a new
problem that may contribute to reducing fuel consumption compared to the
standard problem.

Development of a heuristic algorithm for solving the
given problem

A heuristic algorithm for minimizing fuel consumption developed in
this paper was created to reduce fuel usage per vehicle route and
consequently lower CO. emissions. This algorithm leverages the Nearest
Neighbor Algorithm, considering time intervals, vehicle load capacity, and
fuel consumption. Fuel consumption, calculated using formula (16), serves
as the distance measure between nodes. Therefore, the nearest node is
the one with the lowest fuel consumption.

The application of the heuristic algorithm for minimizing fuel
consumption is outlined in five steps, and the implementation diagram is
shown in Figure 1. The steps for the application are as follows:

Step 1: Calculate the fuel consumption for each pair of the nodes i
and j using formula (16).

Step 2: Begin forming a new route from the node representing the
base. Set the departure time from the base to zero (D(0) = 0). Identify the
nearest unserved node to the base based on fuel consumption. Include
this node and add its demand to the partial route's total demand. Mark the
added node as the current node and proceed to Step 3.

Step 3: Calculate the time when the vehicle departs from the current
node after completing service. This is done by adding the travel time from
the previous node to the current node to the departure time from the
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previous node, and then taking the maximum of this value and the earliest
start time of service at the current node. Finally, add the service time at
the current node to this value. Proceed to the next step.

Step 4: Find the closest unserviced node concerning fuel
consumption from the current node, ensuring that it complies with the
vehicle's capacity and service-time constraints. If such a node is found,
incorporate it into the partial route, add its demand to the existing patrtial
route's demand, designate it as the current node, and revert to Step 3.
Otherwise, conclude the route, return the vehicle to the base, and proceed
to Step 5.

Step 5: Check if all nodes have been serviced. If all nodes have been
serviced, calculate the total fuel consumption using formula (18), and
terminate the algorithm. Otherwise, return to Step 2.

Figure 1 — Diagram illustrating the application steps of the heuristic algorithm for
minimizing fuel consumption

Simulated Annealing metaheuristic

For solving combinatorial optimization problems, so-called
specialized heuristic algorithms can be used. The heuristic algorithm for
minimizing fuel consumption developed in this paper is a typical
representative of this group of algorithms. Initially, the heuristic algorithm
for minimizing fuel consumption was applied to obtain an initial solution.
Subsequently, Simulated Annealing was applied to further improve the
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solution, that is, further minimize fuel consumption. Simulated Annealing
is one of the most commonly used metaheuristics for combinatorial
optimization problems. In a large number of papers in the literature, the
Simulated Annealing metaheuristic gives excellent results in solving
routing problems.

Simulated Annealing, first introduced by Kirkpatrick et al. (1983), is a
widely used metaheuristic algorithm for solving intricate combinatorial
optimization problems. Its core idea revolves around iteratively applying
small, random perturbations, and then assessing the change in the
objective function value between iterations. If this change is negative,
signifying an improvement, the new feasible solution becomes the initial
one for further random perturbations. In cases where the change in the
objective function value is positive, indicating that the new solution is worse
than the previous one, it should not be discarded immediately. Instead, it
undergoes evaluation to determine whether it should be rejected or
accepted as a new starting point. This approach prevents getting trapped
in local minima from which it is difficult to escape. When evaluating
whether a solution should be accepted or not, it is necessary to first
calculate the probability that increasing the objective function value by AF
at a temperature T is acceptable. This probability is calculated as follows
(Teodorovi¢, 2007):

A
bt (19

After computing the probability of accepting a new initial solution with
AF = 0, the next step is to generate a random number within the range
[0,1]. Comparing this randomly generated number, denoted as r, with the
calculated probability (p), a decision is made. If r < p, then the new feasible
solution is adopted as the new initial solution; otherwise, it is discarded.

If, after numerous iterations, there has been no decrease in the
objective function value, thermal equilibrium is reached. Thermal
equilibrium is associated with the concept of epochs. An epoch involves
defining S feasible solutions, where the parameter S is predefined. The
condition for reaching thermal equilibrium is when, after the defined S
feasible solutions in one epoch, there is no decrease in the objective
function. The number of epochs is denoted as E, with E being predefined.
Upon reaching thermal equilibrium, the temperature T is lowered, and then
the described process repeats at the new temperature.

In this paper, the Simulated Annealing algorithm has been adapted
for solving the standard Vehicle Routing Problem with Time Windows. The
developed algorithm is based on the paper of Teodorovi¢ & Pavkovi¢
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(1992). The application of the Simulated Annealing algorithm involves the
following steps:

Step 1: Define the initial temperature (T), the number of epochs (E),
the number of solutions to be generated within one epoch (S), and the
number of small perturbations during the generation of one solution (P).

Step 2: Generate the initial solution using the heuristic algorithm for
minimizing fuel consumption.

Step 3: Randomly select two nodes from different routes and swap
their positions. When considering the node swaps, ensure adherence to
vehicle load constraints and time intervals. Repeat this step as many times
as the number of small perturbations defined in step 1.

Step 4: Calculate the objective function value using formula (18).
Then, compute the difference AF between the value of the new objective
function and the value of the old objective function (20), which represents
the total fuel consumption during the execution of the defined set of routes.

AF = NF — OF (20)
where:
NF — total fuel consumption for executing the new set of routes, and

OF - total fuel consumption for executing the old set of routes.
If AF <0, proceed to step 6. Otherwise, proceed to step 5.

Step 5: Using a uniform distribution, generate a random number r €
[0,1]. Calculate the probability p of increasing the objective function value
by AF using the formula (19). If r < p, proceed to Step 6. If r 2 p, retain the
old set of routes and proceed to step 7.

Step 6: Save the new set of generated routes and the total fuel
consumption required for executing this set of routes. Proceed to step 7.

Step 7: If the number of generated solutions in the current epoch is
fewer than S, return to Step 3. Otherwise, the epoch is completed. If the
number of generated epochs equals E, terminate the algorithm; otherwise,
if the objective function has not been reduced in the current epoch,
decrease the temperature (start a new epoch) and return to Step 3, and if
the objective function has been reduced, keep the existing temperature
(start a new epoch) and return to step 3.

After generating the predefined number of epochs, the resulting
solution represents a set of routes with lower fuel consumption than any
other set of routes generated during the Simulated Annealing process. An
enhanced application of the Simulated Annealing technique has been
developed to improve this solution further.
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The key difference between the initial and the enhanced applications
of the Simulated Annealing technique lies in the method of generating the
route sets. In the initial approach, feasible solutions were generated by
randomly selecting and swapping two nodes from different routes,
considering the vehicle load capacities and time windows. This meant that
the selected nodes always came from different routes. For instance, node
5 might initially belong to route 1, but be reassigned to route 3 after
applying the Simulated Annealing technique. By the end of the predefined
number of epochs, each node was assigned to a specific route.

In the enhanced application, the nodes' affiliation with specific routes
remains unchanged. Instead, only the order of nodes within each route is
modified (Teodorovi¢, 2007). This approach involves randomly selecting
two nodes within the same route and swapping their positions while
considering the time windows. This reordering of nodes is performed a
predefined number of times. By altering the order in which the nodes are
visited within a route, the goal is to further optimize the initial solution.

The described Simulated Annealing algorithm for improving the initial
solution consists of the following steps:

Step 1: The same as in the previous algorithm.

Step 2: Take the best solution found in the previous application of the
Simulated Annealing metaheuristic and set it as the initial solution.

Step 3: Select a node randomly. Then, find the route to which that
node belongs, and randomly choose another node from that route. Swap
the positions of these nodes if possible, taking into account the time
intervals. Repeat this step as many times as needed to make small
perturbations when defining one feasible solution, as specified in Step 1.
Then proceed to Step 4.

Steps 4, 5, 6, and 7: The same as in the previous algorithm.

Results of testing the proposed algorithms

The results of solving the vehicle routing problem with vehicle load
constraints and time windows in the context of goods distribution are
presented in this section. Two algorithms were used: one for obtaining the
initial solution (using a heuristic algorithm) and the other for improving that
initial solution (using the Simulated Annealing metaheuristic), both
considering fuel consumption. To implement the proposed algorithms,
Java programming language was used on a 64-bit ACER computer with
an Intel(R) Core(TM) i5 2.50 GHz processor and 8 GB of RAM.

Solomon's instances from rc201 to rc208 were used to test these
algorithms (Sintef, 2008). To use any of these Solomon instances, it is
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necessary to determine the distance between nodes, the travel time
between nodes, and the vehicle's load capacity. Regarding vehicle load
capacity, the recommended value for these instances is 1000 units. The
Euclidean distance is recommended for determining the distance between
nodes, and the travel time is considered equal to the spatial distance. That
is, traveling one unit of length requires one unit of time (Xiao et al, 2012).
When applying these algorithms, the total fuel consumption for the defined
set of routes is calculated using formula (18), where the price of fuel is set
to one, cp = 1. To use this formula, it is necessary to predefine the empty
vehicle fuel consumption rate, po, and the full vehicle fuel consumption
rate, p*. The empty vehicle consumption rate is set to 2, and the full vehicle
consumption rate is set to 3. The fuel consumption of an empty vehicle is
one-third lower than that of a full vehicle, hence these predefined values
(Xiao et al, 2012). These values for ppand p~are used to calculate the fuel
consumption for the defined routes in both algorithms to enable a
comparison of their results.

After determining the distance matrix, travel time, and vehicle load
capacity, as described previously, vehicle route formation can begin. It is
necessary to find routes that allow visiting all 100 nodes in the network and
satisfying each node's demand, i.e., delivering the goods they require.
Each route should start and end at node 1, which represents the base.
When forming routes, the vehicle load capacity and predefined time
intervals must be considered. The total demand on one route must not
exceed the vehicle's load capacity of 1000 units. The calculation of the
distance matrix and the general characteristics related to the instances
(number of nodes, load capacity, relationship between time and spatial
distance, full and empty vehicle consumption rates, etc.) are the same
when implementing the heuristic algorithm for minimizing fuel consumption
and the Simulated Annealing metaheuristic. For the Simulated Annealing
algorithm, the number of epochs (E = 15), the number of new solutions
generated within an epoch (S = 20), the number of small perturbations (P
= 2), and the initial temperature (T = 150) must be defined. Additionally,
during thermal equilibrium, the temperature decreases by multiplying the
old temperature by 0.9 (Tyev, = 0.9 - Ty14)-

The analysis of the test results for the heuristic algorithm and the
Simulated Annealing metaheuristic, both aimed at minimizing fuel
consumption, is shown in Table 1. The table reveals that both algorithms
consistently generated the same number of routes. For each instance, the
total distance required to complete the defined set of routes is greater with
the heuristic algorithm than with the Simulated Annealing algorithm.
Regarding time, for half of the instances, the total time required to
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complete the defined routes is shorter with the heuristic algorithm,
whereas for the other half, it is shorter with the Simulated Annealing
algorithm. The most critical criterion is fuel consumption, and in each
instance, less fuel is consumed using the Simulated Annealing algorithm.
Based on these results, it can be concluded that using the Simulated
Annealing metaheuristic to improve the solutions obtained by the heuristic
algorithm is fully justified.

Table 1 — Analysis of the results of applying the heuristic algorithm and after their
improvement using the Simulated Annealing algorithm

Heuristic algorithm Simulated Annealing
c » c ”
L2 3 2 2
B =] B =]
Inst. E- 8 o g— 8 o
=} c = =] c —
2| £ 2 % 52| § s | B
Z 8 a = 2| 28 a e 2
rc201 | 425.95 | 2054.01 | 6224.19 | 11 | 401.45 | 1930.26 | 6253.87 | 11
rc202 | 434.62 | 2095.97 | 6179.30 | 11 | 371.42 | 1782.85 | 6431.54 | 11
rc203 | 417.09 | 2001.85 | 5774.57 | 10 | 331.34 | 1569.49 | 5868.55 | 10
rc204 | 284.51 | 1313.99 | 4178.67 | 7 267.20 | 1218.21 | 381143 |7
rc205 | 435.68 | 2106.45 | 6088.63 | 10 | 361.82 | 1732.57 | 6211.51 | 10
rc206 | 352.50 | 1656.66 | 3432.71 | 6 317.07 | 147444 | 338435 | 6
rc207 | 333.58 | 1563.46 | 3697.37 | 6 321.22 | 1506.71 | 3488.19 | 6
rc208 | 281.70 | 1248.24 | 2025.92 | 3 25411 | 1116.31 | 1993.59 | 3

The developed approaches (Heuristic algorithm and Simulated
Annealing) are suitable for solving routing problems of small, medium, and
large dimensions. This is shown by testing the approach on Solomon
instances. In these instances, the problem of distribution of goods up to
100 objects is considered. For this dimension of the problem, the
developed approach reaches a very good solution in a very short CPU
time.

Table 2 presents the percentage reduction in fuel consumption,
distance traveled, and execution time for the defined set of routes for each
instance when the Simulated Annealing algorithm is applied to the
heuristic algorithm's solution. Additionally, Figure 2 provides a graphical
representation of fuel consumption for each instance, first using the
heuristic algorithm to minimize fuel consumption, and then using the
Simulated Annealing algorithm. The average percentage reduction in fuel
consumption achieved by applying the Simulated Annealing algorithm is
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10.93% per instance. The average reduction in the distance traveled is
11.60%, while the average reduction in the total route completion time is
1.16%. These results suggest that using the Simulated Annealing
technique in combination with a heuristic algorithm for the initial solution,
which considers fuel consumption, can significantly reduce the
environmental impact and transportation costs for a company.

Table 2 — Percentage reduction in fuel consumption, distance, and time achieved by the
Simulated Annealing metaheuristic compared to the heuristic algorithm

Simulated Annealing vs heuristic algorithm [%)]
Instance - - .

Fuel consumption Distance Time
rc201 5.75 6.03 -0.48
rc202 14.54 14.94 -4.08
rc203 20.56 21.60 -1.63
rc204 6.08 7.29 8.79
rc205 16.95 17.75 -2.02
rc206 10.05 11.00 1.41
rc207 3.71 3.63 5.66
rc208 9.79 10.57 1.60
Average | 10.93 11.60 1.16

500

o o o

Fuel consumption [l]

o

400
30
20
10
rc2 rc2 rc2 rc2 rc2 rc2 rc2 rc2

01 02 03 04 05 06 07 08
W Heuristic algorithm 425,95 434,62 417,09 284,51 435,68 352,5 333,58 281,7

B Simulated annealing 401,45 371,42 331,34 267,2 361,82 317,07 321,22 254,11

Figure 2 — Graphical representation of fuel consumption for each instance from rc201 to
¢208 using the heuristic algorithm and the simulated annealing metaheuristic
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Conclusions

In-depth research on the standard vehicle routing problem dates back
to the second half of the 20th century. At that time, the volume of
transportation, and consequently the demand for it, was significantly lower
than today. As a result, the harmful effects of vehicle emissions were not
at the forefront of concern. However, with the global increase in population
and rising living standards, both the need for transportation and customer
demands have escalated. Consequently, in recent years, there has been
a growing focus on environmental considerations, particularly in
minimizing the adverse impacts of vehicle emissions during cargo
distribution and collection.

The standard vehicle routing problem, which aims to optimize vehicle
routes to reduce environmental impacts, is part of a relatively new research
domain that has gained traction over the past decade. This paper
demonstrates and substantiates the fact that a vehicle's fuel consumption is
directly influenced by the volume of cargo it carries. For instance, when two
clients are situated at comparable distances, priority should be given to the
client with the larger cargo demand. This strategy ensures that the vehicle
traverses the remaining route with a lighter load, consequently lowering fuel
consumption, as vehicles with lighter loads consume less fuel.

To tackle this issue, a heuristic algorithm was developed to minimize
fuel consumption. This algorithm builds upon the Nearest Neighbor
Algorithm, aiming to minimize fuel consumption and, in turn, reduce
environmental impact. Furthermore, to enhance the solutions provided by
the heuristic, the Simulated Annealing metaheuristic was applied. The goal
of Simulated Annealing is to make small changes to the initial solution,
further reducing fuel consumption and, consequently, CO, emissions.

The analysis of the results after applying these two algorithms showed
that using the Simulated Annealing algorithm results in an average fuel
consumption reduction of 10.93% compared to using only the heuristic.
Another advantage of combining the heuristic and the Simulated
Annealing algorithm is the reduction in the total distance traveled and the
overall time required for route completion. This approach leads to savings
of 11.60% in total distance and 1.16% in total time compared with
employing the heuristic alone. Based on these findings, it can be inferred
that from both the environmental preservation and transportation company
cost perspectives, employing a combination of a heuristic algorithm for fuel
consumption minimization and the Simulated Annealing metaheuristic
proves highly advantageous. Three directions for future research have
been identified. The first relates to testing the developed approach on a
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real example of a transport company. The second is to extend the model
in a way that takes into account other factors that affect fuel consumption,
such as: vehicle condition and age, vehicle utilization, etc. The third is to
compare the developed approach with other metaheuristics such as
Genetic Algorithms, Bee Colony Optimization, etc.

A potential problem when applying the developed approach may be
that the fleet size is not considered. Therefore, it may happen that the
observed fleet cannot implement all the generated routes. It should also
be noted that a homogeneous fleet was observed when developing the
approach. The mentioned limitations of the developed approach can be
overcome with minor modifications.
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Planificacion de rutas de vehiculos para optimizar el consumo de
combustible
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CAMPO: investigacion de operaciones, logistica, transporte, trafico
TIPO DE ARTICULO: articulo cientifico original

Resumen:

Introduccién/objetivo: Los modelos desarrollados para rutas de vehiculos
de transporte con un enfoque ambiental se dedican predominantemente a
la logistica inversa o al transporte de cargas ambientalmente peligrosas.
Pocos modelos en la bibliografia relevante consideran los factores
ecoldgicos para las rutas de vehiculos involucrados en la distribucion de
bienes de consumo.

Métodos: Este articulo presenta un modelo de planificacion de rutas
vehiculares para optimizar el consumo de combustible, considerando las
ventanas de tiempo requeridas para el servicio y la capacidad de carga util
de los vehiculos. Se desarrollé un algoritmo heuristico para minimizar el
consumo de combustible. Se aplico una metaheuristica de adaptacion
simulada para mejorar las soluciones obtenidas por la heuristica propuesta.

Resultados: Se presentan los resultados del algoritmo heuristico para la
reduccion del consumo de combustible y los resultados mejorados
utilizando la metaheuristica de adaptacion simulada. Todas las pruebas se
realizaron en las instancias de Salomon.

Conclusién: El enfoque desarrollado para las rutas de vehiculos garantiza
un compromiso entre las empresas de transporte y la ecologia. Los
resultados muestran que la aplicaciéon de este enfoque puede reducir
simultaneamente los costes de la empresa de transporte y las emisiones
de COz.

Palabras claves: rutas de vehiculos, consumo de combustible,
adaptacion simulada, algoritmo heuristico.
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nJ'IaHI/IpOBaHMe MapuwpyTtm3aunm TpaHCNOPTHbLIX CPeacTB C Leflbio
onTMmMmn3auumn pacxoga tonsimea

lpedpaez 'po3paHoBMY, KoppecnoHaeHT, Munow Hukonuy, Munuya Wenmny

Benrpaackuii yHuBepcuTeT, hakynbTeT TpaHCNopTa v opraHnsaumm
OBWXeHus1, kacdbeapa UccrnefoBaHuWii onepaumin Ha TpaHCnopTe,
r. benrpag, Pecnybnuka Cepbus

PYBPUKA TPHTW: 27.47.19 VccnepoBaHne onepauun,
73.47.12 OpraHu3aums ynpasneHus n
aBTOMaTM3NPOBaHHbLIE CUCTEMbI YpaBreHns
TpaHCnopToM
81.88.00 MaTepuanbHO-TEXHNYECKOE CHabXeHNe.
Jloructunka
BWO CTATbW: opurmHanbHasa Hay4Has cTaTbs

Pe3some:

BeedeHue/uenb: Modenu, pa3pabomaHHble Ond Mapwpymusayuu
mpaHCcropmHbIX  cpedcms,  OPUEHMUPOBAHHbIX  Ha  OXpaHy
OKpyxatouwjeli cpedbl, 8 OCHOBHOM rpedHa3HayYyeHbl Onsi obpamHoul
JI02UCMUKU US1U NMepeso3KU ornacHbix Orisl OKpy»xarouw,el cpedbl 2py308.
O0OHako nuwb HeMHozue Mmodenu 6 peregaHmMHol numepamype
yyumsbiearom  3Kosioeudyeckue ¢hakmopbl Ons  Mapuwpymusayuu
mpaHcrnopmHbIx cpedcms, ydacmeyrouux 8 pacrpedenieHuu mogapos
WUpoKoeo nompebneHus.

Memodebi: B daHHOU cmambe npedcmasrieHa MoOerib rniaHuposaHus
Mapwpymusayuu mpaHcrnopmHbix cpedcme Ons  onmumusayuu
pacxola monsuea ¢ y4emomM 8peMEHHbIX UHMepP8anos, Heobxo0UuMbIX
0nsi obenyxugaHuUsi U epy30rno0bLeMHOCMU MPaHCNopmMHbIX cpedcms.
Hna  muHumuszauyuu  pacxoda monnuea  6bin paspabomaH
aspucmuyeckuli afgzopumm. Ans yrnyduieHUss peweHud, nosay4eHHbIX C
nomMowbro  NpedrioXeHHoU  38PUCMUKU, bbina  npumeHeHa
UMUMayUoHHas Memasgpucmuka omuaa.

Pesynbmamei: B cmambe  npedcmassnieHbl  pe3yrbmamal
3spucmuyecko20 anesopumma O0nsi MUHUMU3ayuu pacxoda mornuea u
ynyyweHHble pe3ynbmambl C UCMO0/Ib308aHUEM MemasgpucmuKu
UMUMayuoHHo20 omxuea. Bce ucnbimaHuss nposodunuck Ha
«Solomon instances».

Bbigod: PaspabomaHHbili no0xod K Mapuwpymu3ayuu mpaHCrnopmHbixX
cpedcme 516515iemcsi KOMIPOMUCCHbBIM peuieHuemM Or1si mpaHCropmHbIX
KOMraHut rno OmMHOWEHUIO K 3Koro2uu. Pe3yrismamei nokasbigarom, 4mo
rpuMeHeHue 0aHHO20 nodxoda rnosgornsiem 0OHOBPEMEHHO
MUHUMU3UPO8ampe 3ampamasl mpaHcriopmHoUl KomnaHuu U 8bibpocki COx.

Knrodeebie crioga: Mapwpymusayusi mpaHcriopmbix cpedcme, pacxod
monnuea, uMumauyusi omxuaa, 38pucmuyecKull afn2opumm.
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I'InaHmpal-be pyTa BO3una pagun onmmmsau,vlje NOTPOLLUH-E ropmBa

lpedpae Npo3gaHoBMh, ayTop 3a NPenucky,

Munow Hukonuh, Munuya Wenmuh

YHusepauteT y beorpagy, CaobpahajHu cakynTerT,
KaTepgpa 3a onepaunoHa uctpaxusara y caobpahajy,
Beorpag, Penybnuka Cpbuja

OBNACT: onepauunoHa uctpaxnaama, NormcTuka, TpaHcnopT, caobpahaj
BPCTA YJTAHKA: opurvHanHmn HayyYHu pag,

Caxemak:

Yeod/uyurb: Modernu passujeHu 3a pymupare mpaHCriopmHux eo3urna, ca
¢hOKYyCOM Ha XXUBOMHY CPeOuUHY, MPEmMEXHO Cy roceeheHu nospamHoj
Jio2ucmuyu Uy mpaxcriopmy mepema ornacHoea 10 XUomHy cpeduHy. Y
penesaHmMHoj numepamypu HEKo/Uuko Modesna pa3mampa €KO/IoWKe
ghakmope 3a ycMmepasar-e 803una YKibydeHux y oucmpubyuujy pobe
WIUPOKe rompouwiH-e.

Memode: Y pady je npedcmasrbeH Modern 3a nnaHupare pyma 803urna
padu onmumu3sayuje nompouwre 2opusa, 8o0ehu payyHa 0 8peMeHCKUM
0OK8UPUMa y KojuMa ce oric/ly2aa MOXe U3epuiumu U Hocueocmu 803urna.
PassujeH je xeypucmudku anzopumam Huju je Yurb CMakseH-€ NMompoliH-e
eopusa. Takohe, Memaxeypucmuka CuUMyUpPaHO KasbeHse NMpuMeH-eHa je
Oa bu ce nobosblwarna pewera dobujeHa npPedIoXeHOM XeypucmuUKOM.

Pesynmamu: lNpukasaHu cy pesysimamu Xeypucmuykoe anesopumma 3a
MUHUMU3aUUjy TompoLH-e 20puea U noborbuiaHu pesyimamu npuMeHoM
Memaxeypucmuke CUMyJsiupaHo Karbere. Ceu mecmosu cy criposedeHu
Ha CoroMoHo8UM UHCMaHuama.

Sakrbyyak: PassujeHu npucmyn 3a pymupane eo3urna obesbehyje
KOMrpomuc uameRy mpaHCropmHux KoMnaHuja u ekosioauje. Pedynmamu
rokasyjy 0Oa ce MpumMeHoOM 0802 rpucmyrna Moey UCMOBPEMEHO
MUHUMU3Upamu mpowkKosu mpaHcropmHe KkomnaHuje u emucuja COo.

Krby4He peyu: pymupare eo3usna, nompouwra 2opusea, cuMmynupaHo
Karberbe, Xeypucmuy4ku anzsopuman.
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Abstract:

Introduction/purpose: A current topic of significant research and
development efforts in the field of radar systems is MIMO (Multiple-Input-
Muiltiple-Output) radar technology. MIMO radars represent a revolutionary
step forward in radar technology, as the use of multiple transmitting
antennas that emit orthogonal waveforms enables improved detection and
angular resolution. To achieve effective results, high-quality digital signal
processing and the application of advanced algorithms are essential for
obtaining target information. This paper places special emphasis on
coherent MIMO radars, with the objective of enhancing angular resolution.
Time-multiplexing of transmit signals is applied as a primary method to
achieve orthogonality between signals, utilizing a Frequency Modulated
Continuous Wave (FMCW) signal as the foundation for the transmit
waveform. The aim of this paper is to provide and explain the fundamentals
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of digital signal processing in MIMO radars, present analytical expressions,
and validate them through simulation and experimental verification.
Methods: The theoretical foundations are presented, with the Discrete
Fourier Transform (DFT) used as a primary tool in digital signal processing
fo obtain information about the distance, velocity, and azimuth of the target.
A simulation was developed in the MATLAB software package to analyze
the performance of the radar system model. Experimental verification was
conducted, where specific scenarios were recorded using the radar
platform PUP_DUAL24P _T2R4, and the collected data was subsequently
processed. The MATLAB functions MIMOFMCW and procDC were written
fo generate simulation samples of echo signals and to automate signal
processing and the display of characteristic Range-Velocity and Range-
Angle matrices.

Results: The simulation and experimental verification confirm the validity of
the theoretical foundations related to digital signal processing in MIMO
radars, and the target parameters can be clearly determined.

Conclusion: The Discrete Fourier Transform is a simple tool that provides
satisfactory results for determining the range, velocity, and angle of targets.
FMCW radars offer accuracy in determining range and velocity, while the
MIMO mode enhances angular resolution. The DFT algorithm is capable of
determining the target angle, but with a certain error, making the use of
high-resolution methods necessary for more accurate angle determination.

Key words: MIMO, radar, TDM, FMCW, radar data cube, DFT, beat
frequency, virtual antenna.

Introduction

MIMO radars are modern and advanced radar systems in which,
unlike conventional radar systems, each transmitting antenna transmits an
arbitrary waveform independently of other transmitting antennas. MIMO
radars transmit uncorrelated signals in different directions or transmit
mutually orthogonal signals in the same direction. Due to different
waveforms and orthogonality between signals, receiving antennas can
separate the echo signals originating from a target and assign them to a
specific transmitter, which are then collected and further processed. This
approach improves the probability of target detection and the accuracy of
estimating the angle of arrival of echo signals (Stoica & Li, 2008; Wiesbeck
et al, 2015).

MIMO technology has wide applications in telecommunications,
significantly enhancing data transmission capacity and speed, particularly
in 5G and 6G systems (Dessai & Patidar, 2024) through Massive MIMO
technology (Wanga et al, 2021), which utilizes antenna arrays for spatial
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diversity (Abdi & Rasheed, 2022). This technology improves angular
resolution and accuracy in radar systems (Janoudi et al, 2023), which is
especially important for automotive radars in the mm-wave range, enabling
clear detection of objects and supporting the development of unmanned
vehicles and their communication with one another (Han et al, 2024).
Additionally, MIMO technology is increasingly used in Synthetic Aperture
Radar (SAR) systems for terrain imaging (Wu et al, 2019) and in medicine
for monitoring human vital signs (Alizadeh et al, 2019), detection glucose
levels (Omer et al, 2018) and detecting tumors (Bliss & Forsythe, 2006)
using the mm-Wave radar.

One of the primary classifications of MIMO radars is based on the
antenna configuration. Accordingly, they can be divided into MIMO radars
with widely spaced antennas, or statistical MIMO radars, and MIMO radars
with collocated antennas, or coherent MIMO radars (Sun, 2023).

In statistical MIMO radars, the transmit and receive antennas are
widely separated, providing independent scattering responses for each
antenna pair (Figure 1a). By positioning antennas at different locations,
the target is illuminated from various angles, mitigating the effects of a
reduced radar cross-section and a poor electromagnetic wave scattering
response. This results in more robust detection performance and reduces
the likelihood of missing the target. In the other case, the transmit and
receive antennas of a coherent MIMO radar are positioned relatively close
together (Figure 1b).

\ Target

Antenna
Tx/Rx N
Antenna NN
¢ 7Y Y
Tx/RX Antenna Tx Array Rx Array
Antenna

Target

(a) (b)
Figure 1 — Statistical MIMO radar (a) and coherent MIMO radar (b) (Sun,2023)

Here, it is assumed that the electromagnetic wave scattering
response from the target is the same for each antenna pair, with minimal
delay. The antennas of a MIMO radar transmit waveforms independently
of each other. The goal is to use coherent signal processing to form a
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virtual array of antennas, providing improved estimation of the signal’s
angle of arrival. This approach ensures that fewer antennas can achieve
the effect of a larger antenna array on reception, enhancing the radar’s
angular resolution (Stoica & Li, 2008; Sun, 2023; Davis et al, 2014).

To prevent signal interference during transmission and ensure that
receivers can successfully distinguish and assign signals to the correct
transmitter, it is necessary for the signals to be orthogonal to each other.
Signal orthogonality significantly simplifies further processing. Typical
methods of achieving orthogonality include using time-division multiplexing
(TDM) (Sun et al, 2014), frequency-division multiplexing (FDM) (Liu,
2009), and code-division multiplexing (CDM) (He et al, 2009).

In time-division multiplexed signals (TDM), orthogonality is achieved
by having the transmitting antennas emit signals at different times. While
one antenna is transmitting, the other antennas do not emit any signal.
This method is simple to implement as it can use a single transmitter and
a microwave switch, but it requires precise time synchronization and, in
this way, the full transmission capacity is not utilized (Sun et al, 2014).

Formation of virtual antennas in MIMO radars

MIMO coherent radars, by emitting mutually orthogonal waveforms,
can form a virtual antenna array and thereby increase angular resolution
without increasing the number of receiving antennas. Virtual antennas are
formed by combining signals from multiple transmitters and receivers. The
number of virtual antennas that can be achieved is:

Ngr = Nr_- Ng, (1)

where Ny is the number of transmitting antennas, and Nryxis the number
of receiving antennas. In MIMO radar systems with a linear antenna array,
the transmitting antennas must be spaced at a distance of dr_ = Ng_- dg_,
where Ngry is the number of receiving antennas and dk is the distance
between receiving antennas.

By measuring the phase delays A¢ of the signals at the elements of
the receiving antenna array, the angle at which the target is located is
determined. In the case shown in Figure 2a), the second transmitting
antenna, due to its distance from the reference transmitting antenna,
introduces an additional phase shift of 4-A¢. The signal from the first
receiving antenna sent by the second transmitting antenna will be phase-
shifted by 4-A¢, which would correspond to the fifth receiving antenna.
Using this approach, eight virtual receiving antennas are formed, whose
signal model is equivalent to a physical scenario with one transmitter and
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eight receiver antennas (Figure 2b). This holds true assuming that the
target is located in the far field relative to the antennas and that the
reflected wave from the target reaches the receiving antennas as a plane

wave (Rao, 2018).
7 Y - 1. Tx Y - Rx

\ /,‘{\\‘/ N‘f\dmr(ﬂ) \ lk \ Y oy T RV

0 4¢ 24¢ 346

4d
446 5dp 6 74

(b)
Figure 2 — MIMO Antenna Array (a) and Virtual Antenna Array(b)

Mathematical signal model in a coherent MIMO radar

The next chapter presents and explains the radar system model used
in the research, as well as the form of the transmitted signal. The models
were created based on the radar platform that was used at the end of the
research for conducting experimental verification.

Model FMCW radar system

The signal generator generates the FMCW signal xr(t), which after
the power amplifier (PA) is emitted from the transmitting antenna Tx. After
the signal hits the object, part of the signal energy is reflected from the
object (echo signal) and returns back to the receiving antenna Rx, where
it is received as a signal xr(f) (Figure 3). After that, the signal xr(t) goes to
the quadrature receiver, where it is mixed with the signal x7(f) and the
signal x(t) whose phase is shifted by 90°. In this way, two signals are
obtained, one in phase (I Signal) and one in quadrature (Q Signal), which
pass through a low-pass filter (LPF) after the mixer. In this way, an
intermediate frequency (IF) signal is obtained, which after the analog-
digital converter (ADC) is forwarded to digital signal processing (DSP),
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where the range, velocity, and azimuth of the target are determined
(Mahafza, 2013).

Tx

7" g
r () [ 1 X (t) [ 1
LPF ADC

— =

[ o | el
® ['Ler | [ aoc |——|

DSP

Figure 3 — Block diagram of the radar system

FMCW Signal

The radar system transmits a linearly increasing FMCW signal, which
ensures a large product of signal duration and frequency bandwidth (¢B),
simultaneously enabling high range resolution and a high signal-to-noise
ratio (Richards, 2014).

The characteristics of the FMCW signal are: the starting frequency f,
the bandwidth B, the chirp signal duration Tc, and the ramp slope
coefficient S (Figure 4). The ramp slope coefficient is calculated as
(lovescu & Rao, 2016):

f(@) 4
fC+B """"""""""""" A
' B
S = B/T, i
f;: €-—-—=-=—=-=== > ~ bt

Figure 4 — FMCW chirp signal (Li et al, 2021)
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The FMCW signal can be mathematically represented as (Li et al,
2021):

xr = Arcos(2m fot + WS t?), (3)
while the instantaneous frequency is determined as (Li et al, 2021):
d
f®) = @ufit + nSt) =fi+St. (4)

The radar system receives the echo signal xr(t) in its receiver and
mixes it with the transmit signal xr(f) and x7(f) phase-shifted by 11/2. As the
frequency of the transmitted FMCW signal x1(t) increases linearly over
time, at the moment when the echo signal xr(t) arrives at the receiver, the
frequencies fr(t) and fz(t) of the transmitted and received signals will not
be the same (Figure 5a). The difference in frequencies occurs because
the transmitted signal changes frequency during the time as the signal is
emitted, reflected from the object, and returned to the receiver. After the
mixer, the signals is fed to a low-pass filter. The low-pass filter passes the
lower sideband of the signals, i.e., the signal component located at the
frequency fr(t)-fz(t), and removes the signal component located at the
frequency fr(t)+fr(tf) and the resulting signals are x.(t) and xir-q(t). The
signals can be represented (lovescu & Rao, 2016) as:

xip-1(6) = LPF{x1(t) - xg ()} = Ajp_1 cos(2m fip t + ¢prp_p) +n(t)  (5)
Xip-q(t) = Ap_q cos(2 fip t + ¢rp_q) + n(t) (6)

where A and Aq are the amplitude, ¢ and ¢ir.q are the phases of the
signal xir.(t) and xir-a(t), fir = fr(t)-fr(t) is the frequency and is the same for
both signals, and n(t) is noise. The fi is constant in time(Figure 5b) and

this frequency is called beat frequency (Li et al, 2021). Figure 5 refers to
only one chirp and one target.

f(t) 4 f(t) 4
) B BC A
ROV
fir e : \
CRmf )1 .

f i v L .
«>it=2r/c Tt <«>r=2r/c Tt
igmmmmm e - > igmmmm e - >!

TC TC

Figure 5 — Frequency of the transmitted and received chirp signal (a), frequency of the
signal at the intermediate frequency (b) (Li et al, 2021)
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The signals x;p_;(t) and x;p_q(t) are sampled and form the signal
xip[n] = xip_1[n] + jxp_qg[n]. Viewed in the time domain, it can be
observed that a complex exponential IF signal is obtained at the output of
the quadrature receiver, which is equal to (Li et al, 2021;
Ramasubramanian, 2017):

xip = A e/ CTIFt+r) 4 n(t) | (7)

where is the amplitude 4 = \/AIF_IZ + Ajp—q°, phase ¢ = tan‘l(%
IF-1

and fi is the frequency of the signal x;.

The transmission signal is reflected from an object located at a range
r and arrives at the receiving antennas with a delay 7, which is calculated

as: T:Z%, where c¢ is the speed of light, that is the speed of

electromagnetic wave propagation. If the target does not move, the
frequency of the IF signal remains constant during the reception period,
while the transmit and receive chirp signals overlap in time and are equal
to: f|F = fT(t)-fR(t) =ST.

The phase of the IF signal can be determined at the moment of IF
signal onset, when the reflected chirp signal arrives at the receiving
antenna. Taking into account expression (3), the phase of the chirp signal
is approximately equal to (Li et al, 2021): ¢ = 21 f. 7.

It turns out that the frequency and phase of the IF signal, which is
received from an object located at a range r, is equal to(Li et al, 2021):

fir=ST=27, (8)

T

i = 2nfoT= R 9)

When the chirp signal is bounced from multiple targets back to the
radar, the received IF signal is a linear combination of multiple IF signals,
each with a frequency and phase corresponding to the range of each
individual target.

Digital processing of radar signals

This chapter explains the organization of radar data that is suitable for
further processing. The standard flow of signal processing is shown and it
is explained how to determine the DFT coefficients and thus obtain
information about the target.
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Radar signal sampling

A radar data cube is a three-dimensional data structure, which is a
convenient way to conceptually represent the time-space processing of
radar data. This way of organizing data is common to all modern radar
systems, whether they are pulsed or continuous radars. The cube of radar
data contains three axes and its cells contain the selected values of the
reflected IF signal (Figure 6) (MathWorks, 2024). For MIMO radars and
virtual antennas, the formation of a unified radar data cube is shown in
Figure 11.

l L L S S S S S
Sl S S S S S L
l S L S S S S L

(Range -

SN NN NNN

DFT)
SN SN S S NN
NN NN NN N N

N
%5,
%,
8,
"z
7
‘99,) %
®,
o,
22N
%

Fast time
Ns samples from each IF chirp signal

Slow time i @ &
Ne chirps in the frame
(Doppler - DFT)

Figure 6 — Radar data cube

In the Fast Time Axis, signal samples are placed within a single chirp,
i.e., within the repetition period of the radar signal (pulse) in pulse radars.
This axis contains Ns samples, selected at a frequency Fs. The Slow Time
Axis contains data from multiple chirp signals, with multiple chirps forming
a single frame. In the Spatial Axis, samples of the signal received by all
receiving antennas are placed. The spatial axis contains Nr samples,
equal to the number of receiving antennas. In the case of MIMO radars, it
contains a number of samples equal to the number of virtual receiving
antennas (MathWorks, 2024).

The flow of digital radar signal processing

The digital radar signal processing flow includes a series of steps that
involve processing the raw radar signal to obtain target information (Figure
7). As the output of the processing, the Range-Velocity and Range-Angle
matrices are obtained, which provide all three important pieces of
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information about the target. Later, the classification and tracking
procedure can be entered (Li et al, 2021, p 167967).

-------------------------------------------------------
1 Range - Angle
Matrix

ADC ‘ Object
RAD(I:\SB%ATA H Range DFT ]—-[Velomty DFTH detection H Angle DFT
(CFAR)

Figure 7 — Flow of digital processing of the radar signal

Range - Velocity Matrix

Classification,
Trackin

After AD conversion of the IF signal, the samples are organized into
a radar data cube. Radar data cubes are formed, as explained in the
chapter above, from samples of signals originating from different
transmitting antennas. After organizing the data, the first step is to
determine the Range DFT coefficients on each of the sampled IF chirp
signals. The range DFT is applied along the columns to all chirps and from
all virtual antennas. By applying the Discrete Fourier Transform (DFT)
along the fast time axis, the beat frequency is observed and information
about the distance of the targets is obtained. After the Range DFT, over
the already calculated DFT coefficients, the Velocity DFT (Doppler DFT)
is applied along all rows within the frames of all receiving virtual antennas.
By applying the DFT along the slow time axis, the phase shift caused by
the movement of the target is observed, Doppler processing is performed
and information on the speed of the target's movement is obtained (Figure
8a). In this paper, all Range — Velocity DFT coefficients were calculated
for the matrix representation, but in general, not all coefficients are used.
By combining these two DFT algorithms, the Range-Velocity matrix is
obtained for all virtual antennas (Li et al, 2021, p.167967).
////////////v /S S S S S S
/S L S S 1/

Range DFT

Velocity DFT

(@) (b)
Figure 8 — Range and Velocity DFT (a), Range and Angle DFT (b)
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Target detection is performed on the Range-Velocity matrices or
CFAR (Constant False Alarm Rate) is applied in order to separate targets
from noise. These algorithms are performed on the Range-Velocity
matrices of all antennas. All matrices are summed into a single combined
Range-Velocity matrix, where even targets with a low SNR (Signal-to-
Noise Ratio), which were not detected in all matrices, will be observed.

After the detection of targets, or the application of CFAR and filtering
in the frequency domain, the Angle DFT in the third dimension of the radar
data cube is applied over the calculated DFT coefficients, over all virtual
antennas (Figure 8b). Since the duration of the frame is a few milliseconds,
it can be assumed that targets, due to their movement, will not change the
resolution cell, and before the Angular DFT, it is not necessary to perform
Doppler phase compensation. The Range-Angle matrices are obtained for
each of the possible velocity of the targets. Finally, by adding all the
amplitude characteristics of the Range-Angle matrices, one unified matrix
is obtained that provides information about the distance and the angle at
which the target is located. The amplitude characteristics of the matrices
are displayed using a two-dimensional heat map or in a three-dimensional
display. By observing the maximum of the functions, the distance, velocity,
and azimuth of the target are determined (Li et al, 2021, p.167967).

Range DFT

By applying the DFT along the fast time axis, the Ns of the signal
samples is obtained. According to the theory of the discrete Fourier

transform, each cell of the DFT corresponds to the frequency fi = k% for
S

0 = k < Ns. Based on expression (8), which describes the relationship
between the beat frequency and the distance of the targets, and the
calculation of the frequency in the DFT cells, it is concluded that the
distance of the targets in relation to the DFT cell is equal to (Li et al, 2021):
rszk% =k L (10)

25Ng
for 0 < k < Ns. By applying the Range DFT, and displaying the amplitude
spectrum |X[K]|, a peak in the cell is observed on the range and by applying
expression (10) the distance to the target corresponding to the reflected
signal can be determined (Li et al, 2021).

In this application fr is positive, due to the assumed signal and system
model. The use of a quadrature receiver the spectrum of a complex
exponential signal (7) can be observed on the full spectrum from 0 to f;, by
considering the spectrum at negative frequencies, ranging from -f,/2 to 0,
as the spectrum at frequencis from /2 to fs. (Ramasubramanian, 2017). In
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this regard, the maximum distance at which an object can be detected,
with the condition that fr < f. is equal to (Li et al, 2021, p.167962):

cfs
Tmax < 25 (11)

The received signal is a linear combination of several individually
reflected signals from objects at different distances. As the DFT is a linear
transform, the total signal spectrum is a linear combination of multiple
individual spectra from each signal. Targets at different distances will
appear in different cells of the spectrum and we can distinguish them if
their mutual distance is greater than the resolution cell by the distance rs.

Therefore, the range resolution depends on the frequency detection

resolution f. =1{]—S, so the range resolution is equal to (Li et al, 2021,

p.167962):

c cfs
Tres = ﬁ"esg = 2SNg’ (12)

Velocity DFT

The radar emits an N; chirp signal of the duration T. within the frame
duration T: (Figure 9). In order to measure the velocity of the target's
movement, the radar must transmit a minimum of two separate chirp
signals within the frame in order to detect the phase change due to the
target's movement. If the target is moving at the radial speed v:, during the
time period until the next signal T. is transmitted, the target travels the
distance Ar = v, T (Li et al, 2021, p.167962).

f@®
/I/‘A """ A >
LT t
€ - <> Tr=N.- T,
R >

Figure 9 — Transmitted frame of the N chirp signal (Li et al, 2021)

The difference in the frequency of the two IF signals is negligible,
while based on the signal model (9), the phase difference is equal to (Li et
al, 2021):

__AnAr 41T

Ap=—="7 (13)

530



Applying the DFT along the slow time axis gives the target velocity
equal to (Li et al, 2021):
212 (14)

=W —= l = )
4mT, 2N T, 2Ty

%)

where w; = ZN—M N is the number of Velocity DFT samples and -% << %
assuming that N. is an even number (Proakis & Manolakis, 2014). T; is the
frame duration or also known as the time on the target.

Unambiguous velocity measurement is performed in the range
—n < w < 1, so the unambiguous detectable velocity is equal to (Li et al,
2021):

Aoy X (15)
4T, 4T,

where positive speed means a movement towards from the radar, and a
negative movement occurs away from the radar.
The velocity resolution is equal to one resolution cell and amounts to
(Li et al, 2021):
yl yl
Vres = Sy 1 = arp (16)
It is concluded that the longer the frame, the better the separation of
two targets with similar velocity, with the condition that the target does not
move to another resolution cell during that time.

Angle DFT

By using an array of receiving antennas, the angle of arrival of the
echo signal can be estimated. The echo wave arrives at a certain angle to
the receiving array and due to the mutual distance between the receiving
antennas, a relative signal delay occurs between the two receiving
antennas. Signal delay is reflected in the change in frequency and phase
of the IF signal. The frequency change is negligibly small while the phase
shift is equal to (Li et al, 2021):

Ap = 2 f, Ar = SO (17)
where At is the signal delay, due to the spacing between the receiver
antennas and it is equal At = d sin(0) /c (Figure 2).

Applying the DFT to all antennas results in the angle under which the
target is located being equal to (Li et al, 2021):

o 2 1, A
Ou = sin 1(wuﬁ) = sin 1(um), (18)
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where w,, = ZT[Tu (Proakis & Manolakis, 2014), N is the number of Angle
DFT samples, —% Su< % assuming that N is an even number and d is
the distance between the receiving antennas.

An unambiguous estimate of the angle can be determined in the range:
—sin‘l(%) <6< sin‘l(%). (19)
In real applications, the distance between the antennas is often taken
as the value d = % which corresponds to the fact that the angle can be
estimated in the range -90¢ < 6 < 90¢ where 6 is defined in relation to
broadside.
The angular resolution 6,.s depends on the number of Nr receiving

antennas and the central viewing angle of the target 6 and is equal to (Li
et al, 2021):

.- A
Ores = |A6| = 2-sin l(m).

(20)

Assuming that 6 =0 and d =%, a rough estimate of the angular
resolution is obtained, which is equal to (Li et al, 2021):

—
Ores = (21)

R

Improvement of angular resolution using the MIMO mode

A MIMO radar system has an antenna arrangement as shown in
Figure 2 and by using the MIMO mode, virtual antennas are formed. By
increasing the number of antennas, the angular resolution also improves.
As the radar system works on the principle of time-multiplexed
transmission signals, it first emits signals from one transmitter, and then
from the other transmitter antenna (Figure 10). In this way, two radar data
cubes are formed at reception (Li et al, 2021, p.167966).

f(t)
Tx0 Tx1
A,r’ ,/L' ! Ax’ >
TC

€ —->

Tf=N¢ T, for each Tx
Figure 10 — Chirp signal frame with two transmitting MIMO antennas (Li et al, 2021)
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Radar data cubes are formed for signals transmitted from different
transmitting antennas. Since the condition of the distance between
transmitting antennas in MIMO radars is met, a unified radar data cube
(Figure 11) can be formed, which will have the properties as if there were
8 receiving antennas sent from one transmitting antenna.

I - RADAR DATA CUBE Tx0
I - RADAR DATA CUBE Txi

(Range -DFT)

Fast time
Ns samples from each IF chirp signal

Slow time & (\g‘

Nc chirps in the frame
(Doppler - DFT)

Figure 11 — Unified radar data cube

Simulation of a MIMO radar system

The Matlab functions for generating simulation and automated
processing of the radar data cube are explained below. Te radar and target
parameters for simulation purposes are defined and the simulation results
are presented.

Generation of simulation echo signals of radar targets

In order to confirm the analytical claims in this paper, computer
simulations were developed in the Matlab programming environment. The
MIMOFMCW function was developed for simulation purposes. The
mentioned function generates IF samples of the reception signal (7) that
originated from the targets and were sent from one transmitting antenna.
The output parameter is a three-dimensional radar data cube.

Processing of simulation radar data

In order to automate the process of digital processing of radar data,
the procDC function was developed. The outputs of the function are two
two-dimensional matrices RV - Range-Velocity matrix and RA - Range-
Angle matrix. In addition to the matrices as an output, the function in the
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command window prints the range of unique measurement of the range,
velocity and angle of the radar for the given parameters and displays two
three-dimensional views of the specified matrices with normalized axes,
normalized in relation to the maximum value that appears in the matrix.

Simulation - Situation 1

The objective of situation 1 is to demonstrate the general operation of
the radar for arbitrary parameters of the radar and targets. Table 1 shows
the radar parameters adjusted for situation 1.

Table 1 — Simulation radar parameters - Situation 1

No 512 B 1 GHz
N 256 S 10 GHz/ms
T. 0.1 ms N1y 2

T; 25.6 ms Nrx 4

f. 5.12 MHz di A2

fe 24 GHz drx 4 - drx

With the given parameters from Table 1, the radar achieves an
unambiguous range of 76.80 m (11), unique speed measurement in the
range from -31.25 m/s to 31.25 m/s (15) and the angle estimation from -
90° to 90° (19). The distance between the transmitting antennas is
satisfactory and allows the radar to work in the MIMO mode and behave
as if it has 8 instead of 4 receiving antennas. In Table 2, the goal

parameters adjusted for situation 1 are given.

Table 2 — Parameters of simulation targets - Situation 1

No A (V) r (m) v (m/s) )
1 1 70 -28 60
2 0.9 55 20 -30
3 0.85 40 -15 45
4 0.7 35 10 -45
5 0.6 20 5 0

Figure 12 shows the Range-Velocity matrix related to situation 1. In
the image, peaks can be clearly observed, which correspond to the

parameters set by the targets.
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Figure 12 — Range-Velocity simulation matrix - Situation 1

In Figure 13a), the Range-Angle matrix is shown, simulating the
operation of 1 transmitting and 4 receiving antennas. The radar data cube
is padded along the angular axis with zeros to calculate the Angle DFT in
128 points. Zero-padding does not improve resolution but makes the signal
spectrum more noticeable and easier to interpret. It can be concluded that
due to the small number of receiving antennas, the angular resolution of
the cell is considerable and that it is not possible to precisely determine
the angle at which the target is in relation to the radar. Limited angular
resolution causes a wide main lobe, but by finding the maximum values in
the main lobes, one can come to the conclusion at which angle the target
is located, but with a decision error. Also, due to the small angular
resolution, the main lobes of the targets located at large angles are
mirrored from one part of the range to another.

In Figure 13b), the Range-Angle matrix using 2 transmitting and 4
receiving antennas in the MIMO radar mode is shown. In this way, the
effect is obtained as if there are 8 receiving antennas, which increases the
angular resolution of the radar and narrows the main lobe. In this way, the
error when measuring the angle is not drastically reduced, but it enables
better separation of two close targets located at similar distances and at
similar angles. It also reduces the aliasing effect. Using a single
transmitting antenna gives the FWHP of 53.86°, while using the MIMO
mode gives the FWHP (Full Width at Half Power) of 27.14°.
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Figure 13 — Range-Angle simulation matrices - Situation 1, 1 Tx, 4 Rx (a); 2 Tx, 4 Rx (b)

Simulation - Situation 2

The purpose of simulation 2 is to show the angular resolution of the
radar system and the improvement of the angular resolution using multiple
transmit antennas, i.e., the MIMO mode of operation. Also, unlike
simulation 1, which is shown under ideal conditions, simulation 2 includes
noise where the SNR is -5 dB. Table 3 shows the parameters of the radar
system for situation 2.

Table 3 — Simulation radar parameters - Situation 2

N, 32 B 1 GHz
Ne 128 S 2 GHz/ms
T. 0.5 ms Nr1x 2

T; 64 ms Nrx 4

fs 64 KHz drx A2

fe 24 GHz drx 4 - drx

According to the parameters listed in Table 3, the radar has the
following characteristics: the maximum unique range of 4.80 m; the
unambiguous speed measurement range from -6.25 m/s to 6.25 m/s; and
the angle measurement range from -90° to 90° with an angular resolution
of 28.65° when using one transmitting antenna, or 14.32° when using two
transmitting antennas.

Table 4 gives the parameters of the targets adjusted for situation 2.
The targets are arranged in pairs to show the effect of separating the
targets by angle. Targets one and two are at the same distance, moving
at the same speed, but at different angles from the radar. Targets two and
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three are at the same distance, but moving at different speeds and at
different angles, clustered around 0°. For objectives five and six, similar
conditions apply to the previous two objectives, except that they are

grouped around 60°.

Table 4 — Parameters of simulation targets - Situation 2

No A (V) r (m) v (m/s) ()
1 1 4,3 5 -40
2 0.9 4,3 5 30
3 0.8 2.5 -3 -10
4 0.8 2.5 4 10
5 0.6 0,5 -1 50
6 0.6 0,5 2 70

In Figure 14, one can see the Range-Velocity matrix related to
situation 2. The Figure shows five peaks corresponding to five targets,
although six targets are set in the simulation. Targets number one and two
are located at the same distances and move at the same speeds, so they
cannot be separated on the Range-Velocity matrix, while the other targets

are clearly visible.

= = =
B =) o -
Fi L ]

Normalized amplitude
(=)
(8]

=
2

Range - Velocity Matrix

.
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X -3.00197 | J
Y 2.63226 ‘ '. [
Z 0.612873 A |
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I Y 0.464516 |

Figure 14 — Range-Velocity simulation matrices - Situation 2
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In Figure 15a), there is a Range-Angle matrix that corresponds to the
use of one transmitting and four receiving antennas. Although targets one
and two are joined on the Range-Velocity matrix, it is observed that on the
Range-Angle matrix the targets can be separated because they are at
different angles. Targets three and four, as well as five and six are
connected to each other and are located under one lobe. It cannot be
concluded whether there is one or two targets. This happens because the
angular distance between the targets is equal to 20°, and the angular
resolution in this mode of operation is equal to 28.65°, and the targets are
located in one resolution cell.

In Figure 15b), the Range-Angle matrix is shown when the radar is
operating in the MIMO mode, where it uses two transmitting and four
receiving antennas and forms a virtual antenna array on reception of eight
receiving antennas. In this way, it increases the angular resolution and
reduces the resolution cell to 14.32° (21). Targets three and four can be
separated, while targets five and six remain under one main lobe - they
cannot be separated even though they are at the same angular distance
from each other as targets three and four.
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¥ 4.49032 Z.0.928097 X 74.4094 Y 4.49032 X-15.7143 | ([ oo X 80
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©
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r[m] 0 Angle [degrees] r[m] 0 Angle [degrees]

Figure 15 — Range-Angle simulation matrices - Situation 2, 1 Tx, 4 Rx (a); 2 Tx, 4 Rx (b)

It is observed that with the increase of the viewing angle, the angular
resolution decreases, that is, the cell resolution increases, which leads to
the fact that targets five and six cannot be separated angularly. Figure 16
shows the angular resolution for eight receiving antennas and an
observation angle of 60° equal to 28.95°, which explains why targets five
and six are not separated on the Range-Angle matrix.
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Dependence of angular resolution on viewing angle
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Figure 16 — Dependence of angular resolution on a viewing angle for 4 and 8 receiving
antennas

Experimental verification of the MIMO radar model

During the experimental work, the MIMO radar platform
PUP_DUAL24P_T2R4 (Figure 17a) from Luswave Technology (2020) was
used. The radar platform operates in the K band and supports the
continuous operation mode and th eFMCW modulation. The radar has two
transmitting and four receiving antennas which enable the MIMO mode of
operation and the creation of eight virtual antennas, resulting in a better
angular resolution. In addition to the MIMO operating mode, the radar has
the option of using only one transmitting antenna which behaves like a
conventional radar. The radar comes with a Matlab graphical interface that
allows setting the parameters of the radar. The parameters that can be
adjusted are the number of transmitting and receiving antennas, the type
of modulation, the operating frequency range, the duration of the chirp, the
number of selections in the chirp and the length of data recording (Figure
17b) (Luswave, 2020).

The aforementioned radar from which the data was recorded onto the
computer (Figure 18) was used in the experimental work. Through the
computer, the parameters of the radar were set depending on the situation.
The computer was later used to process and display the recorded data.
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Specification Minimum Typical Maximum
Channels 2x Transmitters, 4x Receivers
Aantennas 6x Onboard Patch Antennas
Modulations FMCW, CW
Typleal Frequency Range 24GHz 25GHz
Expandable Fraquency Range 23.5GHz 26GHZ
Sweep Time 0.5ms, 1ms, 2ms, 4ms, 8ms
Samples per sweep 128, 256, 512, 1024, 2048, 3096
Tune voltage. o lav
Tuning Sensitivity 0.8GHz/Y
Transmit Power 16d8m 17dBm 18d@m
558 Phase Noise @1MHz offset -89dBc
MNoise Figure 12d8
Maximum Input Power SdBm
Ie_ide ~12dBm
Supply voltage 5.75V & 6.25V
Supply Current 1200mA
Operating Tempreture -40°C 85°C
Dimensions L:130mm, W:108mm, H:32mm

(a) (b)

Figure 17 — MIMO radar PUP_DUAL24P_T2R4 (a); Radar specifications (b) (Luswave,
2020)

Figure 18 — Radar and computer used for experimental imaging

For the purpose of the experiment, the recorded situations were those
in which a person moves to and from the radar, to the left and to the right,
while changing the speed of movement and the angle at which one is in
relation to the radar (Figure 19a).

The person holds a reflector ball in the hands (Lunenberg lens) in

order to increase the reflection and thus make the results more noticeable
(Figure 19b).
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(b)

Figure 19 — Man as a radar target (a); Radar reflector (Lunenberg lens) (b)

Experiment - Situation 1

For the purpose of experimental verification, the radar parameters
listed in Table 5 were used. According to the listed parameters, the radar
has the following characteristics: the maximum unique range of 4.80 m;
the unambiguous speed measurement range from -6.25 m/s to 6.25 m/s;
and the angle measurement range from -90° to 90° with an angular
resolution of 28.65° when using one transmitting antenna, or 14.32° when
using two transmitting antennas.

Table 5 — Radar parameters of the experiment - Situation 1,2

No 32 fe 24 GHz
N; 128 B 1 GHz
T. 0.5 ms S 2 GHz/ms
Tf 64 ms NTx 2

fs 64 KHz NRrx 4

For situation 1 of the experiment, the person moves away from the
radar from the right side of the radar. Figure 20 shows the Range-Velocity
matrix of the experiment, where one intense peak is observed, which
corresponds to the target. By reading the peak value, information is
obtained about the distance and speed of the target.
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Figure 20 — Range- Velocity matrix of the experiment - Situation 1

When processing the data and displaying the Range-Velocity matrix,
it is observed that the matrix contains unwanted components and a high
level of noise. In order to reduce the influence of noise and make the
results more obvious, before applying the Angle DFT algorithm, the
observed object of interest is extracted using a 3x3 unit mask, in the center
of which the object of interest is located. After the extraction of the object,
the values in the matrix will remain only in the cells where the object is
located, while the other cells will have a value of zero.

On the Range-Angle matrix, the main lobe is observed, and the
search for its maximum determines the angle at which the target is located
(Figure 21a). Using two transmitting antennas narrows the main lobe,
which increases the angular resolution (Figure 21b). It is observed that the
components at all other distances are suppressed, which is the result of
extracting the object of importance by using a mask.
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. 3
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(a) (b)

Figure 21 — Range-Angle matrices of the experiment - Situation 1, 1 Tx 4 Rx (a),
2 Tx4 Rx MIMO (b)
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Experiment - Situation 2

For situation 2 of the experiment, the same radar parameters as those
listed in Table 5 were used. Two people move away from the radar, from
the same side and at similar angles (Figure 22).

|
‘*f - Radar | , p
@ - Target 1 : J‘ .ﬁ
@ - Target 2 | ) /

| 6, ) -

Figure 22 — Approximate sketch of the experiment situation 2

The aim of this experiment is to show better angular resolution using
the MIMO mode and to confirm the claims shown in the simulation. By
processing the signal, filtering and extracting the objects of interest, two
peaks corresponding to two targets are observed, but it is difficult to
separate them due to almost the same speed and mode of movement
(Figure 23).
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Figure 23 — Range-Velocity matrices of the experiment - Situation 2, 3D view (a),
2D heat map (b)
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Since one transmitting and four receiving antennas are used and due
to a small angular resolution and a large viewing angle, it is not possible
to separate the targets which are both under a wide main lobe. The FWHP
is 55.28°, which would lead to a wrong assessment of the situation (Figure
24a). By using two transmitting antennas in the MIMO mode of operation,
the angular resolution is increased and is less than 34°. Two main lobes
corresponding to the targets are distinguished, where the first FWHP is
25.51° and the second one is 22.68° (Figure 24b). By using an adequate
decision-making threshold, a correct conclusion about the situation can be
made.
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Figure 24 — Range-Angle matrices, - Situation 2, 1 Tx 4 Rx (a), 2 Tx 4 Rx MIMO (b)

Conclusion

In this paper, a model of an FMCW MIMO radar with time-multiplexed
signals on transmission is presented, and the process of digital signal
processing in this radar type, which primarily utilizes the Discrete Fourier
Transform, is explained. The Discrete Fourier Transform has proven to be
a straightforward tool that delivers satisfactory results. The theoretical
foundations and mathematical models have been validated through
simulation and experimental verification.

The resolution in the domains of range, velocity, and angle is limited
by the use of the DFT algorithm. FMCW radars have been shown to
provide accuracy in determining the range and velocity of targets, with the
range resolution dependent on the signal sampling frequency fs, the ramp
slope coefficient S and the number of samples per chirp Ns, while the
velocity resolution depends on the frame duration T:. Since the angular
resolution depends on the number of receiving antennas, it has been
demonstrated that by introducing additional transmitting antennas, forming
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a virtual receiving array, and operating the radar in the MIMO mode, the
angular resolution and the ability to distinguish targets with similar angles
are improved, as illustrated through simulations and experiments. In
addition to the above, due to the limited number of receiving antennas, the
DFT algorithm is characterized by wide main lobes. The algorithm
determines the target angle, albeit with a certain error.

In this study, CFAR was not used, as target detection was trivial and
performed manually. In this regard, the system can be improved by
introducing an appropriate CFAR model which would automate the
detection process. Future research will focus on the development and
application of suitable algorithms for more precise target angle
determination, such as MUSIC, Decorrelation Algorithms, and Spatial
Smoothing. Additionally, research could be expanded to the design and
implementation of planar MIMO radar structures, enabling target angle
detection in both azimuth and elevation.
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Resumen:

Introduccidén/objetivo: Un tema actual de importantes esfuerzos de
investigacion y desarrollo en el campo de los sistemas de radar es la
tecnologia de radar MIMO (mdiltiple entrada-mdultiple salida). Los radares
MIMO representan un avance revolucionario en la tecnologia de radar, ya
que el uso de mdltiples antenas transmisoras que emiten formas de onda
ortogonales permite una mejor deteccion y resolucién angular. Para lograr
resultados efectivos, el procesamiento de sefiales digitales de alta calidad
y la aplicacién de algoritmos avanzados son esenciales para obtener
informacién del objetivo. Este articulo pone especial énfasis en los radares
MIMO coherentes, con el objetivo de mejorar la resoluciéon angular. La
multiplexacion en el tiempo de las sefiales de transmision se aplica como
meétodo principal para lograr la ortogonalidad entre sefiales, utilizando una
sefial de onda continua de frecuencia modulada (FMCW) como base para
la forma de onda de transmisiéon. El objetivo de este articulo es
proporcionar y explicar los fundamentos del procesamiento digital de
sefiales en radares MIMO, presentar expresiones analiticas y validarlas
mediante simulacion y verificacion experimental.

Métodos: Se presentan los fundamentos tedricos, utilizando Ia
Transformada Discreta de Fourier (DFT) como herramienta principal en el
procesamiento de sefiales digitales para obtener informacién sobre la
distancia, velocidad y azimut del objetivo. Se desarrollé una simulacion en
el paquete de software MATLAB para analizar el desempefio del modelo
del sistema radar. Se realizd una verificacion experimental, donde se
registraron escenarios especificos utilizando la plataforma de radar
PUP_DUAL24P _T2R4 y posteriormente se procesaron los datos
recopilados. Las funciones de MATLAB MIMOFMCW y procDC se
escribieron para generar muestras de simulacién de sefiales de eco y para
automatizar el procesamiento de sefiales y la visualizacion de matrices
caracteristicas de rango-velocidad y rango-angulo.

Resultados: La simulacion y la verificacion experimental confirman la
validez de los fundamentos teéricos relacionados con el procesamiento de
sefiales digitales en radares MIMO, y los parametros objetivo se pueden
determinar claramente.

Conclusién: La Transformada Discreta de Fourier es una herramienta
sencilla que proporciona resultados satisfactorios para determinar el
alcance, la velocidad y el angulo de los objetivos. Los radares FMCW
ofrecen precisién para determinar el alcance y la velocidad, mientras que
el modo MIMO mejora la resolucion angular. El algoritmo DFT es capaz de
determinar el angulo objetivo, pero con un cierto error, lo que hace
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necesario el uso de métodos de alta resoluciéon para una determinacion
mas precisa del angulo.

Palabras claves: MIMO, radar, TDM, FMCW, cubo de datos de radar,
DFT, frecuencia de pulsacion, antena virtual.

Lindposasi obpaboTka curHanos B pagapax MIMO ¢
MYNbTUNIEKCUPOBAHMEM MO BPEMEHU CUrHANOB Nepeaaydn

Bopko b. Oxakosu4?, Crio60daH M. Cumuys,

Jludus M. TpusyHoxa®, AnekcaHOap I'. Puctny®

2 Boopy»xeHHble cunbl Pecnyonuvku Cepbusi, FeHepanbHbIn wTab,
YnpaBneHue TenekoMMyHUKaUnin 1 MHPOPMaLMOHHBLIX TEXHOMNOrMn (J-6),
LleHTp npuknagHom MaTeMaTyKu U SrEKTPOHUKM,
r. benrpag, Pecnybnuka Cepbusi, KOppecCnoHAeHT
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Kadenpa BOEHHbIX 3NEKTPOHHBIX CUCTEM,
r. benrpag, Pecnybnuka Cepbus
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BoeHHo-TexHUYeckut MHCTUTYT , 1. Benrpag, Pecny6nuka Cep6bus

PYBPUKA TPHTW: 47.05.17 MeToabl npuema 1 o6paboTkm curHanos,
47.49.29 PagnonokaumoHHbIe CUCTEMbI, CTAHLIUN,
47.47.29 Pagnonepegatolme yCTpomucTea,
47.47.31 PaguonpueMHble YCTPONCTRBA,
78.25.00 BoopyxeHue 1 BoeHHas TEXHUKa,
78.21.49 BoeHHas anekTpoHuKa 1 knbepHeTuka
BWO CTATbW: opurmHanbHas Hay4Has ctaTes

Pe3some:

AxkmyarnbHol memol 8axHbIx uccriedosaHul u pazpabomok e obnacmu
paduosioKayuoHHbIX ~ cucmeM  Aeridemcs  paduosioKauUuoHHas
mexHornoausi MIMO (MHOXXecmeeHHbIU 8X00-MHOXeCMBEHHbIU 8bIX00).
Padapbi MIMO npedcmassnisitom coboli pe8ornoUUOHHbIU rpoepecc 8
paduosiokayuoHHOU  MEexHosI02uu,  MOCKOJIbKY — UCMO0/1b308aHUE
HEeCKOMbKUX repedarwjux aHmeHH, U3JjydYaloujux OpmOo2oHaslbHbIe
CuesHanbl, [o3eosisem  yraydwumb OBHapyXeHue U  yaroeoe
paspeweHue. [na QocmuxeHuss 3PEKMUBHbIX pe3ynbmamos
Heobxo0umbl KadYecmeeHHasi uugposasi obpabomka cueHanos u
npumeHeHuUe  rnepedosbix  aneopummos8  fofydYeHus  ueneesoul
UHpopmayuu. B daHHOU cmambe ocoboe e6HumaHue ydesnsemcs
KkoeepeHmMHbiM  MIMO-padapam ¢ uenbio yrAyyweHusi ya2r108020
paspeweHusi.  BpemeHHOe  MynbmurniiekcuposaHue — cuz2Hasoe
rnepedayu  rpuMeHsiemcs 8 Kadyecmee OCHO8HO20 Memooda

549

Dakovi¢, B.B. et al, Digital signal processing in MIMO radars with time-multiplexed transmit signals, pp.519-552



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

docmuxkeHust opmozoHasiu3ayuu Mexoy cusHanamu c
ucronib3oeaHUeM cuzsHana HenpepbI8HOU 807IHbI C 4YacmomHou
modynsayuel (FMCW) e kayecmee OCHO8bI ¢hopMUpPOBaHUsT cueHarna
nepedayu. Llenb daHHOU cmambu — npedocmasumps U 0OBbSCHUMb
OCHO8bI  yughposoli obpabomku cueHanos 6 padapax MIMO,
npedcmasums  aHaUMUYECKUe BbIpa)XxeHus U nposepums  UX
rnnocpedcmeom Modenupo8aHuUsi U 3KCriepuMmeHmarbHoU gepughukauuu.

Memodbi: B cmambe npedcmasneHbl meopemu4yecKue OCHO8bI
ucrionb3oeaHusi OuckpemHoeo rpeobpasosaHus @ypbe (AMND) e
Kadecmee 0CHO8HO20 UHCMpyMeHma yughposol 0bpabomku cusHanos
0n1s nony4vyeHUs1 uHgopmayuu 0 paccmosiHuU, CKopocmu u asumyme
uenu. B nakeme npoegpamm MATLAB 6bino paspabomaHo
modenuposaHue Ons aHanusa npoussodumernibHocmu  Moolernu
paduornokayuoHHoU cucmemsl. bbina npogedeHa akcnepuMeHmarbHas
rnposepka, 8 xo0e KomopolU C [OMOWbo pPaduoioKayUoHHOU
nnamgpopmbl PUP_DUAL24P_T2R4 3achukcupo8aHbl KOHKpPemHbie
cuyeHapuu, a 8 danbHeluweMm bbiriu obpabomaHbl cobpaHHble daHHbIE.
@yHkyuu MATLAB, MIMOFMCW u procDC 6binu paspabomatbi Ons
e2eHepuposaHusi obpa3yo8 MoOenupo8aHUsi 3X0-Cu2Haros, a makxe
ons asmomamu3ayuu obpabomku cuzHanose U omobpaKeHus
Xapakmepucmuyeckux mampuy «[uana3oH-Ckopocmb» u «[uana3oH-
Yeon».

Pesynbmamesi: ModernupogaHue u sKkcriepuMeHmarbHas eepugbukayusi
rnoomeep>k0arom cripagednueocmep meopemu4yeckux  OCHOS,
cesi3aHHbIX C yughpoesoli obpabomkol cuzHanos 8 padapax MIMO, u
110380J15110M YemkKo onpedenums yesnesbie napamempsi.

Bbigodbl: [uckpemHoe npeobpasogaHue ®@ypbe — 3mo rpocmou
UHCmMpyMeHm, Komopsbil 0aem ydosremeopumersibHble pe3ysibmamab|
0n1s1  onpedersieHUs1 pPaccmosiHUsl, CKOpocmu U Uesiegoz2o yerna.
PadapHbie cucmembi FMCW  obecrnieyusarom  mo4YHOCMb 8
onpederieHUU paccmosIHUSI U CKOpOCmuU, 8 mo 8pemsi Kak pexxum MIMO
yrydwiaem yejsiogoe paspeweHue. Anzopumm DFT cnocobeH
onpedernisimb Uyenegol y2071, HO ¢ onpedesieHHoU No2peuwiHoCmMbo, 4mo
Oenaem Heobxo0uMbIM rpuMeHeHuUe memodos 8bICOKOU
paspewaroweli criocobHocmu 0151 boriee MoYHO20 orpedesieHus yearna.

Knrouesbie cnosa: MIMO, padap, TDM, FMCW, ky6 daHHbix padapa,
DFT, yacmoma 6ueHul, supmyarsibHasi aHMmeHHa.
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OurutanHa obpaga curHana y pagapuma MUMO ca BpeMeHcku
MYyNTUMMEKCUpaHUM cUurHanuma Ha npeaju

Bopko b. hakosuh?, Crio6odaH M. Cumuh®,
Jluduja M. TpusyHya®, AnexkcaHdap . Puctuh®

2 Bojcka Cpbuje, MeHepanwTab, YnpaBa 3a TenekoMmyHukauuje un
nHdpopmaTuky (J-6), LleHTap 3a npyMereHy matemaTuky U eneKkTpoHUKY,
Beorpag, Penybnuka Cpbuja, ayTop 3a npenucky

6 YuueepauteT onbpare y Georpany, BojHa akagemuja,

KaTepnpa BojHOeNnekTpoHCKor MHXewepcTBa, beorpag, Penybnvka Cpbuja

B Bojcka Cpbuje, NeHepanwTab, Ynpaea 3a pa3soj 1 onpemare (J-5),
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"MuHucTtapcTBo onbpaHe Penybnuke Cpbuje, BOjHOTEXHUYKM MHCTUTYT,
Beorpag, Penybnuka Cpbuja

OBNACT: obpaga aurutanHmx curHana, TenekoMyHukauuje, enekTpoHuka,
enekTpomarHeTuka
KATEFOPUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/uurb: AKmyesiHy meMy 3HauyajHUX UCmpaXueaykux U pal3sojHUX
Harlopa u3 obnacmu padapckux cucmema rnpedcmaerba padapcka
mexHoroauja MIMO (eHe. Multiple-Input-Multiple-Output). Padapu MIMO
npedcmaerbajy  peesoslyyuoHapaH UCKopak Yy OoMeHy padacke
mexHorioauje, jep yriompebom suwe npedajHux aHmeHa Koje emumyjy
opmoeoHarHe marnacHe obriuke omoeyhasajy 6orby demekuyujy U y2aoHy
pe3onyyujy. 3a nocmusare egpukacHUX pesyrnmama 00 Kiby4yHoe 3Ha4yaja
je keanumemHa OuaumarnHa obpada cuzsHana u fpumMmeHa HarpeodHUx
arnzopumama kako bu ce doburne uHghopmauyuje o yurby. Y ¢pokycy ogoe
pada cy koxepeHmHu padapu MIMO, jep noeehasajy yeaoHy pe3ornyuujy.
lMpumer-eHO je 8peMeHCKO Mynmurifiekcupare cugHana Ha npedaju, kao
jebaH 00 OCHOBHUX Ha4yuHa MocMu3ara OPMoO2oHarIHocmu u3mehy
CUsHana, npu 4Yemy je KopuwheH KOHMUHyanHU bpeKkeeHUUfCKU
modynucaHu cueHan (eHe. FMCW — Frequency Modulated Continuous
Wave) kao ocHoea 3a ¢hopmuparse npedajHoe manacHoe obnuka. Lurb
oeoe pada jecme 0a npyxu U objacHu ocHoge duaumariHe obpade cueHasna
y palapuma MIMO, usHece aHanumu4ke uspa3e U rnomepou UX Kpo3
cumynayujy u ekcriepumeHmariHy gepuguxkayujy.

Memode: W3Heme cy meopujcke oOcHoge rpu 4Yemy je kopuwheHa
OuckpemHa @ypujeoga mpaHcopmayuja Kao OCHO8HU anam 'y
OQuaumarnHoj obpadu cueHana u dobujarby uHgopmauuja O OarbUHU,
6p3uHU u azumymy rod Kojum ce Uurb Hana3su. PassujeHa je cumynauuja y
cogpmeepckom nakemy MATIIAE padu aHanuse nepgbopmaHcu modena
padapckoe cucmema. CripogedeHa je ekcriepumeHmarsHa eepudgbukayuja,
npu 4Yemy cy crieyugbuyHu cueHapuju CHuMmsbeHu romohy padapcke
nmamepopme PUP_DUAL24P _T2R4, a npukyrrbeHu nodauyu cy HakHadHo
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obpaheru. Hanucane cy MATJIIAE ¢yHkyuje MIMOFMCW u procDC 3a
2eHepucarbe  CcuMyrnauyuoHux o0bupaka €xo cuesHarla U @ 3a
aymomamusosaHy 06pady cueHana U rpukalaHe KapakmepucmuyHe
Mampuue darbuHa-6p3uHa u darbuHa-yeao.

Pesynmamu: Cumynayuja U ekcriepumMeHmarsHa eepugukayuja
nomsphyjy ucripagHoCM mMeOopPUjCKUX OCHoB8a Koje ce O0OHOoce Ha
OQuaumariHy obpady cueHarna y MIMO padapuma, rpu 4emy ce jacHo Moay
o0pedumu napamempu yurbeea.

Sakrbyvak: [uckpemHa ®@ypujeosa mpaHcghopmauyuja je jedHocmasaH
anam Koju Oaje 3adoeorbasajyhe pesynmame 3a odpehusar-e OarbuHe,
bp3uHe u yena uurbesa. FMCW npyxajy mayHocm rnpu odpehusary
OarbuHe u bp3uHe, a pexum MVIMO nosehaea yanoeHy pe3ornyuujy.
Aneopumam DFT ycneea 0a odpedu yeao uurba, anu ca odpeheHom
epewkom, na je 3a madHuje odpehusare yena nompebHo Kopucmumu
8UCOKOpe30/1yyUuoHe Memoode.

Kmbyune peuu: MIMO, padap, TDM, FMCW, padapcka Kouka
noldamaka, DFT, cppekseHUuja usbujar-a, supmyesiHa aHmeHa.
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Abstract:

Introduction purpose: As population growth and industrial expansion
continue, surface freshwater reservoirs such as dams have become
increasingly vital due to their accessibility and ease of treatment. However,
the quality of these water sources has significantly deteriorated, primarily
due to the discharge of domestic and industrial wastewater. The
proliferation of extensive algal blooms has led to significant challenges in
maintaining drinking water quality and raised concerns about public health.
This study investigates the impact of various water sources on the
physicochemical quality of an Algerian dam over four seasons (December
2020 — October 2021) and explores the factors influencing the occurrence
of cyanobacterial blooms to better understand and manage this excessive
growth.
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Methods: Physicochemical properties and algal composition of the dam
water were analyzed monthly to determine nutrient sources and
environmental factors affecting cyanobacterial proliferation.

Results: The analysis revealed that the Timgad stream and Reboua valley
are notable sources of nutrient enrichment. Elevated temperatures and high
nutrient loads, particularly total phosphorus (TP), in Timgad dam water
facilitate the proliferation of blue-green algae. Additionally, limited nitrogen
content favors the dominance of nitrogen-fixing cyanobacteria such as
Aphanizomenon and Oscillatoria. The study also highlights that the low flow
rate and high nutrient load of the Timgad stream create favorable conditions
for cyanobacterial growth.

Conclusions: Nutrient inputs, temperature, and hydrological conditions
significantly influence cyanobacterial blooms. Understanding these factors
is crucial for implementing effective water management strategies to reduce
algal proliferation and protect freshwater quality.

Key words: Koudiet Medouar water dam, blue-green algae,
cyanobacteria, nutrient pollution, Timgad.

Introduction

The availability of fresh water is one of the necessities of life. Although
it represents 2.5% of all the water on our planet, less than 1.2% is in lakes,
rivers, and dams, while 68.7% is in form of glaciers and ice caps, and
30.1% is under ground (Gleick, 1993).

With demographic growth and industrial development, surface fresh
water such as that from dams has become more and more important
because of its ease of access and treatment (Berga et al, 2006; Loucks et
al, 2017). However, the quality of such water resources has suffered
serious deterioration, principally because of domestic and industrial
wastewater effluents (Quesada et al, 2019; Segerson & Walker, 2002;
Walker et al, 2019).

Surface water pollution has been made the principal objective of
several studies during the last years, indeed because of their serious
health and environmental risks. Pollutants such as heavy metals, nitrates,
phosphorus, dissolved organic matter (DOM) and others are well-studied
(Adimalla et al, 2020; Karaouzas et al, 2021; Pivokonsky et al, 2016; Qu &
Fan, 2010), but in fact, they still make a real challenge for water producers.
Nutrient pollution which includes nitrogen (N) and phosphorus (P) is the
leading type of contamination in water sources such as dams (Segerson
& Walker, 2002). While plants and animals need these nutrients to grow,
they have become a major pollutant due to fertilizer runoffs and effluents
of domestic and industrial wastewater. Nutrient pollution typically
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stimulates phytoplankton growth in dams (Dzialowski et al, 2005; Marra et
al, 1990). Unfortunately, some genera of phytoplankton named
cyanobacteria or blue-green algae (B-G Algae) usually break out and
stand stably, leading to problems with hypoxia, toxins, and changes in the
structure of biological communities (Carmichael, 2008; Havens, 2008;
Dobricic et al, 2016)

The excessive proliferation of blue-green algae not only creates
ecological problems but can also affect the ability of water treatment plants
(Gitis & Hankins, 2018; Wurtsbaugh et al, 2019). This includes poor
settling, clogging sand filters, and breakthrough of small-size algae
through sand filters, the fouling of membranes, and ion-exchange resins
(Cheng & Chi, 2003; Hoeger et al, 2005). In addition, algae can also serve
as precursors to form disinfection by-products (DBPs) during chlorination
(Richardson & Postigo, 2011).

The Koudiet Medouar dam (Timgad, Batna, NE Algeria) is one of the
most important freshwater resources in the area; it is used mainly to
produce drinking water for one million inhabitants of the cities of Batna and
Khenchla as well as for irrigation (Amrane & Bouhidel, 2019). Timgad's
water dam receives water from three principal supplies: Reboua valley, the
Timgad stream, and the water transfer from the Bni Haron water dam
(Mila/Algeria).

The plant of this dam uses a conventional treatment based on the use
of the coagulation/flocculation CF technique since it has been widely used
for the treatment of surface water due to its several advantages such as
the removal of organic, suspended, and colloidal matters. It can also be
effective in removing many protozoa, bacteria, and viruses; it has been
also found to be cost-effective, easy to operate and it is an energy-saving
treatment alternative (Feihrmann et al, 2017; Mhamdi et al, 2016).

Recently, the treatment plant in the Timgad dam has faced serious
problems with water quality caused by cyanobacteria blooms. Based on
the reports, algae concentration reached 600x102 cells cmin the summer
which causes an increase in the chemicals during water treatment and
affects the organoleptic quality of the produced drinking water. While the
dam plant uses chlorination as a pretreatment, a lot of concerns have been
raised about DBPs formation and its risks to public health.

Since this dam is of recent origin and little research has been carried
out about it, except for a few studies (Bouslah et al, 2017; Labed, 2015;
Smatti-Hamza et al, 2020; Tiri et al, 2017) on the water quality and water
pollution, this research work aimed to study the impact of different water
supplies on the physicochemical quality of the dam water, as well as the
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factors affecting the presence of cyanobacterial blooms in this important
Algerian reservoir for better environmental monitoring.

In this work, the physicochemical parameters (especially nutrients),
blue-green algae count, and identification have been followed during four
seasons in the water reservoir and its water supplies. To the best of our
knowledge, no study has so far been reported on the nutrient pollution,
blue green algae presence and their effect on the Timgad dam water
quality.

Study materials and methods

Study area

The Koudiet Medouar watershed is located northeast of the city of
Batna in the eastern part of Algeria (Figure 1). The water from its reservoir
is used for drinking and irrigation supply with a 69 million m? total capacity,
44 m depth, and 59.000 m? surface area (Amrane & Bouhidel, 2019). The
flow goes from south to north, and it is supplied by rainwaters that come
through Reboua valley by purified sewage of bordering cities and villages
that come through the Timgad stream, and by water transfer that comes
from the Bni Haroun watershed. The area lies between the longitude of
35°30'57" N and the latitude of 6°30'48" E (Figure 1).

were reen
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Figure 1 — Geographic map for the study area. The Koudiet Medouar dam, Timgad-
Batna-Algeria (software used ArcGIS 10.3.1)
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The Koudiat Medouar watershed is characterized by a semi-arid
climate, characterized by cold and wet winters, warm and dry summers,
and the rainfall between 300 and 450 mm per year. The extreme is marked
by a climate known as a mountain climate with abundant rainfall (over 600
mm per year), especially in spring and late fall. It is sometimes
characterized by violent storms. Generally, the regional rainfall exhibits
three maxima during the year: January, May, and November. The annual
average temperature is between 12 and 13 °C, with January as the coldest
month and August as the hottest month (average between 26 and 34 °C)
(Bouslah et al, 2017).

Sampling

Four sampling sites were chosen, each one from the dam and its

supplies:

- Station A - The intake tower of the dam: the samples in this station
were collected from different depths using a Niskin bottle attached
to an electric hoist winch.

- Station B - Reboua valley (a source of rainwater that comes from
the mountains).

- Station C — The Timgad stream (a source of purified wastewater
that comes from the purification stations of the bordering cities).

- Station D - The water transfer comes from the Bni Haroun dam
water (Mila-Algeria) which was put into service in 2013 (this supply
was out of service during the period of study).

Samples were collected monthly from December 2020 to October
2021. They were collected at about 30 cm in depth and 1m away from the
shore (APHA, 1999). For physicochemical analysis, Polyethylene bottles
(1 dm3) were used to collect water samples. The measurement of the pH,
turbidity, temperature, and conductivity was performed on-site. Afterwards,
samples were immediately transported to the laboratory and maintained at
4 °C in darkness for no more than 48 h before analysis.

The samples of the algae were collected. These samplings were
carried out using a 20 to 100 ym mesh plankton net; the samples were
fixed in a LUGOL solution and stored in glass jars (1 dm3).

Analytical methods

Chemicals and materials

All chemicals used in this work, such as K>Cr207 (299.5%), HCI (36.5—
38%), NaOH (=98%), H2SO4 (95-98%), potassium hydrogen phthalate
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(KHP) (299.95%), ammonium persulfate (298%), potassium antimonyl
tartrate (299%), ammonium molybdate (99.98%) and ascorbic acid (99%),
anhydrous sodium tetra borat Na;B4O7 (299.5%), phenol (299%), disodium
ethylenediamine-tetraacetic acid EDTA (297%), and others, were
purchased from Sigma-Aldrich, Algeria.

Analysis of the physicochemical parameters

Temperature, pH, and conductivity were measured in situ using a
Hanna Instrument (Portable pH/EC/TDS/ Temperature) Model No.
H1991300. Also, the dissolved oxygen (DO) was measured in situ using a
portable oxygen meter (Hanna HI 9142). Turbidity was measured in the
laboratory using a HACH 2100N turbid meter. Calcium (Ca?*), and total
hardness were determined by the volumetric method using ethylene
diamine tetraacetic acid (EDTA) while orthophosphates (PO.*) and nitrate
(NO*) were determined by colorimetric assay using a Shimadzu UV-1601
spectrophotometer (Rodier et al, 2009).

Organic matter analysis

The COD of the dam water and deferent supplies was measured
following the chemical oxygen demand index small scale sealed-tube
method (ST-COD) (Rodier et al, 2009). Standards of 0, 5, 10, 15, 20, and
25 mg dm of dissolved oxygen were prepared with potassium hydrogen
phthalate (KHP) using ultra-pure water for all dilutions. After 2 h in a
normalized thermo-reactor (WTW) at 150 °C, the dichromate excess
absorbance of samples and standards was measured using a UV-visible
spectrophotometer (Shimadzu, PharmaSpec 1700 UV/Vis) at 444 nm with
a quartz cell of a 1 cm path length. The instrument was calibrated using
ultrapure water as a blank.

Total phosphorus (TP) analysis

In a typical procedure for neutral digestion, 1 cm?® of sulfuric acid
solution and 0.4 g of ammonium persulfate were added to a 125 cm?
Erlenmeyer flask containing 50 cm® of the aqueous sample (or the
standard), and mixed. Then these flasks were placed on a pre-heated hot
plate for approximately 30-40 min. After digestion, the samples were
cooled and diluted to 50 cm?® and 8 cm?® of a combined reagent (H.SO4
solution, potassium antimonyl tartrate solution, ammonium molybdate
solution, and ascorbic acid solution) was added and mixed thoroughly.

The characteristic blue color fully developed within 10 min at room
temperature. The absorbance of the formed compound was measured at
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880 nm with a spectrophotometer using a 1 cm quartz cuvette (APHA,
1992).

Total nitrogen (TN) analysis

The TN is analyzed following the Kjeldahl digestion method using an
automated system of digestion/distillation/titration (U.S. Environmental
Protection Agency, 2001).

Algae analysis

The collected samples of algae were fixed using a LUGOL solution of
15%, and the species were counted and identified using an inverted
microscope OPTIKA IM-2 Trinocular according to the method of
UTERMOL (British Standards Institute, 2006).

Results and discussion

Physico-chemical quality of the studied water

Samples were taken from 3 different locations, at about 30 cm in
depth. Table 1 shows that most physicochemical parameters are in normal
values except for Reboua Valley which gives high levels of turbidity
reaching 60.4 NTU during the rainy season due to the high flow rate.

Figure 2 shows that the TP concentration is extremely high ranging
between 0.92 and 15.76 mg dm™ in the Timgad stream (throughout the
study period). These results are unexpected for the Timgad stream, which
is considered purified wastewater. And on the contrary, the results of TN
ranged between 150 and 300 ug dm laid as to confirm that the purification
plan used needs improvement.

Reboua valley has also shown high levels of TP ranging between 0.59
and 15.77 mg dm during the rainy season; this may be due to an erosion
of agricultural lands. The TN values ranged between 500 and
625 ug dm-.

On the other hand, the TP concentration in the dam water varies
between 0.59 and 6.48 mg dm (below the Algerian standards of 10 mg of
P dm=), which shows a clear impact of the Timgad stream and Reboua
valley on the dam water quality. The TN results ranged between 105 and
223 pg dm’,

The organic matter concentration in the water between summer and
winter has also been investigated in this study. The maximum value of 25
mg O, dm™ was recorded during May in the dam water and 27 mg O
dm= in the Timgad stream. A good stratification and aeration in the dam
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water was shown by the DO analysis; the mean average is 6.54 and 6.30
mg dm at the top and bottom, respectively.
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Figure 2 — Results of total phosphorus between December 2020 and October 2021

Algae analysis

In this study, two water supplies have been investigated and
compared with the dam water. The maximum values of the total algae
concentration were 428.5x103 cells cm™ (recorded during October 2021)
and 344x103 cells cm™ (recorded during July 2021) in the Timgad stream
and the dam water, respectively, as shown in Figure 3 and Figure 4.

It seems that the low flow rate, the high load of nutrients (TP
especially), and the lighting conditions in the Timgad stream give the
perfect conditions for algae proliferation (Lv et al, 2011; Mitrovic et al,
2011). Since the maximum values of the blue-green algae (B-G Algae)
concentration were recorded in July 2021 (360%103 cells cm) and May
2021 (217x10% cells cm®) in the Timgad stream and the dam water
respectively, a probable reason was the ideal conditions of temperature,
light, and nutrients (Giannuzzi, 2018). The percentage of blue-green algae
shows values superior to 50% between March and August 2021 (spring
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load (TP in particular) as well as the temperature that can control the

domination of algae species (Journey et al, 2013; Lv et al, 2011). During
the period of study, no algae proliferation is found in Reboua valley,

and summer). The possible explanation for these results is the nutrients
probably due to the high flow rate.
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The dominant algal species identified in the dam water and the
Timgad stream between March and August 2021 were Planktothrix
(Cyanobacteria), and Aphanizomenon flos-aquae (Cyanobacteria).
Cylindrospermopsis (Cyanobacteria), Euglena sp (Cyanobacteria),
Nodularia spumigena (Cyanobacteria). These species are often
considered a type of "nuisance algae" because they can form dense
blooms that can affect the appearance, odor, and taste of the water, as
well as interfere with the growth of other aquatic plants and animals
(Havens, 2008). They can also produce potent toxins that are harmful to
humans and animals (Codd et al, 2005). For this reason, monitoring and
management strategies are necessary to control the proliferation of these
species.

The dominance of some cyanobacteria like Aphanizomenon and
Oscillatoria is possible due to the low nitrogen content in the dam water
and the Timgad stream, whereas in a similar situation this genera of
cyanobacteria called N2-fixing can fix atmospheric nitrogen, which can
lead to a lack of nitrates or ammonia (Issa et al, 2014).
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Figure 3 — Count of Algae and B-G algae in the dam water (Station A)
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Figure 4 — Count of Algae and B-G algae in the Timgad stream (Station C)

Effects of TP on blue-green algae dominance

The combined results of the physicochemical analysis and the algae
analysis show a positive correlation between the TP and blue-green algae
concentration in the dam water (R?=0.85) (Figure 5), and in the Timgad
stream (R2=0.48) (Figure 6).

The strong positive correlation in the dam water compared with the
Timgad stream is possibly due to the difference in homogeneity and mixing
conditions (Whitton, 2012).

However, in general, these results have been in agreement with the

conclusion of a recent study that considered the TP to be the limiting
nutrient in freshwater ecosystems (Li et al, 2018; O’'Neil et al, 2012).
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Effects of temperature on blue-green algae dominance

A positive correlation has been recorded between temperature and

blue-green algae concentration in the dam water (R?

in the Timgad stream (R?

0.83) (Figure 7), and

0.84) (Figure 8) in the period between March

and August 2021. These results show that temperature is an important

factor that controls blue-green algae dominance in freshwater ecosystems

(Beaulieu et al, 2013; Konopka & Brock, 1978).
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Effects of blue-green algae on DO

The DO results negatively correlated with the blue-green algae
concentration in the dam water (Figure 9). The excessive proliferation of
algae leads to oxygen depletion (Dobricic et al, 2016). However, the results
show that the eutrophication phenomenon has not yet been reached.
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Figure 9 — Correlation between DO and the cyanobacteria count in the dam water
between March 2021 and October 2021

Conclusion

This paper delves into the impact of various water supplies on the
physicochemical quality of the Timgad dam water and the factors
influencing the presence of cyanobacteria blooms. The findings reveal that
the Timgad stream and Reboua valley contribute significantly to nutrient
levels. Elevated temperatures and nutrient loads, particularly those of total
phosphorus (TP), in the Timgad dam water facilitate the growth of blue-
green algae. Conversely, the limited nitrogen content favors the
predominance of nitrogen-fixing cyanobacteria such as Aphanizomenon
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and Oscillatoria. Moreover, the study highlights that the low flow rate and
high nutrient load of the Timgad stream create favorable conditions for
cyanobacterial growth. Importantly, the study confirms that eutrophication
has not yet occurred, underscoring the critical need for controlling nutrient
levels to enhance the efficiency of water treatment plants, maintain potable
water quality, and safeguard the aquatic ecosystem from further
deterioration.
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Resumen:

Introduccién/objetivo: Con el continuo crecimiento poblacional y la
expansion industrial, los reservorios superficiales de agua dulce, como las
presas, se han vuelto cada vez mas vitales debido a su accesibilidad y
facilidad de tratamiento. Sin embargo, la calidad de estas fuentes de agua
se ha deteriorado significativamente, principalmente debido al vertido de
aguas residuales domeésticas e industriales. La proliferacién de floraciones
extensas de algas ha generado importantes desafios para mantener la
calidad del agua potable y ha suscitado preocupacion por la salud publica.
Este estudio investiga el impacto de diversas fuentes de agua en la calidad
fisicoquimica de una presa argelina durante cuatro temporadas (diciembre
de 2020 a octubre de 2021) y explora los factores que influyen en la
aparicion de floraciones de cianobacterias para comprender mejor y
gestionar este crecimiento excesivo.

Métodos: Se analizaron mensualmente las propiedades fisicoquimicas y la
composicion algal del agua de la presa para determinar las fuentes de
nutrientes y los factores ambientales que afectan la proliferacion de
cianobacterias.

Resultados: El andlisis revel6 que el arroyo Timgad y el valle de Reboua
son fuentes importantes de enriquecimiento de nutrientes. Las
temperaturas elevadas y las altas cargas de nutrientes, en particular el
fésforo total (PT) en el agua de la presa de Timgad facilitan la proliferacion
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de algas verdeazuladas. Ademas, el contenido limitado de nifrdgeno
favorece el predominio de cianobacterias fijadoras de nitrbgeno, como
Aphanizomenon y Oscillatoria. El estudio también destaca que el bajo
caudal y la alta carga de nutrientes del arroyo Timgad crean condiciones
favorables para el crecimiento de cianobacterias.

Conclusién: El aporte de nutrientes, la temperatura y las condiciones
hidrolégicas influyen  significativamente en las floraciones de
cianobacterias. Comprender estos factores es crucial para implementar
estrategias eficaces de gestion del agua que reduzcan la proliferacién de
algas y protejan la calidad del agua dulce.

Palabras claves: presa de agua Koudiet Medouar, algas verdeazuladas,
cianobacterias, contaminacion por nutrientes, Timgad.
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Pe3some:

BeedeHue/uenb: B c853Uu ¢ pOCMOM HacesleHUs U pa3gumuem
MPOMBbILUIIEHHOCMU 08EPXHOCMHbLIE 8000eMbl C [pPecHoU 8000,
makue Kak MiomuHbl, npuobpemarom ece bonbuiee 3Ha4yeHue U3-3a
npocmomsl 3Kkcriiyamauuu u oducmku. OOHaKko Kadecmeo 3mux
UCMOYHUKO8 8000CHabXeHUsI 3Ha4YumesibHO yxXyOwusoch, 8 nepsyr
o4yepedb u3-3a cbpoca bbimo8biX U MPOMbIWIEHHbLIX CMOYHbIX 600.
PacnpocmpaHeHue 6ypHo20 ysemeHuss eodopocrned rnpuseeso K
cepbe3HbIM rpobriemam 8 CoxXpaHeHUU Kadyecmea rnumeesoli 800kl U
8bi3gasio  0b6eCcrnoKOeHHOCMb no  nogody  obwecmeeHHO20
30pasooxpaHeHusi. B OaHHoMm uccriedosaHuu u3yyaemcs ernusiHue
PasIUYHBIX UCIMOYHUKOB 800bl Ha (hU3UKO-XUMUYECKOE Ka4yecmeo 800kl
8 00HOU armkupckol MIomuHe 6 medeHue 4Yembipex epemMeH 200a
(Oekabpb 2020 e. - okmsabpb 2021 e.). B cmambe makxe uccrnedyromcsi
ghakmopebl, enusOUiUE Ha BO3HUKHOBEHUE Li8eMeEHUSs uuaHobakmepul,
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C Uesbio lyywie2o MoHUMaHus u rnpedomepauieHust ux 4Ype3mepHo20
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Pesynbmamesi: AHanu3 rnokasas, 4mo eodoem Tumzad u donuHa
Pymbypa S6nstomcsi  8aXHbIMU  UCMOYHUKaMU  numamersibHbIX
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Caxemak:

Yeod/yure: C pacmom rionynayuje u wuperem uHOycmpuje pesepeoapu
rOBPUWIUHCKUX criamKux 8o0a, Kao wmo cy bpaHe, nocmajy cee 3HavajHuUju
3602 ceoje npucmynadyHocmu u fiakohe npepade. Mehymum, keanumem
osux sodoussopulima rocmaje cee siowuju, rpe ceeza 36oe ucnywmara
KOMyHanHux u uHOycmpujckux omnadHux eoda. [Iponugepayuja
eKCmeH3uBHo2 Ugemarba aneu 0oeesna je 00 3HadvajHux rpobriema y
o0p>kasary Keanumema nujahe 8ode, kao u 00 3abpuHymocmu 3a jagHo
30paerbe. Oga cmyduja basu ce ymuuyajemM pa3nuqdumux usgopa eode Ha
hu3UYKO-XeMUJCKU Kearumem 800e Yy jeOHOj bpaHu y AImKUpy MOKOM
yemupu eoduwrba 0oba (Oeuembap 2020 — okmobap 2021), a ucnumyje u
ghakmope Koju ymudy Ha rojagy ueemarba UujaHobakmepuja kako 6u ce
6orbe pasymeo U KOHMPOUCAO0 HUX08 MPEKOMEPHU pacm.

Memode: ®usuyko-xemujcka ceojcmea 800e y bpaHu, kao U cacmas asau
Y Hb0j, aHanu3upaHu cy Ha MeCe4YHOM HUBOY Kako bu ce o0pedurnu u3eopu
HympujeHama u ¢baKmopu XugomHe cpeluHe Koju ymudy Ha WUpPeHe
yujaHobakmepuja.

Pesynmamu: AHanu3sa je rioka3ana 0a cy so0omok Tumeada u donuHa
Peboya 3HauyajHu u3eopu oboeahusarba XpaH/bUBUM Mamepujama.
Bucoke memnepamype u 8ucoka 3acuheHocm 600e XpaHI/busuMm
Mamepujama (Hapo4yumo yKyrnHum ¢pocghopomMm) y 6paHu Tumead
oflaKkwasajy wuperse riaaso3esnieHux anau. [lpu mome, oepaHU4YeHU
calpxaj asoma nodcmuye  domuHauujy — asomogpukcupajyhux
yujaHobakmepuja kao wmo cy Aphanizomenon u Oscillatoria. Takohe, y
cmyduja ce ucmude Oa criopu mok Tumealda b60zamoz XpaH/bUSUM
Mamepujama rpedcmassba rno2odHy cpeduHy 3a pacm yujaHobakmepuja.

Bakrbyyak: [Jomok xpaHrbusux Mamepuja, memrepamypa u XudposiowKu
ycrosu 3HamHo ymudy Ha usemarse UujaHobakmepuja. lNo3Hasar-e o8ux
ghakmopa 00 CYWMUHCKE je 8aXHOCmu 3a [puUMeHy eguKacHUX
cmpameauja yrpaerbaka 86000M Kako bu ce cMarbuna nponughepayuja
areu u 3awmumuo Keanumem criamkux eooa.

KrbyuHe pedu: eodeHa 6paHa Koyduem Medoyap, nnasoseneHe aree,
yujaHobakmepuje, 3azahere HympujeHmuma, Tumeao.
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Abstract:

Introduction/purpose: The slaughter of livestock during Eid Al-Adha
generates significant quantities of wastewater rich in organic pollutants.
However, the specific impact of these effluents on water quality remains
poorly documented. This study aimed to assess the pollutant loads
discharged into the Saida Valley during Eid Al-Adha and evaluate the
treatment capacity of the local activated sludge wastewater treatment plant
(WWTP).

Methods: Water samples were collected from different points in the
sewerage system at various times throughout the day during three Eid Al-
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Adha events (2017, 2018, and 2019). Several physico-chemical
parameters were analyzed, including temperature, pH, electrical
conductivity, chemical oxygen demand (COD), five-day biochemical
oxygen demand (BOD;), total suspended solids (TSS), ammonium,
nitrates, nitrites, and phosphorus. The measured pollution levels were
compared to the Algerian regulatory standards to assess compliance.
Results: The analyses revealed a sharp increase in pollution levels in the
moming, followed by a gradual decline in the evening. High pollutant loads
from slaughter effluents significantly degraded the water quality of the Saida
River. The organic pollution index classified these discharges as very high
pollution. The excessive input of organic matter and nutrients resulted in
oxygen depletion and eutrophication risks.

Conclusion: The discharge of untreated slaughter wastewater poses
serious environmental and public health risks. Strengthening wastewater
management strategies during Eid Al-Adha, enhancing treatment
processes at the Saida WWTP, and enforcing strict environmental
regulations are essential to mitigating these impacts.

Key words: Eid Al-Adha, activated sludge WWTP, biodegradability,
pollutant load, receiving environment, wastewater.

Introduction

The protection of the environment is an objective in policies of most
countries in terms of preserving natural resources and ecosystems, as well
as protecting public health (Chennaoui, 2003). In this context, wastewater,
excreta, and greywater could be considered costly by-products of the
urbanization process, requiring significant investments in treatment plants
and disposal mechanisms (Asibor et al, 2020). Freshwater resources are
being depleted at an alarming rate due to increasing water consumption.
Consequently, the volume of wastewater discharges increases
considerably (Bhave et al, 2020). In recent years, the scarcity of fresh
water and the treatment of wastewater are among the main environmental
challenges (MWR 2017). Algeria ranks 29" among the countries most
vulnerable to water stress. It is thus classified in the category of “high”
water stress, the second largest category behind that of “extremely high”
water stress. The anchoring of Algeria in the path of sustainable
development has prompted the public authorities to resume the policy of
sanitation and wastewater treatment. Thus, a special fund has been set up
to support the management and recovery of treated wastewater. It is a
pioneer on the African scale in the construction of wastewater treatment
plants. A number of 172 stations operate throughout the national territory,
providing approximately one billion cubic meters of treated water for
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agricultural irrigation (MWR 2019). Hydrous environments and aquatic
ecosystems must be protected against all forms of pollution likely to alter
water quality and harm its various uses (JORA, 2003). Thus, uncontrolled
wastewater discharges, loaded with organic matter and mixed with
chemicals, are therefore a fundamental element in terms of pollution
because they are the site of many chemical reactions and the reproduction
of many disease vectors (De Anda et al, 2018; Gautam et al, 2013). This
uncontrolled disposal of untreated sewage is the main cause of water
contamination which causes waterborne diseases such as cholera,
typhoid, and infectious hepatitis. This leads to a high risk of disease
transmission due to the presence of pathogens in irrigation water
(Kokkinos et al, 2015).

In August 2018, the Ministry of Health and Population revealed
contamination of water by the "cholera vibrio" virus, which was the main
cause of the spread of a virulent infection, resulting in two deaths in the
central regions (Algiers, Blida, Tipasa and Bouira) two days after the 2018
Eid holiday. The return of cholera, which last appeared in 1996, reminds
Algerians of certain bitter truths. It reveals major dysfunctions. This is due
to the evacuation of effluents on the day of Eid Al-Adha into the receiving
environment without any prior treatment and to the use of this water for the
irrigation of vegetables and fruits (melon, watermelon, tomato, salad, etc.).
The U.S. Environmental Protection Agency has ranked slaughterhouse
discharges (Identical to Eid Day sacrifice discharges) among the most
environmentally damaging (Walter et al, 1974). Raw water quality
assessment and treatment at the station inlet are widely preferred (Bayo
& Lopez-Castellanos, 2016).

Muslims around the world celebrate the occasion of Eid Al-Adha
which marks the end of the period of pilgrimage to Mecca. All the
slaughtering, skinning and evisceration operations are carried out in the
same place. From a symbolic viewpoint, this celebration is "the feast of
sacrifice", translated in Algeria, by the slaughter of an average of 4 million
animals (sheep, cattle, goats or camelids). Domestic drinking water
consumption peaks on the first day of Eid, the average daily quantity of 9
million cubic meters of water distributed nationally is consumed within 6
hours, thus generating an average of 7.5 million cubic meters of waste
water. For the capital of Saida region, average production is 1300 tons of
slaughtered carcasses (producing approximately an average of 710 tons
of waste/day and an average of 10608.39 m®/day of wastewater, an
average of 8 liters per kg of carcass. The operator of the Saida wastewater
treatment plant bypasses the wastewater discharges today directly into the
Saida river without any treatment on the pretext that such events cause a
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significant accumulation of mineral sludge in the structures, which would
further delay the resumption of normal operation of the plant. Moreover,
the pollution load of these waters exceeds the capacity of the plant; this
would create various problems of fouling of the structures and organs
operation of the installation (NHO, 2017).

The present study consists, initially, of monitoring certain major
pollution parameters generated by the discharge of wastewater on this
occasion and then estimating the polluting loads brought. Finally, the
impact of discharges on this occasion on the purification capacity of the
Saida station was assessed.

Materials and methods

Study area

The city of Saida is located in northwestern Algeria (Figure 1), it
covers an area of 6 613 km?2. In this region, conventional water resources
are mainly underground. Water availability is around 230
m?3/inhabitant/year (ratio of 47% of the national average). The city is 98%
connected to the sanitation network. All of this wastewater drained by the
districts of the city is directed to the treatment plant.

Figure 1 — Location of the study area

The Saida region wastewater treatment plant is located in the
northwestern part of the city. It is located near the Saida River in the
municipality of Rebahia. This station covers an area of 11.47 ha. It is
designed by the Spanish company (SACOM DIESA Algeria sector) to treat
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a nominal flow rate of waste water of 30 000 m?/day with a capacity of 150
000 equivalents/inhabitant.

The collection system connected to the treatment plant is unitary. The
pollution that the station receives comes from urban domestic discharges
and certain industrial discharges. As shown in Figure 2, the main collectors
of the station are A, B, and C. The culmination of the collectors A and C is
done by gravity. Wastewater from the collector B is routed to the pumping
station and then crosses the river to reach the collector A.

Pumping Station

Figure 2 — Main sewers of the Saida sewerage network

The Saida wastewater treatment plant operates with a low-load
activated sludge process. It has two parallel biological treatment lines.
Each line is composed of a biological reactor followed by a clarifier. The
biological reactor is the first link in secondary treatment.

The station's two basins are rectangular with a total volume of 13 068
m? for each basin. Mixing and oxygenation are ensured by six vertical axis
surface aerators having a total nominal power of 900 kw, total oxygen
supply of 1296 kg O/h and a specific mixing power of 34.4 w/m?3.

It also has two parallel cylindrical-conical settling tanks, equipped with
a scraper and a suction bridge and two sludge extraction pumps, with a
volume of 5800 m? for each basin, a horizontal surface of 1452 m? and a
peripheral height of 3 m (Figure 3).
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Figure 3 — Schematic presentation of the biological treatment of the Saida WWTP
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The technical characteristics of the station are summarized in Table 1.

Table 1 — Technical characteristics of the Saida WWTP (NHO, 2017)

Type of sewerage network. unit

Average daily flow 30 000 m3 /d

Daily load in BOD5 9 000 kg/d

Daily load in TSS 12 000 kg/d

Purification objective Inlet Outlet
(mg/l) (mg/1)

BOD5Concentration 300 30

TSS Concentration 400 30

COD Concentration / 120

Concentration of NH4+ / 5

Sampling and physical-chemical analysis

During the occasion of Eid Al-Adha, all wastewater is directed to the
receiving environment (Saida River) without any treatment. Three
sampling points (St1, Stz, and St3) were identified (Figure 4).

Figure 4 — Locations of the sampling sites
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The samples were taken on the day of Eid Al-Adha on three
consecutive occasions - August 31, 2017, August 20, 2018, and August
10, 2019. The geographical location of the three sampling sites is given in
Table 2.

Table 2 — Details of the sampling locations

N° Location name Coordinates Description

1 St1 N34°52'18.7783” B upper part manifold of
E0°08'39.2476” the Saida city

2 St2 N34°52'18.2713” A collector of the lower part
E0°08'41.7581” of the Saida city

3 St3 N34°52'18.3980" Upstream of the WWTP

E0°08'49.0967”

Wastewater samples were collected using a wide-mouth container.
The container is placed on a stick to fill a 3-liter bucket. The bucket used
is made of plastic material free of pollutants and preservatives. The bucket
was rinsed with wastewater for sampling. Samples are taken a few
centimeters below the water surface without approaching the bottom.
Then, the samples were covered and labeled with their origin and time of
collection. The samples were stored and transported in a cooler at a
temperature close to 4°C.

The monitoring of physical-chemical parameters was carried out with
a frequency of one sample every half hour in the time intervals from 08h:00
to 20h:00.

In the present study, the physical-chemical parameters analyzed are
temperature, pH, electrical conductivity, dissolved oxygen, five-day
biological oxygen demand (BODs), chemical oxygen demand (COD),
suspended matter (TSS), and the concentration of ammonium, nitrite,
nitrate and total phosphorus (Pt). All the tests are carried out in the ONA
laboratory at the Saida STEP, according to the methods described in the
ISO standard (ISO, 2025). Temperature, pH and electrical conductivity
measurements were taken "in situ".

Table 3 shows the different parameters measured. The analytical
methods used are based on the principles of the NF-EN-ISO standards
while respecting the required quality assurance/control rules.
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Table 3 — Principles of measurement of the different parameters studied (Rodier, 1975)

Parameter Abbreviation Standards

Suspended matter TSS NF T90-105
Biochemical oxygen demand BODs NF T90-103
Chemical oxygen demand COD NF T90-101
Nitrates NO3- NF T90-012
Nitrites NO2- NF T90-013
Ammonium NH4+ NF T90-015
Total phosphorus Pt NF T90-023
Conductivity Cond NFT90-31

Temperature, pH, and electrical conductivity are measured using a
thermometer (Checktemp Dip - HI98539), a conductivity meter (HACH HQ
1110,) and a pH meter (HACH HQ 1110, IP67), respectively. For
suspended solids, the analysis is based on filtration and drying at 105°C
for 2 hours. The BODs, using a BOD-meter (OXITOP112), was
determined. The COD was measured with a mineralization station (Hach,
DRB 200). For the measurement of nitrate, ammonium, nitrite, and
phosphorus content, a digestion block (BUCHI Speed Digester K-436) and
a distillation unit (BUCHI K-350) were used. The results were read with a
spectrophotometer.

Pollution indices

The calculation of the Organic Pollution Index (IPO) is based on the
distribution of the values of the polluting elements into 5 classes (Table 4).
Then, the class number is determined according to its measurements
BODs (mg O2/1)), ammonium (mg N/I), nitrite (ug N/I), phosphate (ug P/l)
and finally used to achieve the mean (Table 5).

The calculation principle of the Lisec-index is the same as the IPO
index, but replacing the average of the classes by the sum of the classes.
The principle of calculation of the Index of the Institute of Hygiene and
Epidemiology IHE is the same as the IPO, but with other classes and other
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parameters (dissolved oxygen %, COD (mg O-/l), BODs (mg Og2/l),
Ammonium (mg N/I), Phosphate (ug P/l), and Phosphorus (ug P/l)).

Table 4 — Class limits of the organic pollution index (Al-Hejuje et al, 2017)

Parameters

BOD5 NH4+ NO2- PO4-
Classes (mgll) (mg/l) (ngf) (ngf)
5 <2 <0.1 5 15
4 2-5 01-09 6-10 16 -75
3 5.1-10 1-24 11-50 76 - 250
2 10.1-15 25-6.0 51-150 251 -900
1 >15 >6 >150 >900
OPI = Average class number of 4 parameters
Table 5 — OPI classes, pollution degrees
Classes average Organic pollution level
50-4.6 Null
45-4.0 Low
39-30 Moderate
29-20 High
1.9-1.0 Very high

Results and discussion

Flow estimation

The increase in population, as well as in water consumption, leads to
an increase in the production of wastewater. In Table 1, the average flow
of collected wastewater is calculated taking into account the increase in
population corresponding to the sanitation master plans. The average flow
treated is measured at the entrance to the treatment plant. The average
flow discharged into the receiving medium without treatment is the
difference between the two flow rates collected and measured. Eid Al-
Adha’s occasional wastewater flow is calculated by multiplying the number
of carcasses slaughtered by the average volume used per carcass (8
l/carcass). The average flow of water discharged without treatment on the
day of Eid Al-Adha is the sum between the average flow discharged into
the receiving environment without treatment and the occasional discharge
of Eid Al-Adha.
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More than 98% of homes are connected to sewers. In 2017, only 72%
of waste collected was treated without danger. The 28% untreated present
risks to the environment and public health. The results show that the rate
of water discharged without treatment into the receiving environment
decreases from 27% in 2018 to 23% for 2019 (Table 6).

Table 6 — Monitoring of wastewater in the city of Saida

Wastewater rate Values (m3/d)

2017 2018 2019
Average flow rate of 28679.8 28812.9 29537.8
collected wastewater
Average flow rate treated in
the WWTP 19110 21050.4 226441
Average flow rate released  gggg g 77625 6893.7
into the receiving
environment without
treatment
Percentage of connection to
the WWTP 33% 27% 23%

Occasional flow of
wastewater on Eid Al-Adha 10474.58 10447.74 10902.86

without treatment

Average flow of water
discharged without treatment  20044.38 18210.24 17796.56

on the day of Eid Al-Adha

This shows the interest that local authorities attach to the collection of
wastewater discharges. During Eid, all wastewater is directed to the
receiving environment (Saida River) without any treatment .

Influent flow

The analysis of the curve shape in Figure 5a shows a variation in the
flow of wastewater throughout the day of sacrifice. The average rejection
on that day did not change much for the three occasions. It varies between
10 447.73 m3/d and 10 902.86 m3/d. The volume of wastewater varies
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significantly. It is related to the number of slaughtered animals and the
nature of the slaughtered animals.

The volume of wastewater increases in the morning from 9 a.m. until
noon. The examination of the daily variation reveals the presence of three
peaks which appear around 10 a.m., 11 a.m., and 2 p.m. The peaks of 10
a.m. and 11 a.m. are due to the use of water for cleaning after slaughter.
It decreases during the lunch hour, between noon and 1:00 p.m. The peak
at 2:00 p.m. is due to water consumption linked to the lunch break, which
lasts from 30 min to 2 h. The average total discharge of urban wastewater
on the days of Eid on the three occasions (2017, 2018, and 2019) varies
from 39 154.32 to 40 440.66 m®d with an average of 39 618.54 m%d
(Figure 5b).
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Figure 5 — (a) Variation of waste water from the slaughter on the day of the sacrifice. (b)
Variation in the average daily flow of urban wastewater from Saida on Eid day

This average flow is higher than the regulatory dry weather capacity
of the treatment plant, which is 30 000 m®/d. It is influenced by the mode
of use of drinking water which is inevitably accompanied by increasing
production of polluting discharges.

Physical-chemical characteristics of the Eid effluents

These effluents have a reddish appearance, an unpleasant odor and
are heavily loaded with figurative elements, trimming debris, blood clots,
pieces of horns and claws, stomach contents, feces, straw, and possibly
other organic constituents. They are drained through the collectors
towards the Saida river without treatment. Table 7 gives the average of the
results of the physical-chemical parameters of the effluents of the three
sampling stations for three Eid occasions. The bacteriological analysis of
the discharges will be the subject of another work.
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Table 7 — Average of the parameters on the day of sacrifice

Year 2017 Year 2018 Year 2019 Threshold
values

Temperature(°c) 24.0 23.5 22.5 25
pH 7.7 7.7 7.5 6.5-8.5
Cond (ps/ cm) 1406.7 13775 1487.9 2700
TSS (mg/l) 866.9 668.0 686.2 40
BOD5 (mg/l) 485.6 397.0 387.9 40
COD (mg/l) 740.8 741.9 687.8 130
NO3- (mgl/l) 54.0 64.6 65.1 50
NO2- (mg/l) 1.8 25 1.8 <01
NH4+ (mg/l) 126.1 108.1 117.9 <02
Pt (mg/l) 233 33.9 22.4 <02
Cl- (mg/l) 567.6 547.5 650.5 /
COD/BOD5 1.5 1.9 1.8 /

Temperature and hydrogen potential

The results show that the water temperature values fluctuate between
23°C and 24°C limit values for direct discharge into the receiving
environment (JORA, 2006). For the three occasions, the samples taken
show high temperatures from 9:00 a.m. until 6:00 p.m. This is due to the
influence of air temperature over 45°C in August and the usage of hot
water for grease cleaning (Figure 6).

The pH is an important parameter that represents the degree of
ionization of the studied medium. It gives an indication of the level of water
pollution. It should be closely monitored during sampling. The analysis of
the pH evolution of the water shows that the average pH values recorded
for the different stations studied and on the three Eid occasions are
relatively similar. These values range from 7.65 to 7.66 (Figure 7). It is
within the acceptable range for wastewater discharge which is between
6.5 and 8.5 according to the Algerian regulations. The values obtained are
comparable with those of other places of slaughterhouse wastewater,
which generally have a neutral to slightly basic pH (Belghyti et al. 2009).
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Figure 6 — Temperature for the three occasions of Eid
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Figure 7 — PH for the three occasions of Eid

Conductivity and chlorine

The electrical conductivity of water reflects its ability to allow an
electric current to pass. This ability is due to the presence of ions in the
water, which transport the charges. Therefore, higher mineralization of
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water increases its conductivity. Conductivity measurement is thus a quick
and effective way to assess water mineralization (Rodier, 1975).

Any polluted discharge typically leads to an increase in conductivity
(Rejsek, 2002). The observed results, ranging from 1377.44 ps/cm to
1487.9 us/cm, indicate significant variance in mineralization as reflected in
the average conductivity. This can be attributed to the discharge of highly
mineralized wastewater. These values comply with the Algerian standards
for wastewater discharge into natural environments, such as surface or
groundwater, which require conductivity to be <2700 ps/cm.

After the slaughtering of the Eid sacrifices, the chlorine values range
between 547.55 mg/l and 650.52 mg/l. The use of bleach for cleaning is
the main reason for the high chlorine concentration. These results can be
explained, on the other hand, by the formation of wastewater discharge
rich in minerals rich in fertilizers and nutrients (N.C.P).

From Figure 8a, there is a clear association between variations in
conductivity and chlorine concentrations. The variation in conductivity
follows the variation in chlorine concentration for the three Eid occasions
(Figure 8b). Chlorine contributes to high discharge conductivity.
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Figure 8 — (a) Variations in conductivity and chlorine concentrations after slaughtering (b)
Conductivity and Cl - concentration for the three occasions of Eid

A good statistically significant correlation is observed between
conductivity and chlorine (R?=0.41) (Figure 9).
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Figure 9 — Correlation between conductivity and chlorine of waste water on the day of Eid
Al-Adha

Ammonium, nitrates and nitrites

Ammonium, nitrates, and nitrites are all types of nitrogen compounds.
These variables were included because they have an impact on the
eutrophication process. Proteins, polypeptides, amino acids, and urea are
the principal sources of nitrogen organic. The majority of total nitrogen is
mineral nitrogen, which contains ammonium (NH4*), nitrite (NO2-), and
nitrates (NO37). The released effluent had extremely high levels of
ammonium and nitrate, with average concentrations of 117.41 mg/l and
61.26 mg/l, respectively (Figure 10a).

The comparison of the average concentrations of ammonium and
nitrate in the wastewater analyzed with the discharge threshold values
shows that these concentrations vary respectively from 54.03 m/l to 65.12
mg/l, which makes it possible to conclude that these effluents represent a
high pollution load in terms of pollution of the receiving environment by
nitrogen. These rates are almost identical for the three years studied due
to the particular nature of the releases on this occasion (blood and debris).
One liter of blood provides 25 grams of NTK (Peiffer, 2002). For nitrites,
which constitute an important step in the metabolization of nitrogen
compounds, it is a transitional phase between ammonium and nitrates.
Nitrites generally come either from an incomplete degradation of ammonia
or from a reduction of nitrates.

The low concentrations of nitrites, average 2.01 mg/lI encountered in
the wastewater from the effluent studied (Figure 10a) are explained by the
fact that the nitrite ion (NO2") is an intermediate compound, unstable in
the presence of oxygen, and generally has a lower concentration of both
forms, nitrate and ammonium ions.
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A statistically significant correlation is observed with conductivity (R?
= 0.4) (Figure 10b).
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Figure 10 — (a) Evolution of the nitrogen pollution for the three occasions of Eid. (b)
Statistically significant correlation is observed with conductivity (R2 = 0.4)

Total phosphorus

Phosphorus compounds exist in natural waters and wastewater in
different forms, namely soluble orthophosphates, water-soluble
phosphates, and organophosphate derivatives. The average total
phosphorus value of 26.52 mg/l is well above the limit value of 2 mg/l
(Figure 11). This content is due to the nature of the wastewater (urine and
animal faces), and to the use of detergents for cleaning. Indeed, many
detergents contain phosphates; the sodium tripolyphosphate (STPP)
content of some detergents can exceed 50%.
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Figure 11 — Evolution of the total phosphorus
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Suspended matter

TSS represent all the mineral and organic particles contained in
water. They depend on the nature of their releases. In general, TSS are
involved in the composition of water through their effect of ion exchange
or absorption on both trace chemical elements and microorganisms.
Variations of this parameter are shown in Figure 12. According to the
results, it is noted that the sacrificial wastewater is more loaded than the
Algerian urban wastewater for which the SS concentrations are between
350 mg/l and 570 mg/l (NSO 2018). Moreover, these average SS values
in the analyzed wastewater vary between 668.07 and 866.83; they are
clearly higher than the value set by the Algerian standards (JORA, 2006).
The peak of the day appears from 9:30 a.m. to 11:00 a.m. for the three
occasions studied (Figure 12). These concentrations are caused by the
washing of the slaughter areas containing blood, the washing waters of
the guts and the digestive contents, the debris discharged with the waters.
The Algerian national standards (Executive Decree 06-141 of April 19,
2006/JORADP/23-04-2006) set a concentration of 40mg/l in TSS as a limit
value in liquid effluents (domestic, industrial and agricultural).
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Figure 12 — Variation of suspended solids of waste water from slaughtering

Chemical and biochemical oxygen demand

Although COD should be considered an independent test of BODs
and will generate a higher concentration reading than BODs for a particular
wastewater sample, it is generally accepted that COD and BODs share an
empirical relationship.
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The BODs varies between 387.96 and 485.56 mg/l; these values
could be explained by the fact that the share of biodegradable organic
matter in this wastewater comes from the abundance of organic matter
(rumen debris), by the concentration of this effluent by the blood of
slaughter waste. COD makes it possible to assess the concentration of
organic or mineral matter, dissolved or suspended in the water, through
the quantity of oxygen necessary for their total chemical oxidation. The
staining of slaughterhouse rejects is caused by blood from the
slaughterhouse. Blood represents the major part of the COD of these liquid
wastes. (Khennoussi et al, 2013).

The non-biodegradable organic matter is found in large quantities in
this wastewater (high COD value) and comes mainly from various external
sources with variable compositions of these non-biodegradable elements
towards the network through the sacrificial waters. The variation of COD
shows peaks, with a profile almost similar to that of BODs (Figure 13). The
first peak appears around 9:30 a.m. while the second (very pronounced)
is observed around 10 a.m. and 11 a.m. during the day, the time of
slaughter after the Eid prayer. The values observed are between 687.81
mg/l and 741.93 mg/I.
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Figure 13 — Evolution of the organic pollution of waste water from slaughtering

There is a relationship between COD and BODs because suspended
solids include volatiles and ash, where the volatile part contributes to
BOD:s. On the other hand, BODs correlates very well with COD (R? = 0.98)
(Figure 14) because the latter contributes to the oxidation of organic and
inorganic matter, while BODs contributes to organic matter (bacteria).
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Figure 14 — Correlation between COD and BOD5 on the day of Eid Al-Adha

The results of the samples showed that for the various parameters
analyzed, the pollution is very high in the morning. It reaches its peak
around 11:00 a.m. and decreases between 12:00 p.m. and 1:00 p.m.
during the lunch break, then it increases in the afternoon. This is due to
cleaning operations.

Ratios

The use of these characterization parameters is a good way to give
an image of the degree of pollution due to raw effluents and also to
optimize the physicochemical parameters of wastewater to propose a
suitable mode of treatment. The values of different ratios are given in Table
8.

Biodegradability is measured by the COD/BOD:s ratio, which is used
to assess raw water and determine the effluent biodegradability. The
COD/BOD:s ratio is important for determining an effluent purification cycle.
Indeed, a low COD/BODs ratio indicates the presence of a substantial
fraction of biodegradable components, allowing a biological therapy to be
considered. A high value of this ratio, on the other hand, shows that a
maijor portion of the organic matter is not biodegradable, and it is advisable
to pursue physical-chemical treatment in this scenario.

Observing the COD and BODs levels on the same wastewater
showed that the COD to BODs ratio of the sacrificial wastewater will remain
constant over time. The three Eid occasions have an average COD/BOD
ratio of around 1.71.
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In conclusion, the wastewater from this occasion has a high organic
load. It is easily biodegradable and can be treated in the activated sludge
treatment plant of Saida (Figure 15).
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Figure 15 — Variation of biodegradability for the three occasions of Eid

The BODs/COD ratio gives a very interesting indication of the origin
of pollution and its treatment options (Karefa et al, 2017). It is around 0.60;
this effluent is biodegradable and confirms that these waters are loaded
with organic (60%) and inorganic (40%) matter.

According to Rejsek (2002), this organic load makes this wastewater
quite unstable; it rapidly evolves towards “digested” forms with the risk of
releasing odors.

TSS/COD: The increase in the TSS/COD ratio is an index allowing
one to suspect a phenomenon of resuspension of the deposits (during
transport in the network). The found value of this ratio is between 0.90 and
1.16.

TSS/BODS: The typical value for domestic wastewater for this ratio is
between 1.65 and 1.75 and provides information on the production of
sludge, a “natural” fraction provided by the TSS already present in the raw
water. It indicates the distribution of particulate pollution and dissolved
pollution. The average value of 1.72 indicates that the pollution is more
granular than dissolved, which characterizes an essentially unitary
network.

595

the occasion of Eid Al-Adha, pp.575-604

Zairi, S. et al, Assessment of the environmental impact of urban wastewater and the treatment capacity of the Saida activated sludge plant (North-western Algeria) on



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

The index of organic pollution

According to the values of the organic pollution index (IPO) (Table 8),
the pollution flow is classified as very strong organic pollution, as
measured by the average of the number of classes of the four criteria (IPO
= 1), owing primarily to discharges of very organic-rich sacrificial waters.

Table 8 — Relation between the pollution parameters

Ratios 2017 2018 2019
COD/BODs  1.54 1.90 1.75
BODs/COD  0.66 0.55 0.59
TSS/COD 1.16 0.90 1.09
TSS/BODs 1.75 1.65 1.75
BODs/TSS 0.60 0.64 0.59

Estimation of pollution loads

The polluting loads in (kg/d) are calculated from the concentrations in
(mg/l) of the physical-chemical parameters, and an average of the
occasional sacrifice flow and the wastewater flow discharged into the
receiving environment (Saida river) without processing (Table 9).

Table 9 — Polluting loads in carbon, nitrogen and phosphorus pollution

BOD5 TSS coD NO3 NHa4* Py
(kg/d) (kg/d) (kg/d) (kg/d) (kg/d) (kg/d)
2017 973275 17375.07 14848.68 1082.99 252840  466.83
2018 723019 12165.71 13510.72 1176.93  1969.26  617.87
2019 690435 12211.82 12240.65 1158.91  2099.10  397.93

The calculated pollutant loads give an idea of the importance of the
pollution brought to the receiving environment that day. The pollutant loads
revealed that the samples are highly loaded with the organic matterin COD
(Average = 13533.35 kg/d), in BODs (Average= 7955.76 kg/d), in TSS
(Average = 13917. 54 kg/d), the polluting loads of ammonium, nitrates, and
total phosphorus Pt respectively of the order of 2198.92 kg/d, 1139.61 kg/d
and 494.21 kg/d (Figure 16).
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Figure 16 — Untreated polluting loads

Compared to the national and international standards for the
discharge of wastewater into the natural environment (25 mg/l < BODs <
100 mg/l and 125 mg/l < COD < 500 mg/l), loads of BODs and COD in the
Saida sacrifice wastewater exceed the permissible limits for the discharge
of wastewater into the natural environment (surface water).

Conclusion

The quality of wastewater changes according to the sudden change
in the inflow. The importance of identifying the problem of waste water
discharges on the day of Eid Al-Adha is today an emergency measure. It
is time for this issue to be among Algeria's national strategic concerns.
Steps should be taken to better manage liquid waste and waste on the day
of the sacrifice.

The discharge of wastewater on the day of Eid poses a serious
environmental problem since it is highly loaded with organic matter. It is
charged with blood, tripe contents, washing water, as well as solid particles
such as animal hair, bones, offal, leather, etc., presenting panoply of
pollutants which include proteins, fats, suspension, as well as pathogenic
germs.

Both quantitatively and qualitatively, the monitoring of the wastewater
studied shows that all the pollutants characterizing the pollution (BODs,
COD, TSS, NHs*, NO2, NOs and Pt) show an increasing gradient in the
morning for all samples taken, and a decreasing gradient at the end of the
day. This increase in pollution is due to the nature of discharges after
slaughter, inducing pollution which contributes to the total degradation of
the quality of the receiving environment (Saida river).
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After the assessment of the degree of organic pollution, the organic
pollution index (IPO) of all the parameters studied (in particular with BOD5,
COD, and SS) classifies the wastewater analyzed in the category of very
strong organic pollution.

The Saida region is characterized by the presence of two types of
aquifers, a superficial aquifer, and a Karstic aquifer. The presence of faults
and cracks contribute to the contamination of the aquifers by these
releases.

It is crucial for public health that these effluents be properly treated by
an appropriate method to obtain a risk-free affluent. As the sanitation
network is unitary, it is recommended to provide a buffer basin for this
event, which could be useful in the event of heavy rainfall. The latter must
be installed upstream of the WWTP for the recovery of blood to reduce the
pollution load and treat water in the Saida WWTP that has sufficient
capacity to treat this water before its discharge into the environment.

These recommendations open prospects that must be confirmed
through intensification of local studies and further pathological analyses.

Nomenclature

pH Hydrogen potential

TSS Suspended Matter

COD Chemical Oxygen Demand
BOD Biochemical Oxygen Demand
MWR Ministry of Water Resources
NHO National Health Office

NH4* Ammonium

NOs3~ Nitrates

NO2~ Nitrites

Pt Total Phosphorus

Cl- Chlorine

EC Electrical Conductivity
OPI Organic Pollution Index

WWTP Wastwater Treatement Plant
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Resumen:

Introduccibén/objetivo: La matanza de ganado durante el Eid Al-Adha
genera cantidades significativas de aguas residuales ricas en
contaminantes organicos. Sin embargo, el impacto especifico de estos
efluentes en la calidad del agua sigue estando poco documentado. Este
estudio tuvo como objetivo evaluar las cargas contaminantes vertidas en el
valle de Saida durante el Eid Al-Adha y evaluar la capacidad de tratamiento
de la planta de tratamiento de aguas residuales (PTAR) local con lodos
activados.

Métodos: Se recogieron muestras de agua de diferentes puntos del
sistema de alcantarillado en distintos momentos del dia durante tres
eventos de Eid Al-Adha (2017, 2018 y 2019). Se analizaron varios
parametros fisicoquimicos, entre ellos temperatura, pH, conductividad
eléctrica, demanda quimica de oxigeno (DQQO), demanda bioquimica de
oxigeno a cinco dias (DBO;), sélidos suspendidos totales (SST), amonio,
nitratos, nitritos y fosforo. Para evaluar el cumplimiento, Los niveles de
contaminacion medidos se compararon con las normas reglamentarias
argelinas.

Resultados: Los analisis revelaron un aumento brusco de los niveles de
contaminacion por la mafiana, seguido de una disminucion gradual por la
tarde. Las altas cargas contaminantes procedentes de los efluentes de
matanza degradaron significativamente la calidad del agua del rio Saida.
El indice de contaminacion organica clasifico estos vertidos como muy
contaminantes. El aporte excesivo de materia organica y nutrientes
provoco un agotamiento del oxigeno y riesgos de eutrofizacion.

Conclusién: El vertido de aguas residuales de matanza sin tratar plantea
graves riesgos para la salud publica y el medio ambiente. Para mitigar
estos impactos es esencial reforzar las estrategias de gestion de las aguas
residuales durante el Eid al-Adha, mejorar los procesos de tratamiento en
la planta de tratamiento de aguas residuales de Saida y aplicar normas
ambientales estrictas.

Palabras claves: Eid Al-Adha, EDAR de Ilodos activados,
biodegradabilidad, carga contaminante, medio receptor, aguas
residuales.
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OLeHKa BO34eNCTBMS rOPOACKNX CTOYHBIX BOA HA OKPYXKaKOLLYIO Cpeay
1 3pHEKTUBHOCTN OYUCTKM aKTMBHOTMO M@ OYUCTHBIM COOPY>KEHNEM B
ropoge Caunpa Ha ceBepo-3anage Amxupa Bo BpeMs nNpasgHuka
Kypb6aH-baiipam

Cyad 3aupu?, koppecnoHaeHT, bymeduH Menaa?,
Munyd Cnvumanun®, Acma PamaHni®
@ Yuusepcutet um. Myctadel CTambynu, dpakynbTeT eCTECTBEHHbIX Hayk,
kadhenpa buonoruu, Guonoruyeckas nabopatopus,
r. Mackapa, Amxupckast HapogHas JemokpaTtuyeckas Pecnybnuka
6 YuusepcuteT um. Joktopa Mynas Taxapa B Cange,
haKkynbTeT eCTeCTBEHHbIX HayK,
kadhenpa buonoruu, Guonoruyeckas nabopatopus,
r. Canga, Amxupckas HapogHas OemokpaTtuyeckas Pecnybnuka
B YHuBepcuteT um. [loktopa Mynas Taxapa B Cange,
TEeXHonornyeckui akynbTeT,
kacpegpa rpaxxgaHcKoro CTpoMTenbCTBa M TMAPaBIIuKK,
TNabopaTopus MogenMpoBaHUs U pacHeTHbIX METOA0B,
r. Cavpa, Anmxupckasa HapogHasa [lemokpatundeckas Pecnybnuka

PYBPUKA TPHTW: 61.01.94 OxpaHa okpyXatoLlen cpeabl
B CTATbW: opurmHanbHasa HayyYHas ctaTbsl

Pe3some:

BeedeHue/uenb: [lpu yboe ckoma 60 epemsi npa3dHuka KypbaH-
balipam o0bpasyemcsi 3Ha4YumesibHOe KOu4ecmeo CMOYHbIX 800,
codepxawux opaaHudeckue 3azgpsisHumernu. OOHaKoO KOHKpemHoe
go3delicmeue smux CmMOYHbIX 800 Ha KavYecmeo 600bl ocmaemcsi
Hedocmamou4Ho uccnedoeaHHbIM. B daHHoU cmambe npedcmasrieHa
OoueHKa Kosu4decmea 3azpsisHSWUX eeuwecms, cbpackisaemMbix 8
OonuHy Calda 80 epemsi npa3dHuka KypbaH-balipam, U OUEHKY
MOWHOCMU MecmHoU cmaHyuu 04UCMKU CMOYHbIX 800 OM aKMUBHO20
una (WWTP).

Memodbi: Obpa3subi 800bI MpuxOb! 6birU 0MobpaHbl U3 pasHbIX MOYEK
KaHanusayuoHHOU cucmeMbl 8 pa3HOe 6peMsi CYmoK 80 8peMs
npa3dHuka KypbaH-batipam (2017, 2018 wu 2019). bbinu
MpoaHanu3uposaHbl HECKOSIbKO (DU3UKO-XUMUYECKUX rapamempos,
eKnoyass memnepamypy, pH, anekmponposodHocmb, XUMUYECKoe
nompebnerHue kucrnopoda (XT1K), nsmudHesHoe 6uoxumuyeckoe
nompebnerue kucropoda (Bl1Ks), obwee codepxaHue 8368EUIEHHbIX
sewjecms, aMMOHUS, Humpamos, Humpumos U ¢ocgopa.
U3mepeHHble  ypoeHU  3agpsi3HeHuUsi Obinu  corocmasneHbl ¢
amKupcKUMU HOpMamueHbIMU cmaHOapmamu C Uerblo  OUEHKU
coomeemcmeusi.

Pesynbmamb/: AHanus pes3ysibmainoe 8bid8uUsl Ppe3KOoe [108bIWeHuUe
YPOBHA 3acpPA3HeHUsA 8 ympeHHUe 4Yachbl, 3a KOMmopbIM rnocnedosarso

602



ocmerneHHoe CHUXeHuUe K eedepy. Bbicokoe codepxaHue
3a2pA3HSIUWUX 8elwecmea 8 CMOYHbIX 800ax, obpasyrouuxcs npu yboe
CKoma, 3Ha4umersibHO yXyOwuro Kkadyecmeo 800b! 8 peke Catda. [1o
uHoeKkcy op2aHuU4ecKoeo 3aepsi3HeHusi amu 8bIbpocChkI
KraccuguyupogaHbl KaK 39KCmpemarsbHO 6bICOKUe 3az2psi3Humernu.
UpesmepHoe nocmyrneHue opeaHUYeCKUX U numamesibHbIX 8euwecms
fpueesio K UCMOWEHUK0 3anacos Kucsiopoda U Pucky om
asmpodghukayuu.

Bbigod: COpoc HEOYUWEHHbIX CMOYHbIX 800 CO CKOMOBOUHU
npedcmaesisiem cepbe3Hyto y2po3y Orisi OKpyaroujeli cpedbi U 300p08bsi
HaceneHus. [na cmse4yeHUss makux rnocrnedcmeull  Heobxodumbl
cosepuwieHcmeosaHue cmpameaull yrpasneHusi CMoYHbIMU 8o0aMu 80
epemsi npa3dHuka KypbaH-balipam, cosepuwieHcmeosaHue poueccos
OYUCMKU Ha cmaHyuu o4UCmKU cmoyHbix 800 8 Caude u cobnodeHue
CMpo_auX 3KOo2U4ecKUx cmaHOapmos.

Kntouessie criosa: KypbaH-batipam, 04UCMHOE COOpYXKeHue, akmugHbIl
un, buopasnacaemMocmb, Hagpy3ka 3agpsA3HAIWUX — eeuwecms,
8000rPUEMHUK, CMOYHbIe 800kl

MpoueHa yTuuaja rpagcknx oTnagHux Boda Ha XXKUBOTHY CPeanHY U
KanauuteT npeynwhaBarkba akTUBUPAHOT MyJSba Y NOCTpojeky 3a
npeuynwhaBake oTnagHMx Boga y rpagy Cavamn Ha ceBepo3anagy
Amxnpa Tokom KypbaH-6ajpama

Cyad 3aupu?, ayTop 3a npenucky, bymeduH Mejaa?,

Munyd Cnumanun®, Acma PamaHi®

2 YHuBepanuteT ,Myctada Ctambonun”, PakynteT NnpupoaHUX Hayka,
Opcek 3a 6uonorujy, bBuonowka nadopaTtopuja,
Mackapa, HapogHa [lemokpatcka Penybnuka Amkup

6 YuuBepautet y Canam ,ap Taxap Mynawn”,
MpupogHo-maTemaTnykun hakynrter,
Opcek 3a buonorujy, Buonowika nadopartopuja,
Canga, HapogHa [lemokpaTcka Penybnuka Amxup

B YHuBep3uTeT y Cangu ,ap Taxap Mynan”, TexHonoLku cakynTer,
[enapTmaH 3a rpafeBMHapPCTBO U XMApayInukKy,
JlabopaTopuja 3a mogenupare 1 MeToae npopadyHa,
Canga, HapoaHa [Jemokpatcka Peny6nvka Amkup

OBNACT: xemujcke TexHonorunje, 3allTnTa XXMBOTHE cpeanHe
KATEITOPUJA (TWUM) YITAHKA: opurinHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: Knare cmoke mokom KypbaH-bajpama dosodu 0o crmeapar-a
8e/1UKUX Koslu4uHa omradHe eode bozame opzaHCKuM 3azahusaduma.
MeRymum, crieyucbudHU ymuuyaj 08UX KOMyHarHUx ommnadHux eoda Ha
Kkeanumem 8ode jow Huje 0080s/bHO ucmpakeH. Ljurb ose cmyduje jecme
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Oa npoueHuU KoHmamuHauujy 3azahusaquma Koju ce ucriywmajy y 00sIuHy
Caude mokom KypbaH-b6ajpama, kao u Oa MpoueHU Kanauyumem
npeyuwhaeara akmueupaHoz Mysrba JIOKasIHo2 [ocmpojerba 3a
npeyuwhasare omnadHux eoda (wastewater treatment plant -WWTP).

Memode: Y3opuu e00e cy MpUKyn/baHU ca pasfaudumux mecma y
KaHanu3ayuoHOM cucmeMy moKoM pasnudumux desioea 0aHa 3a epeme
odpxasaraKypbaH-bajpama 2017, 2018. u 2019. e2oduHe. AHanu3upaHo
fe HEKONuKo  (bU3UYKO-XEMUJCKUX rapamemapa Kao Wmo cy
memnepamypa, pH epedHocm, eflekmpuyHa npPosodsbLUBOCM, XEMUjCKa
nompowira KuceoHuka (chemical oxygen demand — COD), nemodHegHa
buoxemujcka nompowra KuceoHuka (biochemical oxygen demand —
BOD:;), ykynHe cycrneHdosaHe yecmuue, aMOHUjaK, Humpamu, Humpumu
u gbocghop. UsmepeHu Hugou 3azaheHocmu yriopeheHu cy ca amKkupCcKum
3aKoHCKuM cmarOaplOuma Kako bu ce ymepousio da fiu U y KOUKoj Mepu
odcmynajy 00 H-UX.

Pesynmamu: AHanuse cy nokasasne 0a HU80 3azaheHocmu Haaro pacme
MOKOM jympa, a NocmerneHo ce CMarbyje mokoM gevepu. Bernuku cadpxaj
3azafjusaya u3 omnadHux 600a HaKOH Kilaka 3HamHoO je ymarbuo
keanumem e60de y peuu Caude. WHOekc opeaHckoe 3azahera
Knacugbukyje oge ommnadHe 8o0e Kao u3y3emHo 3azaheHe. [pekoMepHU
YHOC OpeaHCKuUX Mamepuja u HympujeHama 0o8eo je 00 cmarbusarba
KONuU4YUHe KUCEOHUKa U 00 pusuka o0 ysemara e00e.

Sakrbyyak: Ucnywmarse HenpeduwheHe omnadHe 8ode 00 Kilarba Cmoke
npedcmaesba 036urbaH PU3UK MO XUBOMHY CPeOUHY U jagHO 30paesbe.
lNoborbwasare cmpameauja ynpasrbarba ommnadHUM eodamMa MOKOM
Kypbanr-6ajpama, yHarnpehusare ripoueca npedulwhasara y nocmpojery
3a npeyuwhasare omnadHux soda y Caudu, Kao U criposofjerbe cmpoaux
fiporuca y 3awmumu XugomHe cpeduHe 00 CyWIMUHCKe Cy 8aXXHOCMU 3a
CMarbeHe 08UX He2amueHUX ymuuaja.

KmbyyHe peuu: KypbaH-bajpam, nocmpojemse 3a npeduwhasare
akmueupaHoz Mys/ba U3 omnadHux eoda, buopasespadusocm,
onmepeherwe 3acalyjyhum mamepujama, 8030npujeMHUK, omnadHe
gooe.
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Abstract:

Introduction: The present study aims to investigate the effect of crushed
limestone sand (CLS) and limestone crushed sand dust (LCSD) on the
physical and mechanical behaviour of reconstituted river sand (RS) using
the volumetric substitution method.
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Methods: The study involved conducting direct shear tests on two
substitution series to evaluate the effect of CLS sand with incremental
increases of 0, 10, 20, 30, and 40%, and LCSD dust ranging from 0 to 35%
in 5% steps on the mechanical behaviour of reconstituted river sand. All
samples are prepared with 50% relative density and tested under three
different normal stresses of 100, 200, and 300 kPa, respectively.

Results: The results show that the substitution of river sand with CLS up to
30% enhances its mechanical properties; the peak shear strength reached
a maximum value of 29% under 200 kPa of normal stress. The substitution
of river sand for LSCD leads to a decrease in mechanical properties.
However, a more in-depth analysis of the results obtained reveals an
improvement in residual parameters, with up to 15% of substitution.
Conclusion: Following a rigorous analysis of the obtained results, it was
determined that sand reconstituted from a combination of 30% CLS and
15% LCSD offers optimal performance in terms of enhanced mechanical
properties. This solution aligns significantly with the sustainable
development of the Algerian government strategy promoting improved
characteristics and preserving natural resources while meeting the stringent
requirements of the geotechnical sector.

Key words: river sand, crushed limestone sand, limestone crushed sand
dust, substitution, shear strength, sustainable development.

Introduction

Recently, Algeria has seen a notable expansion of its road and
railway infrastructure, which has occurred in parallel with advancements in
the urban sector. Therefore, the demand for fundamental construction
materials in terms of aggregates and raw materials has increased
considerably; aggregates, being one of the most extensively utilised
resources in this sector, are responsible for the generation of
approximately 20% of waste products (equivalent to 13.5 million tonnes)
due to their high fines content (15-25%) (Guemmadi & Houari, 2009).

On the other hand, a substantial amount of waste is generated, along
with the production of additional dust. Research indicates that these by-
products can pose serious environmental and health risks, posing a risk to
both human populations and the country's biodiversity (Safiddine et al,
2017, 2021).The use of this particular type of aggregate, which contains a
high level of fine limestone, necessitates a series of washing and other
treatment procedures. Several studies were conducted with the objective
of recovering this particular industrial by-product in Algeria as crushed
sand and limestone crushed sand dust in concrete technology (Safiddine
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et al, 2017, 2021; Abbou et al, 2020; Skender et al, 2021; Logbi et al,
2023).

Recycling this type of waste could be a way of improving the
mechanical properties of sandy soils, according to other researchers
(Abbou et al, 2020; Ibrahim et al, 2020). Soils containing more angular
grains have higher shear strengths than soils based on more rounded river
sand (Holtz & Gibbs, 1956). Furthermore, the maximum shear stress and
the angle of internal friction were improved by varying the shape of soil
grains and increasing their roughness (Cho et al, 2006; Altuhafi et al, 2016;
Kandasami & Murthy, 2017). The presence of angular particles in soils can
favour the rearrangement of grains and develop additional friction between
particles, thus enhancing mechanical resistance under variable and high
loads (Holtz & Gibbs, 1956; Holtz et al, 2022; Santamarina & Cho, 2001;
Guo & Su, 2007; Li, 2013; Yang & Wei, 2014; Borhani & Fakharian, 2016).

The incorporation of fine content led to a decrease in the mechanical
properties of granular soil (Belkhatir et al, 2010; Monkul et al, 2016; Monkul
et al, 2017; Cherif Taiba et al, 2018; Benessalah et al, 2021; Ezziane et al,
2025); the fine content effect becomes significant at rates of up to 20%,
particularly in the behaviour of undrained mixtures, leading to a linear
decrease in the shear strength of silty sand (Belkhatir et al, 2010). It is
important to note that the optimum percentage of fine limestone used to
enhance the volume change of clay soils is 18%; otherwise, up to 12% of
limestone powder amount, the initial void index is significantly reduced
(Ibrahim et al, 2020). In accordance with the findings of preceding research
(Brooks et al, 2011; Sabat & Muni, 2015; Ibrahim et al, 2020; Cabalar &
Omar, 2023), it was determined that two parameters previously examined,
namely grain shape and fine content, are present in the used sand from
aggregate production quarries, represented by crushed limestone sand
(CLS) and limestone crushed sand dust (LCSD).

The present study aims to investigate the incorporation of
crushed sands and their limestone fines on the physical and
mechanical behaviour of reconstituted river sands and to align with
the Algerian sustainable development strategy.

Experimental materials and methods

Materials

In the present study, two different types of clean sand presented in
Figure 1 were used. The first is the river sand (RS) from the M'zi River
(Laghouat city), 400 km south of Algiers, and the second one is the
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crushed limestone sand (CLS) from the Montgorno quarry (Medea city)
situated 90 km south of Algiers. Both RS and CLS were characterized by
a continuous particle size distribution between 0.08 and 2mm. LCSD is
obtained from CLS sieving through an 80 um sieve.

A

o l

Figure 1 — (a) river sand (RS), (b) crushed limestone sand (CLS) and (c) limestone
crushed sand dust (LCSD)

Figure 2 shows the grain size distribution curves of clean river and
clean crushed limestone sands and limestone crushed sand dust (LCSD);
river sand (RS) is characterized by rounded particles with smooth
surfaces, classified as poorly graded (SP) according to the Unified Soil
Classification System. It is medium-sized sand with a wide grain size
distribution. On the other hand, crushed limestone sand (CLS) is well-
known by angular particles with rough surfaces. It is classified as well-
graded (SW) and exhibits a more dispersed grain size distribution
compared to RS. LCSD particle sizes predominantly smaller than 80 ym
are characterized by a wide particle size distribution. The particle size
distributions of sands and LCSD were determined according to the
AFNOR (1992, 1996) standards, respectively.
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Figure 2 — Grain size distribution curve for sands and CLS dust used

The physical characteristics of the used sands and LCSD are
presented in Table 1.

Table 1 — Physical properties of clean sands used in the experimental program

Sands RS CLS LCSD
Gs (g/cm3) 2646 2.741 2.741
emax( =) 0.904 1.097 -
emin ( -) 0.607 0.722 -
Dso (mm) 0.330 0.790 0.022
Dgo (mm) 0.394 0.987 0.023
D30 (mm) 0.259 0.390 0.020
D10 (mm) 0.177 0.120 0.010
Cu(-) 2.226 8.225 2.300
Cc(-) 0.962 1.284 1.739
WL (%) - - 26.25
We (% - - 21.11
Ip (%) - - 5.14

Specimen preparation

In the first part of this experimental program, five clean sand mixtures
were formulated; river sand (RS) was used as a base material, with
crushed limestone sand (CLS) incorporated in various volumetric
proportions of 0, 10, 20, 30, and 40% to investigate their effect on the
properties of reconstituted clean sand (RCS).The second part of the study
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involves an investigation of the effect of fine limestone on the mechanical
behaviour of the best-reconstituted sand from the first part, with reference
to its mechanical properties. These mixtures are obtained by replacing
RCS with a volumetric percentage of fine limestone ranging from 0 to 35%,
with an increment of 5%.

Physical properties

A series of three tests was conducted in order to characterise the
physical parameters of the various mixtures: granulometry analysis,
specific gravity measurement, and void ratio determination according to
the (AFNOR, 1991, 1996, 2000) standards, respectively. The grain size
distributions of the reconstituted sand mixtures are illustrated in Figure 3
(a, b).
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Figure 3 — Grain size distribution curve for the sands used in the experimental program:
(a) RCS mixture, (b) RCS with LCSD
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As illustrated in Figure 4 below, the reconstituted void ratios (eminand
emax) are presented. It has been observed that both maximum and
minimum void ratios underwent a linear decrease with increasing CLS
content up to 40%. This phenomenon could be explained by a change in
particle size, resulting in increased dispersion. However, beyond this
content level (40%), an increase in void ratio values was observed with
increasing the CLS content. This behavior can be attributed to the fact that
as particle angularity rises, voids between particles also increase, thereby
reducing particle mobility and leading to a decrease in the sample's
potential density. In contrast, rounded particles tend to minimize voids and
enhance density. These findings are consistent with previous studies
(Youd, 1973; Cho et al, 2006; Al-Tuhafi et al, 2016).

The second part deals with the effect of limestone crushed sand dust
(LCSD) where the variation of the void ratios of the reconstituted silty
sands is illustrated in Figure 4(b). The more the dust amount is increased,
the more the void ratio decreased up to 20% - this can be explained by the
filling role of fine particles until saturation. Following this percentage, an
increase in the void ratio was observed (Cubrinovski & Ishihara, 2002;
Belkhatir et al, 2011; Monkul et al, 2016; Cherif Taiba et al, 2018; Ezziane
et al, 2025).
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Figure 4 — Variation of the maximum and minimum void ratio of sand mixtures: (a)
with different CLS content, (b) with different LCSD content

The physical characteristics of the sand mixtures used in this
experimental program are represented in Tables 2 and 3.
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Table 2 — Physical characteristics of the reconstituted clean sand mixtures

Reconstituted clean sands mixtures

CLS Gs €max €min Dso Dso D3o D1o Cu Cc
(%) () () () (mm) (mm) (mm) (mm) () ()

0 2646 0.904 0.607 0.330 0.394 0.259 0.177 2226 0.962
10 2.656 0.893 0.600 0.345 0.381 0.241 0.164 2.323 0.930
20 2663 0.884 0586 0.362 0.434 0.258 0.168 2.583 0.913
30 2674 0.868 0576 0.391 0.479 0.267 0.172 2.785 0.865
40 2.682 0.852 0547 0451 0.562 0.285 0.179 3.139 0.807

100 2741 1.097 0.722 0.790 0.987 0.390 0.120 8.225 1.284
Table 3 — Physical characteristics of the reconstituted silty-sand mixtures
RCS%+LCSD% mixtures

LCSD Gs €max €min Dso Cu Cc WL We lp
(%) () () () (mm) () () (%) (%) (%)

0 2674 0.868 0576 0.391 2.785 0.865 - - -

5 2.675 0.801 0452 0.362 3.290 0.982 - - -
10 2.681 0.784 0403 0.350 5.338 1.535 - - -
15 2.682 0.778 0.384 0.333 12.62 3.478 - - -
20 2689 0.770 0.362 0.311 14.38 3.390 - - -
25 2693 0.839 0410 0.297 14.70 2.620 - - -
30 2694 0.884 0456 0.270 14.51 0.813 - - -
35 2699 0.978 0496 0.243 14.00 0.221 - - -

100 2741 1369 0854 0.029 16.84 0.087 26.25 21.11 514

Experimental setup

The effect of incorporating CLS and LCSD on the mechanical
behaviour of reconstituted sands was investigated in 36 direct shear test

series.

All experiments were performed in accordance with the standard
(AFNOR, 1994) ensuring a relative density of 50% under 100, 200, and
300 kPa of normal stress, with a constant displacement speed of 1.00

mm/min.

The shear box dimensions were 25 mm for the height of the sample
and 60 x 60 mm? for the surface area of the horizontal section. The study's
experimental program is illustrated in Table 4.
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Table 4 — Testing program of mixtures

Tests RS CLS LCSD Normal stress
(RCS-CLS %-LCSD %) (%) (%) (%) (kPa)
RCS 100 0
RCS-10 90 10
RCS-20 80 20 0
RCS-30 70 30
RCS-40 60 40
RCS-30-5 67.5 275 5 100, 200, and
RCS-30-10 65.0 25.0 10 300 kPa
RCS-30-15 625 225 15
RCS-30-20 60.0 20.0 20
RCS-30-25 575 175 25
RCS-30-30 55.0 15.0 30
RCS-30-35 525 125 35

Experimental results and discussion

Effect of crushed limestone sand (CLS) on the river sand
(RS) parameters

Effect of the CLS content on shear strength

Figure 5 shows the shear strength behaviour of reconstituted clean
sand-based 0, 10, 20, 30, and 40% of CLS under different normal stresses
(100, 200, and 300 kPa) prepared with a relative density of 50%. The test
results indicate that the shear strength of all samples increases rapidly
against the shear displacement to reach a peak value, followed by a partial
decrease that could reflect the failure behaviour; then, a stabilisation
segment is observed until the end of the shear test, which represents the
typical behaviour of soils. This pattern can be attributed to the materials'
strain-softening behaviour exhibited, whereby a peak shear strength is
achieved at small displacements, followed by gradual strength reductions
as displacement increases (Gilbert & Byrne, 1996; Igwe, 2018).

It is clear that the use of higher amounts of CLS (30 and 40%) exhibits
better stability compared to lower percentages. Additionally, higher normal
stress (300 kPa) enhances the stability of the shear stress curves, showing
improved soil failure resistance. Furthermore, an increase in shear
strength with the CLS content up to 30% is indicated by the test result; a
more detailed analysis of this parameter shows that the shear strength
increased by approximately 18, 29, and 17% under normal stress of 100,
200, 300kPa, respectively.
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Figure 5 — Variation of shear strength versus horizontal shear displacement for RS mixed
with various contents of CLS at normal stress: (a) 100 kPa, (b) 200kPa, and (c) 300 kPa

The enhancement in shear strength can be attributed to the influence
of the angular particles of CLS, by enhancing interparticle interlocking, and
contributes to developing shear resistance (Schanz & Vermeer, 1996;
Hamidi et al, 2009; Nafisi et al, 2018; Nie et al, 2022; Daghistani & Abuel-
Naga, 2023). However, at 40% CLS content, a slight decrease in the shear
strength was observed; this is due to the increased void ratio between the
particles at this stage because the increase in eccentricity leads to an
increase in the emax and emin ratios and thus the density becomes lower,
which is the reason for the decrease in resistance (Cho et al, 2006;
Shabong et al, 2023).
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Effect of the CLS content on the peak friction angle of RS

The results in Figure 6 present the influence of the CLS incorporation
on the river sand friction angle (o). It was observed that the more the CLS
content is increased, the more the friction angle is improved, reaching its
maximum value of approximately 43° at 30% CLS content, corresponding
to an enhancement rate of 12%; beyond a 30% amount, a decrease of the
friction angle is observed.
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Figure 6 — Effect of the CLS content on the friction angle

The enhancement in the friction angle is attributed to the angularity of
the CLS particles. These particular shapes of angular grains could
enhance the interlocking and frictional resistance between particles up to
a critical threshold (Been & Jefferies, 1985; Thevanayagam et al, 2002;
Cho et al, 2006; Guo & Su, 2007; Li, 2013, Abbireddy & Clayton, 2015).
Following this percentage, the friction angle decrease can be attributed to
the excess of fine particles generated by higher CLS content, reducing the
effective interparticle interactions and limiting the beneficial effects of
angularity (Vallejo, 2001; Shabong et al, 2023).

Effect of the CLS content on the volume change
behaviour

Figure 7 illustrates the effect of the CLS content on the volume change
behaviour of RS, under 100, 200, and 300 kPa of normal stresses. The
vertical displacement versus horizontal shear displacement curves reveal
three primary phases during shearing: initial contraction, dilation to vertical
displacement peak, and subsequent contraction until failure.
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Figure 7 —Vertical displacement/horizontal shear displacement curve for RS mixed with
various contents of CLS at normal stress: (a) 100 kPa, (b) 200kPa, and (c) 300 kPa

At low normal stresses (100 kPa), sands containing 10 and 20% of
the CLS content exhibit greater dilation compared to RS, which is
attributable to the theoretical capacity of sands containing irregular particle
shape to form a lower minimum void ratio compared to sands with rounded
particles, allowing particle rearrangement during shearing (Lu et al, 2019).
In contrast, when the CLS content exceeds 30%, the dilation level is
notably decreased, signifying the predominance of angular particle effects
in constraining expansive movements through enhanced interlocking and
prevention of particle rearrangement during shear resulting from the
incorporation of angular particles (Cho et al, 2006).
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Furthermore, the contraction phase in the samples containing 30 and
40% CLS is observed to intensify under 200 and 300 kPa of normal
stresses, in particular.

This behaviour underscores the critical role of angular grains in
constraining the interparticle rotation and promoting interlocking, thereby
diminishing the potential for expansion (Bolton, 1986; Lu et al, 2019).

The interaction between particle shape, content and stress illustrates
the importance of optimising the CLS content to balance expansion and
contraction to improve mechanical performance, thus justifying the use of
up to 30% CLS content in technical applications requiring high load-
bearing capacity.

Effect of the LCSD content on the mechanical properties of
the optimum reconstructed clean sands (RCS)

Based on the results obtained in the first stage, the mixture that
developed the best resistance and friction angle is the reconstituted sand
containing 30% of crushed sand.

Therefore, the investigation in the second stage will be based on
studying the effect of limestone crushed sand dust (LCSD) on the
mechanical properties of the optimum reconstructed clean sands (RCS).
RCS is substituted by LCSD with various volumetric contents (from 0 to
35%) and sheared under different normal stresses of 100, 200, and 300
kPa at 50% of relative density.

Effect of the LCSD content on shear strength

Figure 8 represents the variation of shear strength versus horizontal
shear displacement for reconstituted clean sand (RCS) mixed with various
contents of LCSD. Clearly visible in the figures is that the shear strength
of clean sand is significantly greater than that of the mixtures containing
fine particles.

Furthermore, the shear strength of clean sand increases considerably
with the advancement of horizontal displacement. Consequently, an
increase in fine content leads to a gradual decrease in shear strength,
especially during the initial stage of horizontal displacement (from 0 to 2
mm).

This reduction can be attributed to fine particles enhancing the
contractiveness phase during the test, thereby filling the voids as well as
reducing internal friction between the resulting sand particles (Arab et al,
2008; Belkhatir et al, 2010; Monkul et al, 2016; Monkul et al, 2017; Bouri
et al, 2019; Aouali et al, 2019; Nougar et al, 2021).
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Figure 8 — Variation of shear strength versus horizontal shear displacement for
reconstituted clean sand (RCS) mixed with various contents of LCSD, under normal
stress: (a) 100 kPa, (b) 200 kPa, and (c) 300 kPa

In particular, the stabilisation of shear strength at large displacements
was observed for higher proportions of LCSD (>15%), while lower
proportions (£15%) exhibited lower strength and less stability in
comparison. High fines content enhances the phenomenon of "soil
softening" or "stable cohesion", ultimately leading to relative stability after
reaching maximum shear strength values (Ishihara, 1996; Lade &
Yamamuro, 1997).

The effect of the LCSD content on the maximum shear resistance
(treak) @nd the residual shear resistance (tes) under different normal
stresses (100, 200, and 300 kPa) is shown in Figure 9. The maximum
shear strength (treak) is linearly decreased with increasing the LCSD
content under all levels of normal stress, as shown in Figure 9(a). The
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decrease is attributed to the effect of fines on reducing the interlocking
between sand particles, which reduces the ability of the mixture to resist
external loads (Shen et al, 2021; Ouici et al, 2024; Li et al, 2023).
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Figure 9 — Effect of the LCSD content on the peak and residual shear strength, under
normal stresses of 100, 200, and 300 kPa

A different trend is shown in Figure 9(b) - as the LCSD content
increases up to 15%, the residual shear strength (tres) is improved.
However, beyond this threshold, the residual shear strength is decreased
gradually with an increase in the LCSD content. This performance at this
range of substitution (less than 15%) can be attributed to the interlocking
effect between fine and soil particles during shearing, which significantly
enhances the overall structure and increases the residual shear strength
(Shi et al, 2024).

Once the value exceeds 15%, the interparticle content becomes
sufficient to destabilize the sand particles' cohesion.

This study reflects a dual effect of the LCSD content on shear strength
- fine particles improve the residual shear strength within a certain range,
while their increase leads to a negative effect on the maximum and
residual shear strength when the critical percentage is exceeded (15%).

Effect of the LCSD content on the friction angle

The influence of the limestone sand dust content (LCSD) on the
maximum friction angle (ereak) and the residual friction angle (gres) Of
reconstituted clean sand (RCS) is shown in Figure 10. The test results
show that the maximum friction angle gradually decreased as the LCSD
content increased, indicating the effect of fine particles in reducing the
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interaction between coarse grains; this result agrees with those of (Bouri
et al, 2019; Monkul & Ozden, 2007; Najjar et al, 2015) concluding that the
addition of fines to granular materials decreases the friction angle. This
decrease is attributed to fine particles by the voids filling effect, limiting the
structural cohesion and reducing the friction angle (Been & Jefferies,
1985). In addition, the results showed an almost linear relationship
between the LCSD content and the maximum friction angle.
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Figure 10 — Effect of the LCSD content on: (a) peaks friction angle (preax) and (b) residual
friction angle (pres)

On the other hand, the residual friction angle (¢rs) shows a clear
improvement as the LCSD content increases until reaching 15%; at this
threshold, the interstices between sand grains are completely filled by fine
particles, without significantly altering the interaction between the coarse
grains, thereby enhancing the residual friction characteristics
(Thevanayagam et al, 2002). However, when the substitution exceeds
15%, the residual friction angle begins to diminish due to the increased
content of fine particles, leading to the failure of structural cohesion and
the reduction of the positive effect of these particles (Vallejo, 2001).

Effect of the LCSD content on the volume change behaviour

The effect of the LCSD content on the volume change behaviour of
the reconstituted clean sand specimens, incorporating different LCSD
ratios ranging from 0 to 35% by sand volume, under normal stresses of
100, 200, and 300 kPa, is shown in Figure 11.

The analysis reveals a typical volumetric deformation of medium-
density samples, where three primary phases are observed. Firstly, there
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is the initial contraction phase, where the specimens begin to contract as
the shearing process begins due to the rearrangement of sand grains and
the void filling by fine particles (Xiao et al, 2017). Moreover, the results
illustrate that increases in normal stress lead to a greater initial contraction
behaviour of the specimens.
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Figure 11 — Vertical displacement / horizontal shear displacement curve for RCS mixed
with various contents of LCSD, at normal stress: (a)100 kPa, (b)200 kPa and (c)300 kPa

The second stage is expansion: the samples begin to expand
significantly at low pressures compared to high pressures and with the
increase in the LCSD content, especially within the range of 0 to 15%, the
expansion becomes more pronounced. Meanwhile, at an amount
exceeding or equal to 20%, the expansion gradually decreases due to the
effect of fine content in increasing the sphericity and roundness of the
samples (Nguyen et al, 2021). The final phase is indicative of the
secondary contraction under normal stresses of 200 and 300 kPa.
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Subsequent to the expansion phase, the samples begin to contract once
more under a high LCSD content. The fine particles start to create internal
saturation of the voids, thereby reducing the void ratio. Consequently, the
interlocking increases, weakening the significance of the expansion (Liu et
al, 2023).

Moreover, when the fine content (FC) is low (FC < 10%), the values of the
volume change are very similar to each other, indicating that the influence
of the LCSD content on volumetric deformation is negligible. In this case,
coarse particles dominate the mechanical properties of the soil, while fine
particles occupy the voids between them. Nevertheless, a substantial
decrease in the volume change values is observed when the FC is greater
than or equal to 15%. This decline can be ascribed to fine particles starting
to fill the voids between coarse particles. Consequently, the porosity and
compressibility of the soil are reduced, thus limiting the volume change
that occurs under loading condition (Gong et al, 2019). The distribution of
fine particles in the soil plays a critical role in the phenomenon of
contraction and expansion during the shearing process. The increase in
the percentage of fines in the soil leads to an enhancement in its
contraction, concurrent with a reduction in its expansion, resulting from an
increase in internal friction between the grains (Been & Jefferies, 1985;
Schanz et al, 1999). Furthermore, the results of (Thevanayagam et al,
2002) indicate that the optimum percentage of fines, varying between 15
to 20%, improves the behaviour of mixed sands through the filling void
without disturbing the fundamental interaction of sand grains. These
results confirm that the optimum LCSD ratio obtained in this study to
balance contraction and expansion is estimated at 15% of LSCD
substitution.

Conclusion

This experimental study investigates the effect of crushed limestone
sand (CLS) and limestone crushed sand dust (LCSD) on the mechanical
behaviour of river sand (RS). Based on the obtained results, the following
conclusions can be drawn:

— The substitution of RS with 30% CLS resulted in an enhancement of
the peak shear strength by 18, 28, and 17% under normal stresses of
100, 200, and 300 kPa, respectively. Furthermore, the friction angle is
improved to 43° (representing a 12% improvement).

— At low normal stresses (100 kPa), sands with 10% and 20% CLS
showed greater dilation compared to river sands. However, as the
content of CLS is increased to 30% or more, the dilation is reduced,
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and the contraction is increased, especially under higher normal
stresses of 200 and 300 kPa.

— The findings demonstrate a gradual decrease in the peak shear
strength values, exhibiting a linear relationship with the increasing
LCSD content. Moreover, the residual shear strength increased by
12%, 14%, and 9.5% at 100, 200, and 300 kPa normal stresses,
respectively, up to 15% LCSD content.

— The incorporation of up to 15% LCSD content enhanced the residual
shear strength without compromising the peak shear strength; beyond
this threshold, a decline in residual shear strength is observed.

— The optimum amount of the LCSD content is considered to be
15%.The peak friction angle (ppeak) regularly decreased as the LCSD
content increased.

— The residual friction angle (¢res) achieved the optimum value for 15%
of LCSD substitution.

— The substitution of sand with 15% to 20% LCSD resulted in enhanced
dilation under low stresses and balanced contraction under high
normal stresses.

The mechanical behaviour of river sands from the M'zi River was
significantly improved when substituted with crushed limestone sand at a
percentage of 30%, with the incorporation of fines from the same limestone
rock estimated at 15%. The waste from the aggregate production quarries
in the Montgorno region (Medea, Algeria) contains a limestone fines
content ranging between 15 and 20%, which allows it to be used directly
without any treatment. These findings are highly promising for the field of
sustainable development, as they demonstrate the potential to enhance
soil properties and valorise quarry by-products.

The results presented in this paper are part of a research project
focusing on the valorisation and reuse of construction and road wastes
and industrial by-products.
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Resumen:

Introduccién/objetivo: El presente estudio tiene como objetivo investigar el
efecto de la arena caliza triturada (CLS) y el polvo de arena caliza triturada
(LCSD) sobre el comportamiento fisico y mecanico de la arena de rio
reconstituida (RS) utilizando el método de sustitucion volumétrica.

Meétodos: El estudio implico la realizacion de pruebas de corte directo en
dos series de sustitucion para evaluar el efecto de la arena CLS con
incrementos incrementales de 0, 10, 20, 30 y 40%, y del polvo LCSD que
varia de 0 a 35% en pasos del 5% sobre el comportamiento mecanico de
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la arena de rio reconstituida. Todas las muestras se preparan con una
densidad relativa del 50% y se prueban bajo tres tensiones normales
diferentes de 100, 200 y 300 kPa, respectivamente.

Resultados: Los resultados muestran que la sustitucion de arena de rio por
CLS hasta un 30% mejora sus propiedades mecanicas; la resistencia
maxima al corte alcanzé un valor maximo del 29% bajo 200 kPa de tension
normal. La sustitucion de arena de rio por LSCD conduce a una
disminucion de las propiedades mecanicas. Sin embargo, un analisis mas
profundo de los resultados obtenidos revela una mejora en los parametros
residuales, con hasta un 15% de sustitucion.

Conclusién: Tras un andlisis riguroso de los resultados obtenidos, se
determiné que la arena reconstituida a partir de una combinacién de 30%
de CLS y 15% de LCSD ofrece un rendimiento optimo en términos de
propiedades mecanicas mejoradas. Esta solucibn se alinea
significativamente con la estrategia de desarrollo sostenible del gobierno
argelino que promueve la mejora de las caracteristicas y la preservacion
de los recursos naturales, al tiempo que cumple con los estrictos requisitos
del sector geotécnico.

Palabras claves: arena de rio, arena caliza triturada, polvo de arena
caliza triturada, sustitucion, resistencia al corte, desarrollo sostenible.

BrivaHune gpobneHoro n3BecTHAKOBOro necka 1 nbinm Ha u3nko-
MexaHMUYecKne CBOMCTBA PEYHOro necka: 3KCnepuMeHTanbHoe
uccnegoBaHue

Axmed Bunan BeHbsixua?, Enuc Npkn®, KoppecnoHAeHT,
Axmed xadpap XeHHn?, Myxammed E3snand, SuH En AbuduH NenpaHn®
2 YHuBepcuteT Xaccubbl beH Byanu,

Na6opaTopus cTpykTyp, reotexHuku n puckos (LSGR),

r. lWned, Amkunpckas HapogHas JemokpaTtunyeckas Pecnybnvka

6 YHuBepcUTeTCKUin LeHTp Tunassl,
JlaGopaTopusi MaTepuanoB u okpyxatowlen cpegbl (LME),
r. Mepea, Anmxupckas HapogHas [lemokpatudeckas Pecnybnuka

® YHuBepcuteT bnnga 1, dakynbTeT rpaxaaHCcKoro CTpoMTenbCTBa,
r. Bnnga, Amxnpckasa HapoagHas JemokpaTunyeckas Pecnybnuka

PYBPUKA TPHTW: 81.09.00 MaTepnanoseneHue
BWO CTATbW: opurmHanbHas Hay4Has ctaTbs

Peswome:

BeedeHue/uenb: Llenbto Hacmosiweao uccrnedosaHusi s8rsemcs
usydeHue  enusiHUsi  OpobrieHO20  U3BECMHSIKOBO20  Mecka U
useecmHskoeoU nbiu Ha gbusudeckue U MexaHu4dyeckue cgolicmea
80CCMAaHOBJ/IEHHO20 PEYHOo20 [lecka C Uucrosib3ogaHueM Memoda
06BEeMHO020 3aMeleHUsl.
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Memodbi: WccnedosaHue ekrrovano nposedeHue ucrnbimaHull Ha
npsivoli cdgue C ucrosib3ogaHueM 08yx cepuli 3ameHumernel Ons
OUEHKU 8rusiHUs OpobrieHo20 U38EeCMHSIKOBOZ0 recka C ocmerneHHbIM
ysenudyeHuem codepxaHusi Ha 0, 10, 20, 30 u 40% u ussecmHsikogol
nbinu 8 duanaszoHe om 0 do 35% c waeom 8 5% Ha MexaHu4Yeckue
ceolicmea 80CCMaHOB/IEHHO20 PeYyHo20 recka. Bce obpasybi 6biniu
noGaomoerieHbl ¢ omHocumersbHoU nnomHocmbeto 50% u ucrnbimaHsbi
o0 mpemsi pasnnuvyHbIMU HopMasbHbIMU HanpsxeHusmu 100, 200 u 300
kla.

Pesynbmamsbi: Pe3ynbmamsbi Mokasbigarom, 4mo 3amMeHa peyHoeo
rnecka Ha OpobrieHbili U3gecmHsIKo8bIU rnecok Ha 30% ynydwaem ezo
MexaHu4ecKkue ceolicmea; MakcuMasibHasi MPoYHoOCmb Ha cdeue npu
amom docmuarnia MakcumarbHo20 3HadyeHuss 8 29% npu HOpMasrbHOM
HanpsikeHuu 200 klla. B mo epems Kak 3aMeHa peyHo20 rnecka Ha
U3BECMHSAKOBYIO [blfIb  IpUBOOUM K CHUXEHUK MexaHU4YeCcKUX
ceolicmg. OOHako 6onee muwamernbHbIlU aHanu3 MoayYeHHbIX
pes3ynbmamos rokasbieaem yily4YlweHUe 0CmamoYHbIX napamMmempos,
docmuearouiee 15% npu 3ameHe.

Bbigod: [llocrne muwamernbHO20 aHanu3a MoJfyYeHHbIX pe3yribmamos
YCMaHOB/IEHO, 4MO MEeCcoK, 80CCMaHOBMEeHHbIU u3 KombuHauuu 30%
OpobrieHo20 u3secmHsikogoeo rnecka u 15% ussecmHsikogol nbinu,
obnadaem onmumarsibHbIMU 3KCITyamauloHHbIMU XapakmepucmuKamu ¢
MOYKU 3PEHUS YITyYWEeHHbIX MEexaHU4YecKux ceolicme. 3mo peweHue 8
3Ha4yumeribHOU CmerneHU coomeemcmsyem cmpameauu ycmou4ugo2o
paszsumusi npasumenscmea ArmKupa, HanpaeneHHoU Ha yry4YueHue
XapakmepucmuK U  COXpaHeHuUe  MPUPOOHbLIX  pecypcos  rnpu
00HO8peMeHHOM cobrtodeHuUU xecmkux mpebosaHull 2e0MexHU4EeCKO20
cekmopa.

Kntouesnie criosa: peqHoli necok, OpobrieHbIl U38ECMHSIKO8bIU MECOK,
uszeecmHsikogasi OpobrieHasi necyaHasi fbiiib, 3aMeweHuUe, MPOYHOCMb
Ha cdsue, ycmou4usoe pazsumue.

YTuuaj 3apobrbeHor Kpeyraykor rnecka u npaxa Ha MexaHu4ko
noHallahe MeLlaBMHa pPeyvHor necka: ekcriepMeHTanHa ctyavja
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OBNACT: maTepujanu
KATEFOPWJA (TWIM) YNAHKA: opurnHanHu Hay4Hu pag

Caxemak:

Yeod/uyurb: Ljurb ose cmyduje jecme da ucnuma ymuuyaj usdpobrbeHoe
Kpeuradkoe recka (crushed limestone sand —CLS) u kpeursaykoe rpaxa
(limestone crushed sand dust — LCSD) Ha busuyko U MexaHU4YKo
roHawarbe peKkoHcmumyucaHoe pedHoe recka mnomohy memode
gorymempujcke cyricmumyuuje.

Memode: Y cmyduju cy uzgedeHU mecmosu AUPEKMHo2 cMulara Ha 0ee
cepuje cyncmumyuuje kako 6u ce npoueHuo egpekam necka CLS ca
noseharuma y uHkpemeHmuma o0 0, 10, 20, 30, u 40%, kao u echekam
npaxa LCSD 00 0 do 35% y kopauyuma 00 5% Ha MexaHU4KO roHawaH-e
peKkoHcmumyucaHoz pe4Hoz necka. Ceu y3opuu cy npunpemroeHu ca 50%
penamueHe 2ycmuHe U mecmupaHu nod mpu pasfuduma HopMasHa
HarioHa, mj. nod HaroHuma 00 100, 200 u 300 kPa.

Pesynmamu: Pesynmamu noka3syjy 0a 3aMmeHa pe4yHoz riecka
Uu30pobrbeHUM KpeydrsadykKuM reckoM rosehasa Hez08a MexaHu4Ka
ceojcmea 0o 30%. Yspcmoha cmuuara docmuena je MakcuMarnHy
8pedHocm 00 29% rnod HopmarnHum HarioHom 00 200 kPa. S3ameHa peyHoe
recka rpaxom u3dpobrbeHo2 Kpeyraykoe rnecka 00800u G0 cMarbusarba
MexaHuU4Kux ceojcmaea. Mehymum, demarbHuja aHanuda 0obujeHux
pe3ynmama omkpusea rnobosbluare y pe3udyanHuM rnapamempuma 00
15% cyncmumyuuje.

Sakrbyyak: HakoH puzoposHe aHanuse 0obujeHux pesynmama, ymepheHo
je 0a necak pekoHcmumyucaH kombuHauujom 30% u30pobrbeHo2
Kpeurbadkoe necka U 15% Kpedyradykoz npaxa HyOu onmumMarsHe
nepghopmaHce kala je pedy 0 nobosbWaHUM MEXaHUYKUM Ceojcmeuma.
060 pelwerse y 8erukoj mepu odzoeapa 00pKUBOM pa3sojy cmpameauje
amkupcke enade jep rnpomosuwie nobosblwaHe Kapakmepucmuke U
ouysar-e MpupoOHUX pecypca, 0K y UCmo epeme UCryHasa Ccimpoze
3axmese eeomexaHu4Ko2 cexmopa.

KrbydHe peyu: peqHU necak, u30pobrbeHU Kpeuyrsauyku recak, rpax
u3dpobrbeHo2  Kpeuymwaykoz recka, cyrncmumyyuja, 4epcmoha
cMmuyarba, 00pXKu8U pa3eo;.
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Abstract:

Introduction/purpose: Utilizing composite materials to reinforce reinforced
concrete structures is now a very prevalent practice in the field of civil
engineering. However, prestressed concrete construction does not usually
use this method. The principal purpose of the present study is to extend the
use of composite materials to reinforce prestressed concrete beams by
taking into account the effect of interfacial stresses concentration on the
global behavior of such structures.

Methods: A new analytical model is suggested taking into account how
changes in the RC beam's prestress affect the interface stresses. A
polynomial function expressing the variation of the geometrical shape of the
cable as well as the instantaneous and non-instantaneous losses of the
prestressed concrete beam is considered in order to address the issue of
stress concentration at the adhesive-plate-concrete interface.

Results: The main findings of the present investigation demonstrate that, in
the presence of cable prestress, the interface stresses decrease non-
significantly; but, as the prestressing force applied to the FRP plate
increases, a more substantial increase of interfacial stresses is observed.
Conclusion: Because of a high degree of contact stresses at the plate end
the debonding risk becomes greater and an anchoring mechanism is
recommended at the edge of the plate.

Key words: prestressed concrete beam, FRP composites, interfacial
stresses, fibers orientations, strengthening.

Introduction

The necessity for public works and civil engineering infrastructures to
be improved has grown significantly in recent years, to the point that
heritage preservation is one of the requirements that must be fulfilled to
ensure ecologically responsible, sustainable growth. One of the ways to
increase the safety and durability of these structures is reinforcement
using several methods. Thus, many theoretical and experimental scientific
studies have been carried out to recommend the best solutions for
reinforcing existing reinforced concrete structures. One of these solutions
is the use of composite material plates such as carbon fiber reinforced
polymer (CFRP) plates due to their high stiffness and light weight.

A review paper on the use of prestressed composite materials in the
strengthening of reinforced concrete beams was published by (Aslam et
al, 2015) illustrating the benefits and drawbacks of several strengthening
procedures, including external reinforcement (EBR), surface
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reinforcement (NSM), and externally post-tensioned techniques (EPT).
Prestressed Near Surface Mounted Carbon Fiber Reinforced Polymer
laminates (NSM-CFRP) were used in an experimental and numerical
investigation by (Mostakhdemin Hosseini et al, 2016) to strengthen low
resistance reinforced concrete slabs. The results indicate an intriguing
improvement in the bearing capacity of slabs. The impact of a prestressed
CFRP laminate on the fatigue performance of steel plates was investigated
by (Emdad & Al-Mahaidi, 2015). It is shown in this experimental and
numerical work that prestressed CFRP laminates dramatically reduce
strain in steel plate specimens. A new experimental and numerical study
on the bending behavior of reinforced concrete beams reinforced with
prestressed CFRP laminates has been developed by Gao et al. (2016);
this study's primary contribution is the application of a novel CFRP
laminate prestressing method. An analytical method for a bending study of
reinforced concrete beams reinforced by prestressed CFRP plates was
proposed by (Rezazadeh et al, 2015). This method takes into account the
maximum capacity of CFRP plate reinforced beams in cases when the first
mode of delamination predominates. A moment-curvature connection is
created based on three linear branches that correspond to the pre-
cracking, post-cracking, and post-plastification stages. In a study given by
(Bansal et al, 2016), the FRP laminates are swapped out for FRP sheets
in an attempt to solve the issue of the debonding of laminates prior to fiber
breakage.

A number of studies conducted by various experts indicate that the
presence of shear and normal stresses at the plate—core interface is an
important component. Researchers have devised numerous closed-form
solutions for the interfacial stresses since they can, in fact, lead to brittle
fracture of the concrete layer supporting the composite laminate and early
collapse of the reinforced beam. The interfacial stresses are accurately
estimated using Smith & Teng's solution (Smith & Teng, 2001); however,
it ignores the fiber orientation of the FRP plate. To enhance the solution
created by (Smith & Teng, 2001), further solutions have been put forth.
(Tounsi et al, 2009) have suggested a novel method that ignores the
orientation influence of fibers while also accounting for adherend shear
deformations. A novel approach has been provided by (Tounsi &
Benyoucef, 2007), which takes into account the fiber orientation of the FRP
plate while keeping the flexural stiffness of composite plates in mind. A
sensitivity analysis that takes into account various combinations of fiber
orientations has been considered. An analytical analysis was conducted
by (Krour et al, 2010, 2011) to provide a more precise solution for the
interfacial stress problem by taking into account the mean curvature at the
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interface between the RC beam and the FRP plate and adjusting fiber
spacing according to its thickness. Following that, an analytical and
numerical investigation was carried out by (Krour et al, 2013) to determine
the optimal approach for determining bearing capacity and interfacial
stresses.

To achieve the time-dependent impact, numerous research studies
were conducted. For example, Mohamed et al. (2009) carried out a
theoretical interfacial stress analysis for simply supported RC beams with
thin FRP composite plates, taking into account the laminate theory, the
interface slip effect on the structural performance, and the same
assumptions as (Smith & Teng, 2001). The analysis included both the
creep and shrinkage effects. Similarly to this, (Fahsi et al, 2011) carried
out an analytical analysis for interfacial adhesive stresses, including creep,
shrinkage, and thermal deformation, using the mean curvature assumption
between the two addends. Both investigations were carried out using the
Fib-international model (1990).

Recently, prestressed laminates have been applied to bridge girders
and other types of constructions in the field, with both theoretical and
empirical investigations conducted. The analyses produced closed-form
formulas that could be used to determine peeling stress and interfacial
shear in beams that had laminates or bonded, non-prestressed plates. (Al-
Emrani & Kliger, 2006) have addressed the issue of interfacial stress in
the context of prestressed laminates used for strengthening and repair.
The examined beam was not loaded throughout this experiment; only
interfacial shear stress was examined. These investigations were all
conducted on steel or reinforced concrete beams that were strengthened
with CFRP plates, either prestressed or not. Using the laminate theory and
altering the fiber orientation, (Benachour et al, 2008) conducted an
analytical analysis of the interface steel beam reinforced by a prestressed
CFRP plate.

Due to the significance of prestressed concrete, many studies have
concentrated on the estimation of time-dependent losses. Indeed, (Paez
& Sensale-Cozzano, 2021) proposed a theoretical analysis of simply
supported and continuous unbonded prestressed concrete beams, taking
into account concrete creep and shrinkage as well as pre-stressing steel
relaxation. In order to ascertain the prestress loss and time-dependent
deflection in cracked prestressed concrete elements, prestressed with
fiber reinforced polymers or steel tendons, (Paez, 2023) carried out a
novel, simplified method based on the creep-transformed section method.
Artificial Intelligence has been applied to civil engineering challenges as a
new contribution. Indeed, (Zhang et al, 2023) predicted the long-term
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prestress loss for prestressed concrete cylinder structures using machine
learning. Using a numerical model calibrated against experimental data,
(Lou & Karavasilis, 2018) gave an evaluation of the time-dependent
behavior and the prediction of the long-term deflection of concrete beams
prestressed with internal unbonded carbon fiber reinforced polymer
(CFRP) tendons.

Because composite material plates are an effective way to reinforce
steel or reinforced concrete structures, researchers are now concentrating
their efforts on employing this technique to prestressed concrete, which is
commonly used in civil engineering. An analytical study by (Mebsout et al,
2017) amply demonstrated the benefits of using prestressed FRP plates
to enhance the behavior of prestressed concrete section beams. The study
showed that it is possible to remove tensile stress by applying a
prestressed CFRP plate transforming the cross-sectional area from Class
Il to Class | according to Eurocode 2 (Le Delliou, 2003).

This paper focuses on an analytical analysis of prestressed composite
FRP plates used in conjunction with prestressed concrete beams for
reinforcement. Based on the model developed by (Smith & Teng, 2001),
the study consists of the analysis of normal and shear interfacial stresses
for a prestressed concrete beam strengthened by a prestressed FRP
composite plate, where (Smith & Teng, 2001) deal with RC beams
reinforced with FRP plates. The beam is simply supported, and three load
cases are considered. As a new contribution, the proposed model
considers the immediate and time-dependent losses of the prestressed
concrete beam in addition to the geometrical shape of the cable. This leads
to a random fluctuation in the prestress losses along the span beam.
However, this variation of the prestress can be approximated by a simple
polynomial function necessary to facilitate the integration of the governing
equations of interfacial stresses.

Interfacial shear and normal stresses governing
equation

Previous research has shown that high stress concentration at the
interface between the composite plate and concrete may compromise this
type of reinforcement and cause the debonding of the composite plate. To
estimate these contact stresses, an analytical model based on strain
compatibility is developed in this section. Let us consider a simply
supported prestressed beam represented in Figure 1 and Figure 2.
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Figure 1 — Simply supported prestressed concrete beam strengthened with a bonded
FRP plate
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Figure 2 — Shape of the cross section
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Figure 3 displays a differential segment, or dx, of the plated beam,
with all forces and stresses indicated by their corresponding signs.

M(x) M(x) + dM(x)
Ne(x) Prestressed concrete Ne(x) +dNe(x) Y
V() Ve(x) + dVe(x)
T(x)
VIV IV
AAARRA A AN
vV :17: \% % \l/ A%
Miy(x) T(x/f\/f\/f\/f\/f\/f\/f\ L(x) + dM(x)
Np(x) % Composite u}% No(x) +dNp(x) I
Vo) g V) V) y

Figure 3 — Forces in the infinitesimal element of a soffit-plated beam

The interfacial shear and the normal stresses are represented by the
symbols z(x) and o(x), respectively.

The assumptions listed below are made:

1. The concrete, adhesive, and FRP materials behave elastically and
linearly.

2. No slip is allowed at the interface of the bond (i.e., there is a perfect
bond at the adhesive—concrete interface and at the adhesive—plate
interface).

3. Stresses in the adhesive layer do not change with the thickness.

4. Deformations of adherends 1 and 2 are due to bending moments
and axial forces.
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5. Since the shear and normal stress equations can be uncoupled by
assuming identical curvatures in the beam and the plate, the shear stress
analysis makes this assumption due to a high stiffness of the concrete
beam. Nevertheless, the peel stress solution does not make this
assumption. Many authors, including (Smith & Teng, 2001), make
advantage of this assumption.

The shear strain in the adhesive layer is expressed as:

ou(x,y) ow(x,y) Up (x) —u(x)
= —+ ~

: (1)

oy Oox h,

Consequently, the shear stress in the adhesive layer is given by:

u, (x)—u.(x)
r(x) = G, phc , 2)

a

where, G, t,,u, ,and u, indicate, in that order, the shear modulus, the

a’ "a*p
thickness of the adhesive layer, the horizontal displacement at the top of
the externally bonded FRP plate, and the horizontal displacement at the
bottom of the concrete beam. The formula for shear stress in terms of the

mechanical strain of the FRP plate¢,(x) and the concrete &,(x)is
obtained by differentiating Eq. (2) with regard to x.

d &,(x)—&.(x)
S -G, RN (3)
dx h

a

The strain at the bottom of the prestressed concrete beam is given
by:

dug(x) v,

1
Mo (x) = —— N (%), (4)

dx E.I. E A,

g.(x) =

where:
E_is the elastic modulus, M is the bending moment, N, is the axial force

and y, is the distance from the bottom of the concrete beam to its centroid.
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The bending momentM _(x)results from the external loading and the
prestress force applied with eccentricity from the centroid of the
prestressed concrete beam. Then the bending moment M _(x) may be
written as follows:

M (x) =M (x) + M . (), (5)
where:

Mpc (x)is the bending moment due to the prestress force which can be
written as follows:

M e (x) = P, (x,0) x e, (x) (6)

The present investigation employs the laminate theory (Herakovich,
1997) to underscore the impact of fiber orientation on the behavior of the
externally bonded composite plate. Applying this theory to a symmetrical
composite plate yields the following values for the composite plate

curvature k, and the mid-plane strain &’ :

-

0 . 1
ey = A1 1Ny L
2
(7)
, 1
kx = DllMx o
L by

where:

[4']=[A4]" is the inverse of the extensional matrix [4]; [D']=[D]" is the

inverse of the flexural matrix [D]; and b, is the width of the FRP plate.
The terms of the matrices [4] and [D]are written as:

N —
Ann = 22, Qmn(hj = Hj): o

%’— 3 3

641

Mebsout, H. et al, Analytical investigation of the interfacial behavior of a prestressed concrete beam strengthened with a prestressed FRP-bonded plate, pp.633-668



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

where

— E 4 E 4
01 =| —H— |cos ;) + sin” (6;)
I=viovay I=vipvy
vin E 2 2
2| —EZ2 96, |cos (0;)sin” (0)),
1=viovog
— E 4 E 4
0y) = sin” (6) + _ 2 | ©))
I=vipvoy 1=viovog
VinE ) 2
2| 2206, |cos (0;)sin” (), (9)
I=vipvay
— vpky [ 4 4 }
012 —17 cos (6’]-)+s1n (Hj)
V1221
E E 2 )
+ U 2 46, |cos (8;)sin” (6;),
I=vipvar T=vipvy
Q33 = G129

\

where j is the number of the layer; h; [@]and 9]. are respectively the

thickness, the Hooke's elastic tensor and the fibers orientation of each
layer.

Using the classical laminate theory (Herakovich, 1997), the strain at
the top of CFRP plate is given by:

du , (x) h
ap(x): P zeg—ikx, (10)
dx 2

Substituting Eq. (7) in (10) gives the following equation:
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N (x) h

p , p
—D“;Mp(x), (11)
p p

The horizontal forces equilibrium gives:

£, (%) = 4f

dN,(x) AN p ()

=b, 7(x), (12)
dx dx P

And then:

x
Nc(x):Np(x):bp(f)r(x)dx, (13)

From the second assumption below (perfect bond), we obtain:

2 2
d w,(x) _ d"w,(x) "
dx2 dx2
The relationship between the moments in the two adherends can be
written as follows:

Mc (x) = ‘I’Mp (x), (15)
with:
E .1 .D;
11
Y = _L, (16)
bP

The moment equilibrium gives:

h
My (x) = Mo (x) + M, (x) + N(x) yc+ha+5 , (17)

where, M ,(x) is the total applied moment.

In the case of the prestressed concrete beam, the bending moment is
given by:

M (x) = M (x) + M p, (x) + Mp, (x), (18)
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h
M (x) = My (x) + B (x,0) x e, (x) + P, Eyc+ha+fj, (19)

As a function of the total applied moment and the interfacial shear
stress, the bending moments in each adherend are expressed as follows:

p x hy ¥
M, (x)=- bpfr(x)(yc+—+ha)dx + My (x), (20)
Y +1 0 2 ¥ +1
and
1 X hp
M, (x) = =———| b, [ 1(x)(y, +——+hg)dx | + Mp(x),  (21)
¥ +1 0 2 Y +1

The first derivative of the bending moment in each adherend gives:

.y v | h i
< Vp () = b, r(x)(y, + L oin) (22)
Wl 2 |
M) I h, |
_ Vp(x) = by (e + 4 1) |- (23)
de Wal| 2

Substituting Egs. (4) and (11) into Eq. (3) and differentiating the
resulting equation once yields:

% (x) G, | A) 9Np () . hy, dM, (x)
2 T M1
dx h, bp dx 2bp dx
(24)
+G7a 1 dN.(x) ~ Yo dM(x)

hy \ E,A, dx  E., dx

Substituting Egs. (22), (23) and Eq. (12) into Eq. (24) gives the
following governing differential equation for the interfacial shear stress:
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hP
yc+7
dz(x) G, 2 ' G,
+— ' Dl VT(X)—iAll
dx [a EC[CD11+bp [a
(25)
h h
Vet— Yeth, +—
G,| bp 2 2
- + szil T(X):O,
t ECAC ECICD11+bp
dMp(x) dM,(x) dM ., (x) dMp,(x)
) P R R S (26)

dx dx dx dx

Due to the losses of the prestressing force and the variable
eccentricity of the mean cable along the beam span, the induced bending
moment may be approximated by a polynomial function of the forth degree.

Mcp (x) = Plx4 +P2x3 +P3x2 + Py + B, (27)
Then the shear effort induced by this moment is written as follows:
dM . (x)
Fop(6) = — L = 4Ry 43R +2BT 4 B, (28)
dx
The coefficients Pare determined by fitting the fluctuation of

immediate and time-dependent losses and are specific to each case.
The general solutions presented below are limited to loading which is
either concentrated or uniformly distributed, or both. For such loading

d*V,(x)/dx* =0, and the general solution to Eq. (26) is given by:

2
dv

7(x) = ) cosh(ax) + Cy sinh(atx) + BV, (x) + fz — ) , (29)
a dx
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where:

hP hP
, Yo t— Yeth, +—
7 G 2 2
a =4 Ai1+ p + pril
h, E.A, E.1.D +bp
: (30)
hp
yc +—
G 2
p=— b
hy | E.1.Dyy +bp
Vo(x) = Vq (x)+ ch (x)+ VPO (x)
2 2
dV,(x) d V) ’ (31)
= =24Bx+ 6P
2 2 1 2
dx dx

C,andC, are constant coefficients determined from the boundary
conditions.

Adhesive normal stress: governing differential
equations

The strain in the adhesive layer is given by:

ow(x, wp (x) = w, (x)
_ (x,7) . p c ’ (32)
oy h

&y

a

where w,(x)andw,(x)are the vertical displacements of the prestressed
concrete beam and the CFRP plate, respectively.

The normal stress in the adhesive layer is expressed as follows:
Ea
Un (.)C) = h[wp(x)_wc (X)], (33)

a
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Differentiating Eq. (33) two times gives:

2 2 2
d Un(x)z‘féi d wp(X)__d W, (x) (34)
dx h dx2 dx2

a

The moment-curvature relationship for the two adherends is
expressed as follows:

dzwc(x) M. (x)

=
dx E.I
) ce (35)
d wp(x) . DllMp(x)
=
dx bp

The moment equilibrium of the prestressed concrete beam and the
CFRP plate gives:

The prestressed concrete beam:

dM, (x)
=V.(x) —bpyCT(X)
dx , (36)
dv,(x) o
——=-b,0,(x)-¢q
dx pn
The CFRP plate:
am  (x) t
—ﬁf=%m-%£ﬂm
dx 2 , (37)
dv, (x)
T =b oo, (x)
dx P

Using the above equilibrium equations, the governing differential
equations for the deflection of each adherend are given by:

The prestressed concrete beam:

dw.x) 1 Ve o di(x) g

= ——b,0,(0+ b + , (38)
dx E., E.I & E.I
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The CFRP plate:

4
d w,(x) h, dr(x)
p , .
= o+, (39)
dx 2 dx

Substituting both Egs. (38) and (23) as well as Eq. (39) into the fourth
derivation of the interfacial normal stress obtained from Eq. (33) gives the
following governing differential equation for the interfacial normal stress:

4
d'o,(x) E, [ b
gt Djp+——10,()
dx h, E.l,
(40)
fa D, hl_ycbp df(x)+ 4 =0,
h, 2 El, ) d El

The general solution of Eq. (40) which is a fourth-order differential
equation is:

o(x) = e_}/x [C3 cos(yx) +Cy sin(;/x)] + e;/x [CS cos(yx) + Cg sin(}/x)]

dr(x) (41)

_’]1 _772(]7

dx

For large values of x, the normal interfacial stress is assumed to be
zero, and so Cs = Cs = 0.

The general equation becomes:

dr(x)
x

o,(x) = e_}/x [C3 cos(yx) + Cy sin(}/x)] -

where:
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E b
a , p
y= [Dn*
4ha Ec
b

Ie
h
P
Yep —Ec 1Dy [2)

m ’ ’ (43)
EJ.Djj +b,

1

.
EIDjy+b,

The constant coefficients C; and C, are determined by the boundary
conditions.

Application of the boundary conditions and closed-
form solutions

The following boundary conditions are thus considered:

N,(0) = P(d,1)
N,(0)=P,
M, (0)=0

I(LP/Z):O

These boundary conditions give the interfacial shear stress described
by (Smith & Teng, 2001) and written as:

Uniformly distributed load
q

(44)

L, d
L

Figure 9 — Uniformly distributed load
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cz=7 —P 713((1)- M, (d)

C

P

3
ﬂch(d)_ B dv.(d)
a dx ;{ dx2

C
3
M. (d)= L d —+P [(yc+h +— +Pld +Pyd +f§d +hd+ b

dr.(d) _ AV 2

2 = 12Pld + 6P2d + 2P3
dx dx

3
ARG

= =24P

2 2 1
dx dx

Cl = —C2

Single point load

. (49)

Pext
b
>
APP P, %
d L, d
> 7 >

Figure 10 — Single point load

For such a loading type, two cases are possible: the first considers

that the left edge of the plate is located to the left of the load application
point d <b, and the second considers that the left edge of the plate is
placed to the right of the load application point d > b .

Based on the general solution of Equation (45), applying the same

650

boundary conditions as for the uniformly distributed load, and taking into
account the continuity of the interface tangential stress and its first
derivative at the application load point, we obtain:



For d <b:

3
G, | 4, 1 v, pav.d)y B dV.(d)
R P(d) -—5—M,(d) |-— -

2
at, bp ECAC ECIC a dx a dx

b 4 3 2
Mc(d):})extd(l_Lj”)ld +bd +P3d +Pyd + B

av.(dy dv,,(d) ?
- -1Rd +6Rd 2R . (46)
dx d3x
) 4V ()
7= =44
dx dx
Cl = —C2
Ford >b:
, 3
G, | 4, 1 v, Bdv.(d) p dV,(d)
Cp=—"| —P,+ P(d) - M, (d) |-= -y —
at, bp ECAC Eclc a dx a dx

h
P
Mc(d):Pextd[l_ )+Pp (yc+ha+7

N~ | o

4 3
+Pld +P2d +P3d +P4d+PS . (47)

dv(d) dVgy(d) ’
= > :12Pld +6P2d+2P3

dx céx
3
dV,(d) d Ve (d)
= = 24Pl
dx dx
€ =-C,
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Two symmetrical point loads

P ext P ext

y y

Figure 11 — Two symmetrical point loads

In the same way as for a single concentrated load, it is possible to
obtain the expression of the tangential interface stress for two
concentrated loads, taking into account the symmetry. The expression of
the tangential stress is given by:

d<b:
3
G |4 I y Bav.d) B dV.(d)
¢y =2 iPp+7p(d)— C M) |-
at, bp EcAc Eclc a dx a dx

4 3 2
M.(d)=F,d+Rd +Pd +PBd +Fd+F

dv.(d) dV,(d) ’
c P
= y—=12Rd" +6Pd +2P , (48)
dx dx
3 SV ()
d V. (d) p
i |
dx dx
Cl = —C2
d>b:
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3
G, | 4 1 y Bdv.d) B dV.(d)
= by s ——p(a)-—¢ <L
at, bp EcAc Eclc a dx a dx
hy
Mc(d) Pextd+P (yc+ha+7
pat i pd® s ndt 1 Pd P (49)
+1 + 0 + 3 + 4 + 3 s
av.(d) AV, (d) 2
= ——— =12Rd" +6Pd + 2R,
dx djc
&y d) dVgp(d)
7= =Hf
dx dx
G =-G

The constant coefficients C, and C, for the normal interfacial stress
are given by:

E, m d4r(0) d3f(0)
¢ =[O+ 170 - ﬁrw) |t —1
2y t,E 1, 2y dx dx
E, 0 m d3r(0)
Zyzt E.l, 7 i ’ (50)

Egby| ve Dty

ty, \E.4, 2b

3 =

The aforementioned constant expressions C; and C, have been left
in terms of the bending moment M (0) and the shear force V,(0) at the

end of the soffit plate. With the constants C, and C, calculated, Eq. (42)

may be used to calculate the adhesive normal stress for all three load
scenarios.

Results and discussions

As part of the present work on strengthening existing prestressed
concrete beams using composite materials, a demonstration study on a
prestressed bridge girder is conducted to examine potential practical
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problems that could occur from applying strengthening technologies to
already-existing structures. The main goal is to demonstrate the existence
of a high level of interfacial stresses leading to early debonding failure of
laminates especially at their ends.

Additionally, it was noted that there is a knowledge gap regarding the
best way to choose the adhesives and material properties for prestressed
composite materials to minimize the amount of shear and normal stresses
at the laminate ends without compromising the effectiveness of the
strengthening technique.

For these reasons, a real case is examined. A simply supported
bridge girder having a free span of 26 meters, is considered. The data
used in this study are summarized in Table 1 and Figure 12. The laminate
is kept at a constant width of 200 mm and a constant length of 24.6 m, with
0.7 m remaining between the end of the laminate and each support. The
maximum shear and normal stress values in the bonding region depend
on a number of factors. The prestressing force and the fiber orientation in
various laminate layers are two most crucial factors for retrofitting beams.

Table 1 — Geometric characteristics of the cross section

he (mm) | h1 (mm) | h2 (mm) | hs(mm) | ha(mm) | hs (mm) | hAp (mm) | ec (mm)
1300 270 150 700 100 80 1.2 476
be(mm) | b2(mm) | bs (mm) | ba (mm) | bp (mm) | V(mm) | V'(mm) | ep(mm)
500 150 100 350 200 674 626 6271
: 350 :
80
Yoo
674
100 {150,|190
) I 700
¢ 1300
47
626 627
Y50

; $1.2
% \ average cable

500

Figure 12 — Cross section sketch
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Adhesive stresses with respect to the prestressing
force Py

Three example problems are taken into consideration. The first
problem involves a beam that is simply supported and subjected to a
uniformly distributed load (UDL), while the second problem involves a
single point load and the third problem involves two symmetric point loads.

The UDL is taken to be equal to 100kN/m, the single point load is
500kN and the two symmetric point loads are Pex=250kN and Pex=250kN.
Four values of P, are considered in this study (0, 50, 100 and 150kN). For
all the three problems, a unidirectional composite plate is used and the
instantaneous elastic modulus of concrete is considered.

By way of comparison, we considered the work of (Benachour et al,
2008), which deals with the problem of interface stresses for a reinforced
concrete beam. This will allow us to distinguish the effect of a prestressing
cable on interface stresses.

Shear and normal interfacial stresses for UDL

The variation of normal stress and interfacial shear for the prestressed
concrete beam reinforced with a bonded prestressed FRP plate along its
span for the UDL scenario is shown in Figs. 13 and 14. The numerical
values at the plate end are summarized in Table 2.

54

. T . Distance from plate end (mm)

g ° 20 / o 80 100

- il s g =100 kN/m

8 7 A,/ " = P,=0KN (Present)

% i ' —+ P,=50 KN (Present)

S 109 —+—P,=100 KN (Present)

I ! —+— P,=150 KN (Present)

Sasq P,=0 KN (Benachour et al, 2008)

3 ) P,=50 KN (Benachour et al, 2008)

n 204/ P,=100 KN (Benachour et al, 2008)
—=— P,=150 KN (Benachour et al, 2008)

-25 -

Figure 13 — Adhesive shear stress at the bond line for the FRP-strengthened beam
under various prestressing forces Pp (the beam is under UDL)
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2 4
Distance from the plate end (mm)
0 ——————————— =
20 30 40
g =100 kN/m

—=— P,=0 KN (Present)
—=— P,=50 KN (Present)
—*— P,=100 KN (Present)
1/ —+ P,=150 KN (Present)
6 P,=0 KN (Benachour et al, 2008)
‘ p
p
p

Normal interfacial stress (MPa)

P_.=50 KN (Benachour et al, 2008)
—— P_,=100 KN (Benachour et al, 2008)
—e— P_=150 KN (Benachour et al, 2008)

-8

Figure 14 — Adhesive normal stress at the bond line for the FRP-strengthened
beam under various prestressing forces Pp (the beam is under UDL)

Table 2 — Shear and normal interfacial stress at the plate end under UDL

70) (Mpa) o(0) (Mpa)
Pp (KN) Concrete Prestressed Concrete Prestressed
beam concrete beam beam concrete beam
0 5.965 5.456 2.158 1.971
50 -3.180 -3.689 -1.044 -1.231
100 -12.326 -12.835 -4.247 -4.435
150 -21.472 -21.981 -7.450 -7.638

Shear and normal interfacial stresses for a single
point load

The fluctuation of normal

stress and

interfa

cial shear for the

prestressed concrete beam reinforced with a bonded prestressed FRP
plate along its span for a single point load is depicted in Figs. 15 and 16.
The edge values are reported in Table 5.
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Shear interfacial stress (MPa)

= Distance from the plate end (mm)
0 ~ ’T* 0 . o R
20 , <
sy K Payq= 500 kN
e //—'H P.=0 KN (Present)
q0d ¥ / - P,=50 KN (Present)
; / —+—P,=100 KN (Present)
/! —+—P,=150 KN (Present)
154 ¢ P,=0 KN (Benachour et al, 2008)
P,=50 KN (Benachour et al, 2008)
20 _"' —>— P,=100 KN (Benachour et al, 2008)
—+—P,=150 KN (Benachour et al, 2008)

Figure 15 — Adhesive shear stress at the bond line for the FRP-strengthened beam under
various prestressing forces Pp (the beam is under a single point load)

Normal interfacial stress (MPa)

Distance from the plate end (mm)

20
/ P = 500 kN
—=— P,=0 KN (Present)
—o— P,=50 KN (Present)
—4—P,=100 KN (Present)
—v— P,=150 KN (Present)
P,=0 KN (Benachour et al, 2008)
p
p
p

P_=50 KN (Benachour et al, 2008)
—»— P_=100 KN (Benachour et al, 2008)
—e— P _=150 KN (Benachour et al, 2008)

Figure 16 — Adhesive normal stress at the bond line for the FRP-strengthened
beam under various prestressing forces Pp (the beam is under a single point load)

Table 3 — Shear and normal interfacial stress at the plate end under a single point load

70) (Mpa) o(0) (Mpa)
Pp (KN) Concrete Prestressed Concrete Prestressed
beam concrete beam beam concrete beam
0 2.024 1.630 0.674 0.486
50 -5.059 -5.453 -2.528 -2.716
100 -12.143 -12.538 -5.732 -5.919
150 -12.143 -19.622 -8.935 -9.122
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Shear and normal interfacial stresses for a two
symmetric point load

The prestressed concrete beam reinforced with a bonded prestressed
FRP plate exhibits variations in interfacial shear and normal stress along its

span for a two point load, as shown in Figs. 17 and 18. The effect of the
presstressing effort on the maximum interfacial stresses is shown in Table 6.
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Figure 17 — Adhesive shear stress at the bond line for the FRP-strengthened beam under
various prestressing forces Pp (the beam is under two symmetric point loads)
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Figure 18 — Adhesive normal stress at the bond line for the FRP-strengthened beam under
various prestressing forces Pp (the beam is under two symmetric point loads)
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Table 4 — Shear and normal interfacial stress at the plate end under two symmetric point

loads
%0) (Mpa) o(0) (Mpa)
Pp (KN) Concrete Prestressed Concrete Prestressed
beam concrete beam beam concrete beam
0 0.920 0.526 0.418 0.231
50 -6.164 -6.558 -2.784 -2.971
100 -13.248 -13.642 -5.987 -6.175
150 -20.332 -20.727 -9.190 -9.378

As it can be seen from the preceding figures, most interfacial stresses
happen at the ends of adhesively attached plates and they start to
decrease about 20 mm from the ends. Significant stress concentrations
are also observed in the vicinity of the plate end when the prestressing
force P, value is increased. In contrast to a reinforced concrete beam, a
small reduction in interfacial stresses is noted for the beams prestressed
by a cable.

Effect of fiber orientation

Figures 19-24 illustrate how various fiber orientations affect adhesion
stresses when viewed from the longitudinal direction of a beam. A 150 KN
prestressing force is taken into account in the theoretical parametric
analysis.

e [(90)glg
4] —a [(0)4/(90),]4

=100 KN/m  P,;=150 KN

Shear Interfacial stress (MPa)

Figure 19 — Interfacial shear stress for a prestressed concrete beam with a bonded
prestressed CFRP soffit plate having different fiber orientations (the beam is under UDL)
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Figure 20 — Interfacial normal stress for a prestressed concrete beam with a bonded
prestressed CFRP soffit plate having different fiber orientations (the beam is under UDL)
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Figure 21 — Interfacial shear stress for a prestressed concrete beam with a bonded
prestressed CFRP soffit plate having different fiber orientations (the beam is under a single
point load)
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Figure 22 — Interfacial normal stress for a prestressed concrete beam with a bonded
prestressed CFRP soffit plate having different fiber orientations (the beam is under a single
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Figure 24 — Interfacial normal stress for a prestressed concrete beam with a bonded
prestressed CFRP soffit plate having different fiber orientations (the beam is under two
symmetric point loads)

The effective modulus of the composite plate varies when a fiber-
reinforced polymer plate with various orientations is used. Fibers oriented
towards the direction of the beam would increase the plate modulus, while
fibers oriented perpendicular to the direction of the beam would
significantly decrease the plate modulus. The effects of various fiber
orientations on adhesion stresses as measured from the longitudinal
direction of the beam are displayed in Figs. 10-15.

The FRP plate with fibers aligned perpendicular to the beam axis has
the highest interfacial stresses, as shown in the above figures. This is in
contrast to the findings of (Krour et al, 2013) who showed by a numerical
study that the CFRP plate with fibers aligned perpendicular to the beam
axis has the lowest interfacial stresses. It is also important to note that,
with a prestressed CFRP plate, Bencahour et al. (2008) and Benali et al.
(2023) arrived at the same conclusion as the current investigation.

Conclusion

This paper proposes a new analytical model to determine interfacial
stresses for prestressed concrete beams reinforced by prestressed fiber-
reinforced polymer (FRP) plates.

The model used takes into account the geometric shape of the cable
along the span beam evolution as well as immediate and time-dependent
losses expressed in terms of a polynomial function.
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The model reveals the following main findings:

e A slight decrease in interfacial stresses is observed for
prestressed concrete beams.

e Prestressing the FRP plate significantly raises the interfacial
stresses, especially at the open edges of the plate.

e Prestressing the composite plate eliminates the effect of fiber
orientation and maintains the lowest level of interface stress
for fiber orientation in the longitudinal direction of the beam,
enabling efficient use of the composite in the sense of its
greater stiffness.

e The height level of interfacial stresses eventually results in the
adoption of an anchoring mechanism that makes it possible to
fix properly the composite plate.

In light of this, the investigation can be expanded to look at how time
affects the general behavior of older prestressed buildings. Both the
interface behavior and the cross-sectional behavior can be investigated in
further detail.
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Resumen:

Introduccidén/objetivo: El uso de materiales compuestos para reforzar
estructuras de hormigén armado es una practica muy comun en la
ingenieria civil. Sin embargo, la construccion con hormigén pretensado no
suele utilizar este método. El objetivo principal del presente estudio es
ampliar el uso de materiales compuestos para reforzar vigas de hormigén
pretensado, considerando el efecto de la concentracién de tensiones
interfaciales en el comportamiento global de dichas estructuras.

Métodos: Se propone un nuevo modelo analitico que considera cémo los
cambios en el pretensado de la viga de hormigén armado afectan las
tensiones de interfaz. Se considera una funcién polinbmica que expresa la
variacién de la forma geomeétrica del cable, asi como las pérdidas
instantaneas y no instantaneas de la viga de hormigén pretensado, para
abordar el problema de la concentracion de tensiones en la interfaz entre
la placa adhesiva y el hormigon.

Resultados: Los principales hallazgos de la presente investigacion
demuestran que, en presencia del cable pretensado, las tensiones de
interfaz disminuyen de manera no significativa; pero, a medida que
aumenta la fuerza de pretensado aplicada a la placa de FRP, se observa
un aumento mas sustancial de las tensiones de interfaz.

Conclusién: Debido a un alto grado de tensiones de contacto en el extremo
de la placa, el riesgo de desprendimiento es mayor y se recomienda un
mecanismo de anclaje en el borde de la placa.

Palabras claves: viga de hormigén pretensado, compuestos FRP,
tensiones interfaciales, orientacién de fibras, refuerzo.
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Pe3some:

BeedeHue/uenb: WMcrnonb3ogaHue KOMMO3UMHbIX Mamepuanog O0ns
ycusneHus xesie306emoHHbIX KOHCMPYKUUU 8 Hacmosuwee epems
sensiemcsi 8ecbMa pPacrpocmpaHeHHol rnpakmukou 6 obnacmu
epaxdaHcko2o cmpoumesnibcmea. OOHako 8 KOHCMPYKUUsIX U3
npedsapumesibHO Harpsi>keHHo20 bemoHa amom mMemod 0b6bIYHO He
ucnons3yemcsi. I'nasHoli uenbio 0aHHO20 uccriedosaHuUsi siensiemcs
pacuwupeHue UCrofb308aHUs  KOMMO3UMHbIX Mamepuanos Ors
yecuneHusi npedeapumesibHO HarnpskKeHHbIX 6emoHHbIXx 6anok ¢
y4yemomM 8IUSIHUSI KOHUEHMpaUuuu MexgasHbIX HanpsixxeHul Ha obuiee
rnoeedeHue makux KOHCmMpyKuud.

Memodsi: B cmambe npedcmasneHa Hosasi aHanumuyeckasi MoOersib,
yqyumblearowjasi, Kak U3MEHEeHUs pedsapumeribHO20 HarpsiKeHUs
npedHanpsKEHHbIX Kenne306emoHHbIX 6anoK enusitom Ha epaHuYHbIe
HanpspkeHus. [ns peweHusi npobreMbl KOHUeHmpayuu HanpsikeHud
Ha wmecme coelOuHeHus Knel-nnuma-6emoH paccmampusaemcsi
rnosuHomuasibHas yHKUUS, sbipaxkaroujasi U3MeHeHue
2eomempuyeckol opMbl Kabensd, a makxe 6peMeHHble U He
rnocmosiHHble deghopmayuu Ha rnpedsapumersibHO  Harps>KeHHoU
b6emoHHoU barike.

Pesynbmamsi: OCHOBHbIE pe3yribmambl Hacmosiujeao uccriedosaHust
fokasbiearom, 4mo npu npedsapumesibHOM HarnpsikeHuu Kabess
2paHUYHbIe HarpspKeHUs He3Ha4yumeslbHO yMeHbWamcsl, 0OHaKo o
Mepe  yeenudveHus  ycunusi  npedsapumesibHo20  HarpsKeHus,
MPUIIOXXEeHHO20 K mepmonnacmuky FRP, Habnrodaemcs
CywecmeeHHoe yg8esudeHUe epaHUYHbIX HanpskeHud.

Bbigod: Becriedcmeue 8bicokol cmerneHU KOHMaKmHbIX HarpspkeHul Ha
epaHU numb| 803pacmaem pucK PaccrioeHus, Mo3momy peKkomeHOyemcsi
UCrob308amb aHKEPHbIU KPErex ro ee Kpasim.

Kntouesnie crnoesa: npedsapumernibHO HarnpsikeHHass 6emoHHasi barika,
komnosumsi FRP, mexcha3Hble HanpsKeHuUs, opueHmauusi 80/10KOH,
yrpOoYHEeHUe.

AHanuUTUYKo NCNUTUBAHE NoHallaka Ha UHTepdejcy Koa
npegHanperHyTe 6GeTOHCKe rpede ojavyaHe npeaHarnperHyTom nioyYom
BE€3aHOM KOMMO3UTHUM MaTtepujanuma
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667

Mebsout, H. et al, Analytical investigation of the interfacial behavior of a prestressed concrete beam strengthened with a prestressed FRP-bonded plate, pp.633-668



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

B TemaTcka areHumja 3a NCTpaxmBare Hayke 1 TexHororuje,
Armxup, HapogHa Jemokpatcka PenyGnvka Amxup

" YHUBEP3UTET NPUPOOHUNX HAayKa U TEXHOIOTWje,
JlabopaTopuja 3a MalwmMHCKe CTPYKTYpe U CTabUIHOCT KOHCTPYKUMje,
OpaH, HapogHa [lemokpatcka Penybnuka Amxup

OBNACT: rpaheBnHapcTBO, MaTepujanm
KATEFOPWUJA (TWIM) YNAHKA: opurnHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: Yrnompeba KOMMO3UMHUX Mamepujana 3a apMupare
apmupaHobemoHCKUX KOHCMPYKUuja GaHac je eeoma Yecma y obrnacmu
epahesuHapcmea. Mehymum, oeaj memod ce 0b6UYHO HE Kopucmu Kod
npedHarnpeaHymux 6emoHcKux KoHcmpykyuja. OCHOBHU Uurb 0802 pada
Jjecme Oa npowupu yriompeby KOMAO3UMHUX Mamepujana Ha apMupar-e
npedHanpeasHymux 6emoHckux epeda y3umajyhu y o063up ymuyaj
KOHUeHmpauuje HarloHa Ha uHmepgejcy Ha yKyrnHO MoHauwaHe 08UX
KOHCMpyKuuja.

Memode: lNpednaxe ce HOBU aHanumuyku mModesl Koju y3uma y ob3up
Ha4uH Ha Koju npedHanpesHymocm npedHanpeaHymux 6emoHcKux epeda
ymu4e Ha HaroHe Ha uHmepaejcy. Pasmampa ce nonuHoMcka hyHKyuja
Koja uspaxaea eapujauyujy eeomempujckoe obruka kabma, Kao U
mpeHymHe u HempeHymHe 2ybumke ripedHarnpeeHyme 6emoHcke epede
padu pewasara numara KOHUeHmpauyuje HarloHa Ha UHmepgejcy
8e3UB80-104a-6emokH.

Pesynmamu: [nasHu Hamasu 0802 ucnumuearLa Mfokasyjy O0a ce, y
npucycmsy npedHarnpeaHymocmu Kabrna, HarloHU Ha uHmepgejcy
He3HamHo cmarbyjy. Mehymum, ca nosehasarmem curne rpedHarnpesara
npumer-eHe Ha ®PI1 nnovy yodaga ce 3HamHuje riogeharbe HaroHa Ha
UHmMepgejcy.

Sakrbyyak: Ycned euCoKo2 cmerieHa KOHMaKmHUX HarloHa Ha Kpajy
nifoye, pusuk 00 odeajaHba Nocmaje eehu, na ce rnpernopydyje MexaHu3am
3a aHKepucarbe Ha usuyu rioye.

KrbyuHe pedu: npedHanpezHyma 6emoHcka epeda, ®PI1 komnosumu,
HaroHuU Ha uHmepdgejcy, opujeHmauuja enakaHa, ojayasar-e.
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Abstract:

Introduction/purpose: This study presents a comprehensive analysis of the
existing literature on armored vehicle crew safety through an integrated
scientometric and scoping methodology.

Methods: Data sourced from Scopus and Web of Science were employed
fo analyze a total of 197 documents following preprocessing and the
removal of duplicates. Scientometric analysis was conducted Uutilizing
ScientoPy and VOSviewer software to identify publication trends, keyword
co-occurrence, and influential academic contributions. Furthermore, a
scoping review based on the SPIDER framework was undertaken to
synthesize critical insights related to whole-body vibration (WBV), vehicle
design, and safety technologies.

Results: The findings indicate that the installation of bulletproof armor
significantly reduces WBYV exposure levels, with reductions ranging from
10% to 20%. These reductions are attributed to modifications in vehicle
mass distribution and stiffness. Advanced materials, such as aluminum
alloys, were identified as essential for enhancing blast resistance and
vibration mitigation. The results emphasize the importance of structural
modifications and adaptive technologies, including enhanced suspension
systems, in managing WBYV and improving overall crew safety.

Conclusion: This study establishes a robust foundation for future research,
underscoring the necessity for optimized vehicle designs and integrated
safety strategies to address the physiological and psychological stressors
encountered by armored vehicle crews.

Key words: armored vehicle crew, whole-body vibration, scientometric
analysis, scoping review, bulletproof armor.

Introduction

Armored vehicles are crucial in modern military operations, with
various types serving specific functions. Tanks, for instance, are heavily
armored and armed vehicles designed for frontline combat. They engage
enemy forces with powerful weaponry while providing substantial
protection for their crews, making them essential for penetrating enemy
lines and delivering direct fire support (Radovanovi¢ et al, 2023). Armored
Personnel Carriers (APCs) are built to transport infantry safely to the
battlefield, offering protection against small arms fire and shrapnel. While
they are less heavily armed than tanks, APCs play a vital role in ensuring
the mobility and safety of troops in combat zones (Kokhan, 2023). Infantry
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Fighting Vehicles (IFVs) are similar to APCs but feature heavier armament,
allowing them to support infantry through direct fire and engage enemy
forces more effectively. They strike a balance between firepower,
protection, and mobility, making them versatile in various combat
scenarios (Zelenyukh et al, 2020). The development and enhancement of
these vehicles focus on improving protection, mobility, and operational
efficiency. Modern advancements include optimizing design layouts,
enhancing mine resistance, and utilizing high-strength materials to bolster
protective capabilities (Zelenyukh et al, 2020). The effectiveness of
armored vehicles in specific roles, such as technical reconnaissance, is
assessed using specialized indicators, including the technical intelligence
efficiency factor which helps evaluate their performance in diverse
operational contexts (Kovtun et al, 2020; Jasman et al, 2018). The
selection of military vehicles, including armored types, is guided by quality
indicators that consider tactical and technical characteristics, ensuring
they meet the demands of armed forces in challenging environments
(Kokhan, 2023; Radzi et al, 2025). In summary, the strategic deployment
and continuous enhancement of armored vehicles are essential for
achieving military objectives and ensuring the safety and effectiveness of
military operations.

Safety in armored vehicle operations is crucial due to unique and
multifaceted risks faced by crews, especially in combat zones where these
vehicles often become prime targets for attacks involving mines and
improvised explosive devices (IEDs) (Kaidalov et al, 2023). The design of
vehicle hulls, particularly double-V hulls (DVH), plays a key role in
mitigating blast impacts by optimizing load transfer paths and reducing
injury risks for occupants. Additionally, advancements in materials, such
as aluminum alloys, improve resistance to mines and enhance energy
absorption, thus increasing crew survivability (Cong et al, 2021; Bisyk et
al, 2023). However, the confined interiors of armored vehicles can worsen
injury severity—such as burns, extremity injuries, and exposure to
depleted uranium—by complicating evacuation and medical treatment.
Conditions like traumatic brain injuries and bone fractures require
advanced medical intervention and effective evacuation systems (Li et al,
2023; Khorram-Manesh et al, 2021; Sheng & Solah, 2022). Moreover,
psychological challenges stemming from high-stress combat
environments, coupled with prolonged operations in cramped spaces and
extreme temperatures, further undermine operational effectiveness. This
highlights the necessity of addressing both physical and mental health
concerns (Ameen et al, 2022). Together, these challenges emphasize the
urgent need for integrated safety systems, innovative vehicle designs, and
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comprehensive crew training to enhance operational effectiveness and
resilience in armored vehicle missions.

Effective safety protocols are essential for preventing injuries and
fatalities among crews of armored or combat vehicles, directly impacting
operational readiness and mission success. The development and
implementation of advanced protection strategies for military equipment,
such as armored combat vehicles, are crucial for safeguarding personnel
against various threats (Gijsbertse et al, 2021; Jasman et al, 2018).
Integrating individual armor protection into training methodologies
enhances service members' survivability by adapting firing techniques and
regulations to accommodate the additional protection, thereby improving
their response speed and mobility in combat (Gijsbertse et al, 2021;
Schram et al, 2019). Furthermore, the application of systematic safety
management systems, such as the Injury and lliness Prevention Program
(IPP), which includes error reduction techniques, can significantly
enhance the organization of safety committees and engagement in hazard
analyses, fostering a safer operational environment (Koshy et al, 2019;
Radzi et al, 2024b). The Hazard and Operability Study (HAZOPS) method
is also vital for identifying and mitigating potential hazards, underscoring
the importance of personal protective equipment (PPE) in minimizing the
risk of accidents and occupational diseases (Noor Arzahan et al, 2022).

Additionally, the implementation of advanced accident detection and
alert systems in vehicles can expedite emergency responses and provide
critical location data, thereby reducing the time required to address
incidents and enhancing crew safety (Alsayaydeh et al, 2023). Collectively,
these safety measures not only protect the crew but also ensure that
vehicles and personnel are consistently prepared for deployment,
contributing to the overall success of military missions. By prioritizing
safety, military operations can maintain high levels of readiness and
effectiveness, ultimately leading to successful mission outcomes and the
preservation of human life.

The increasing complexity of safety challenges in high-stress and
hazardous environments calls for a structured evaluation of existing
research to guide innovation and address knowledge gaps. Scientometric
analysis has emerged as a powerful tool for systematically mapping
research trends, identifying influential contributions, and assessing the
application of statistical methodologies to advance the field (Donthu et al,
2021). Complementing this approach, scoping reviews provide a
comprehensive method for exploring and synthesizing the current state of
knowledge, offering a broader perspective on various methodologies and
applications (Munn et al, 2018). In the safety domain, the use of statistical
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tools and database analyses is crucial for predictive modeling of blast
impacts (Nguyen et al, 2019), analyzing human factors under high-stress
conditions (Xie & Guo, 2018), and optimizing protective system designs
through database-driven methods (Karr et al, 2007). Techniques such as
machine learning algorithms and bibliometric databases are widely utilized
to enhance precision and effectiveness (Huo et al, 2024). Moreover,
significant advancements in armored crew safety—including lightweight
composite materials, ergonomic vehicle designs, and digital innovations
like loT-based monitoring and augmented reality training—highlight the
potential for transformative progress (Wibneh et al, 2024). Despite these
advancements, persistent gaps in material scalability, human-system
integration, and the application of emerging technologies underscore the
necessity of this review to establish a critical foundation for future research.

Method and analysis design
Scientometric analysis

Scientometric analysis is a widely used methodological framework for
evaluating and interpreting large scientific data sets. This approach
deepens our understanding of the development of specific academic fields
(Donthu et al, 2021). The application of scientometric parameters to
assess research quality has become increasingly prevalent. Researchers
utilize scientometric analysis for various purposes, such as identifying
emerging trends and evaluating journal performance (Struck et al, 2021).
Additionally, it aids in investigating collaboration patterns, research
components, and publication trends within specific research domains
(Wachsmann et al, 2019; Abdullah, 2022b). Moreover, scientometric
analysis elucidates the intellectual structure of particular areas of inquiry,
as demonstrated in several published studies (Simao et al, 2021). This
study applies scientometric analysis to examine research publication
patterns related to armored vehicle crew safety in military environments.
The objective is to identify countries actively publishing in this field and to
analyze the themes and subthemes reflected in the authors' keywords.

Scoping analysis

The primary objective of scoping reviews is to identify and categorize
the diverse types of evidence that exist within a particular field (Munn et al,
2018). This study aims to explore the critical elements associated with
armored vehicle crew safety in military environments by synthesizing the
existing literature in this domain. Through this scoping review, the
objective is to identify knowledge gaps and emphasize areas necessitating
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further investigation. To accomplish this, the five-step scoping review
framework developed by Arksey & O'Malley (2005) is employed:

1) Establishing the research question,
2) ldentifying relevant studies,

3) Selecting studies,

4) Data charting and

5) Reporting results.

Establishing research question

The SPIDER tool (Sample, Phenomenon of Interest, Design,
Evaluation, Research Type) offers a systematic approach for synthesizing
research findings, especially in complex fields like armored vehicle crew
safety. By organizing data around essential components of study design
and evaluation, this framework enables a thorough examination of trends,
innovations, and gaps in the existing literature (Cooke et al, 2012). As a
result, it enhances our understanding of both the advancements and the
challenges related to improving crew protection.

Research question:

What are the key findings from previous studies on armored vehicle
crew safety, analyzed through the SPIDER framework, concerning
innovations, design approaches, and evaluation methodologies?

Identifying relevant studies

Database

Accessing scientific publications across journals, repositories,
archives, and other collections necessitates the utilization of databases
and search engines (Abdullah & Abd Aziz, 2020). For the purposes of this
study, the Scopus and Web of Science (WoS) databases were selected to
analyze scientometric and scoping indicators. These databases were
chosen due to their emphasis on the impact of document citations in
comparison to other databases (Vieira & Gomes, 2009). Furthermore,
modifications were implemented to ensure the validity of the coverage
analysis, encompassing enhancements in metadata accuracy, document
category classification, and discipline assignment. Consequently, both
Scopus and WoS prioritize these factors (Stahlschmidt & Stephen, 2022).

Search strategy

After identifying the relevant keywords, a search was conducted
utilizing an encyclopedia to identify synonyms. Table 1 presents the search
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criteria employed to compile lists of publications from the Scopus and WoS
databases. This search was conducted in October 2024 and
encompassed titles, abstracts, and keywords from both databases. It is
important to note that no restrictions were applied to the retrieved data
during this phase, including limitations related to date, publication type, or
language.

Table 1 — Search strategy for extracting data from the Web of Science and Scopus
databases

Database Search strategy Records
Web  of | Topic: ("armoured vehicle" OR "Armored vehicle" OR 28
Science "Armored car" OR "combat vehicle" OR "fighting vehicle" OR
"Armored Personnel Carrier" OR "Battle Tank" OR "main
battle Tank" OR "Infantry Fighting Vehicle" OR "Armored
Fighting Vehicle" OR "Armored troop carrier" OR "Protected
mobility vehicle" OR "military combat vehicle") AND ("safety"
OR "Security" OR "protection") AND ("soldier" OR "Driver" OR
"crew" OR "operator" OR "gunner" OR "commander" OR
"operators")

Scopus Article Title, Abstract, Keywords: ("armoured vehicle" OR 222
"Armored vehicle" OR "Armored car" OR "combat vehicle" OR
"fighting vehicle" OR "Armored Personnel Carrier" OR "Battle
Tank" OR "main battle Tank" OR "Infantry Fighting Vehicle"
OR "Armored Fighting Vehicle" OR "Armored troop carrier"
OR "Protected mobility vehicle" OR "military combat vehicle")
AND ("safety" OR "Security" OR "protection") AND ("soldier"
OR "Driver" OR "crew" OR "operator" OR "gunner" OR
"commander" OR "operators")

Software

ScientoPy and VOSviewer are two widely utilized research tools
within academic contexts. ScientoPy, a Python script, is specifically
designed to extract valuable information from research articles, including
primary subjects, authors, countries, and related documents. By
employing keywords provided by authors, ScientoPy generates insights
and aids in mitigating potential biases that may arise from independent
investigations (Ruiz-Rosero et al, 2019). However, it is crucial to recognize
that the analysis of studies based on author names may still introduce bias,
particularly in instances of name similarities (Ruiz-Rosero et al, 2019).

VOSviewer, developed by Van Eck & Waltman (2010), is a software
application that facilitates co-occurrence analyses of keywords,
particularly in the context of armored vehicle crew safety challenges in
military environments. It utilizes sophisticated mapping techniques to
transform CSV data into visually informative diagrams or clusters
(Abdullah, 2022a). These mapping strategies offer significant potential
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benefits for researchers seeking to analyze specific data points, such as
authors' keywords (Abd Aziz et al, 2021).

Selecting studies

Publications merge and removal of duplicates

The data from both databases were compiled and processed utilizing
ScientoPy. During this stage, the data underwent standardization. This
process involved substituting commas in the authors' names with
semicolons, eliminating periods, commas, and distinctive formatting from
the authors' names, and removing duplicate entries with identical titles and
authors. Employing this methodology enhances the accuracy and
reliability of the datasets. The results of the preprocessed data are
presented in Diagram 1.

Identification of publications via Scopus and WoS databases ]

= Records identified from*: Records removed before
2 Databases (n = 250) screening:
§ Scopus =222 " Selection based on
5‘5 WoS =28 document types
5 (n=24)
=
——
A4
) .
Loaded papers (n = 226) (?mllt ted papers byl
Scopus (28); WoS (198) up ‘iitfzrg;n"va
i Scopus =29
WoS=0
Total papers after omitted
%" duplicates
§ (n=197)
I;
@
A
Reports assessed for eligibility
(n=197)
——
A
2 Studies included in the review
= (n=197)
E Scopus = 169
= WoS =28
—

Diagram 1 — Flow diagram of the research of databases and registers
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Figure 1 presents an overview of the preprocessing phase pertaining
to research documents sourced from two databases: the Web of Science
(WoS) and Scopus, within the framework of armored vehicle crew safety.
The chart delineates the total number of documents processed and
underscores the percentage of duplicate documents that were eliminated.
Notably, no duplicates were removed from the WoS, indicating that all
documents included were unique. In contrast, 15% of the documents from
Scopus were classified as duplicates and subsequently discarded, leaving
the remainder available for analysis. This preprocessing phase is essential
for ensuring the accuracy and relevance of the data by removing
redundant studies, thereby facilitating a more focused and efficient
analysis of research trends and key findings related to crew safety. The
elimination of duplicates refines the final dataset, thereby enhancing the
quality of the subsequent scientometric and scoping review.

Diagram 1 offers additional insights by showing that the source
dataset comprises 250 papers obtained from the WoS and Scopus
databases. ScientoPy's automated categorization process eliminated 24
documents, which included books, letters, and errata, while classifying the
remaining publications into various categories such as conference papers,
articles, reviews, proceedings papers, and press articles. After the data
reconciliation process, this study utilized a total of 197 entries from both
databases: 28 papers from WoS and 169 from Scopus. Additionally, 29
duplicate entries from Scopus were removed.

>copes — o

0 5|0 160 lfI)O 2l|)0
Total loaded documents, with percentage of removed documents
Figure 1 — Data combination and duplicates removal

Data charting

The publication growth graph exemplifies the evolution of publishing
within the Scopus and WoS databases, offering significant insights into
overarching publication trends. In order to attain a more comprehensive
understanding of the articles selected in the preceding stage, we analyze
the progression of the top 10 authors' keywords and investigate the co-
occurrence of these keywords.

I Documents kept
= Removed dupl.
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Reporting results

In alignment with the objectives of our study, we have prepared a
succinct summary and report of our findings. We employed ScientoPy to
analyze the growth of publications, identify countries actively engaged in
research, and investigate relevant keywords. To assess the co-occurrence
of authors' keywords, we utilized VOSviewer as a descriptive metric. It is
noteworthy that a minimum of two keywords is required to generate co-
occurrence results for authors' keywords using VOSviewer. Furthermore,
we systematically reviewed and modified the thesaurus files to prevent
duplication of authors' keywords, adhering to the recommendations of
Abdullah (2022a).

The scoping review methodology aims to provide a comprehensive
overview of the existing research within a specific field. A primary objective
of conducting a scoping study is to identify gaps or deficiencies in the
current literature. In this study, we sought to thoroughly examine and
describe the current state of research on armored vehicle crew safety
challenges in military environments, as well as to identify areas where the
literature is lacking. To conduct this analysis, we utilized articles obtained
from Scopus and WoS, which were preprocessed using ScientoPy. The
specific inclusion criteria for this scoping review are detailed in Table 2.

1) Written in English,

2) Published since 2013,

3) Describe primary research, and

4) Use the keyword “whole-body vibration” in the authors’ keywords.

Results

Scientometric outcome

Publication growth

Figure 2 illustrates the temporal trends in publications related to
armored vehicle crew safety, drawing on data from two prominent
academic databases: Scopus and WoS, encompassing the years from
1996 to 2024, including some projected future data points. Notable
findings indicate a substantial increase in publications around 2006 within
Scopus, where over 25 documents were produced, representing a zenith
of research activity during that period. Following this peak, the number of
publications exhibited a gradual decline; however, a resurgence
commenced around 2014, characterized by a consistent output of
documents from 2015 to 2024. Conversely, WoS has consistently yielded
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a lower volume of publications over the years, maintaining a stable rate of
output with sporadic minor increases, particularly noted in 2008 and 2016.
This trend implies that while Scopus has undergone phases of heightened
research engagement, WoS has sustained a more subdued, yet stable,
contribution to the literature concerning armored vehicle crew safety. The
discrepancies in the publication volume between the two databases may
reflect differing research emphases or coverage of the subject matter
within these sources.

The increasing scholarly focus on the safety of armored vehicle crews
reflects a broader recognition of the critical need to enhance survivability
and operational safety for military personnel. This is evident in various
research efforts aimed at addressing different aspects of military safety
and health. For instance, the PREPARE study protocol underscores the
importance of assessing and mitigating risks associated with
musculoskeletal injuries among service members, which is crucial for
maintaining operational readiness and ensuring safety in high-risk
environments, such as those involving armored vehicles (Butowicz et al,
2022). Furthermore, the development of advanced protective clothing,
including graphene-based intelligent personal protective equipment,
highlights ongoing efforts to improve protection technologies against
chemical threats relevant to armored vehicle crews who may encounter
such hazards in combat situations (Giurgiu et al, 2023; Witte & Schwarz,
2023). In addition, research on the effects of load carriage on landing
techniques provides insights into the physical demands placed on military
personnel, including those operating armored vehicles, and the potential
for injury, thereby informing safer operational practices (Witte & Schwarz,
2023). The implementation of mobile ultrasound vascular assessments in
remote and conflict areas illustrates innovative approaches to healthcare
delivery, ensuring that military personnel, including armored vehicle crews,
have access to essential medical evaluations even in challenging
environments (Jasman et al, 2018; Kaidalov et al, 2023; Radzi et al, 2025).
Lastly, the long-term safety analysis of apremilast for conditions such as
psoriasis and psoriatic arthritis, while not directly related to the safety of
armored vehicle crews, exemplifies the broader commitment to ensuring
the health and well-being of military personnel through safe and effective
medical treatments (Prasanna et al, 2019). Collectively, these diverse
research initiatives contribute to a comprehensive strategy aimed at
enhancing the safety and effectiveness of armored vehicle crews,
reflecting a growing recognition of the importance of this issue in military
operations.
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Figure 2 — Evolution of publication growth (Source: Author, using ScientoPy 2.1.3)

Most influential academic works

Figure 3 provides an overview of the most influential academic works
on armored vehicle crew safety, highlighting institutional contributions
based on the total number of documents published and the percentage of
recent outputs (2022—-2024). The Silesian Technical University in Poland
stands out as the most influential institution, contributing the highest total
number of publications, with 25% of its research outputs produced during
the 2022—-2024 period. In contrast, the China Agricultural University and
the China North Vehicle Research Institute emerge as key contributors in
the recent period, with 100% of their works published between 2022 and
2024, demonstrating their concentrated efforts and growing influence.
While institutions from Germany, India, Malaysia, and Canada made
significant earlier contributions, their lack of recent publications highlights
a shift in research leadership, with Polish and Chinese institutions now
driving the advancements in the field of armored vehicle crew safety.

silesian Tech Univ, Poland 1 25%
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China Agr Univ, China
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Figure 3 — Bar graph of institution trends
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Authors’ keywords

Figure 4 illustrates the distribution of authors’ keywords pertinent to
armored vehicle crew safety, comparing publications prior to 2022 with
those published between 2022 and 2024. The keyword "armored vehicle"
emerges as the most frequently utilized term, appearing in 75% of the
related documents published during the latter period, which indicates a
notable increase in scholarly focus on this subject. Additionally, the
keywords such as "protection" and "whole-body vibration" demonstrate
significant recent interest, accounting for 33% of the documents published
between 2022 and 2024. This trend suggests that these domains are
increasingly being investigated to enhance crew safety. In contrast,
several other critical keywords, including "simulation," "uranium, depleted,"
"automated turret," "inhalation," "blast protection," "criterion of injuries,"
and "Madymo," have not been featured in recent publications (0% in 2022-
2024), which may imply either a saturation of research in these areas or a
pressing need for renewed inquiry. These findings underscore that while
conventional safety aspects such as protection are attracting greater
recent attention, other vital areas may necessitate further investigation to
address the evolving challenges associated with armored vehicle crew
safety.

Armored vehicle

Simulation

Uranium, depleted

Automated turret

Inhalation

Protection

Whole-body vibration

Blast protection

Criterion of injuries

Madymo B Before 2022
I Between 2022 - 2024

0.0 05 10 15 2.0 25 30 35 40
Total number of documents, with percentage of documents
published in the last years 2022 - 2024

Figure 4 — Bar graph of the trend in research themes and emerging topics (Source:
Author, using ScientoPy 2.1.3)

Figure 5 illustrates the overlay visualization generated by VOSviewer
for armored vehicle crew safety, depicting the progression of research
themes from 2017 to 2020. Initial research, represented by yellow and
green nodes, concentrated on addressing critical threats and injury
prevention, with terms such as "improvised explosive device," "criterion of
injuries," "shock wave," and "blast protection." These keywords
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underscore a significant emphasis on understanding and mitigating the
impacts of explosive devices and associated injuries in earlier studies. As
the timeline advances into 2018-2019 (blue and purple nodes), the focus
transitions toward "protection" and "mobility," indicating an increased
research interest in protective gear and ensuring crew mobility under
armored conditions. More recently, in 2020 (red nodes), scholarly attention
has expanded to encompass topics such as "suspension" and "vibration,"
reflecting a growing interest in vehicle dynamics and crew comfort. These
latter keywords denote ongoing efforts to optimize vehicle design to
minimize vibration and enhance safety and comfort for the crew. This
timeline reveals an evolving research trajectory, transitioning from threat
mitigation to improving overall vehicle and crew performance.

These findings indicate a clear evolution in the research focus on
armored vehicle crew safety. Initially, efforts were primarily directed toward
understanding and mitigating immediate threats such as improvised
explosive devices and blast-related injuries. However, over time, the
emphasis has shifted toward enhancing protective measures, improving
crew mobility, and refining vehicle dynamics. The recent focus on
suspension and vibration suggests that the field is now concerned not only
with safeguarding the crew from external threats but also with optimizing
vehicle design to improve comfort and reduce long-term health risks
associated with vibrations and other mechanical stresses. This
progression reflects a holistic approach to crew safety, integrating
immediate protection with considerations for long-term well-being.

blast pfigtection

criterion of injuries 5
& shock wave protection ma@lity susp@fsion vibegsion

improvised explosive device

S vOSviewer -— T —-ﬂ

Figure 5 — Co-occurrence of authors’ keywords
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Scoping outcomes

This section provides a comprehensive examination of armored
vehicle crew safety. Conducting this analysis represents a critical initial
step in identifying knowledge gaps and guiding future research endeavors.
Furthermore, it enhances the existing body of knowledge and establishes
best practices within the field. To support this analysis, qualitative research
questions were formulated, and the SPIDER tool was utilized as the search
strategy. Table 2 presents a compilation of publications derived from the
extended author keywords sourced from ScientoPy. Initially, the data in
Table 2 were collected from a total of two documents. It is essential to note
that this study focuses specifically on the scoping analysis of research
articles; therefore, records that are not classified as research papers have
been excluded at this stage.

Table 2 — List of inclusive publications

Phenomenon

No | Sources Sample of Design Evaluation Retsearch
. ype
interest

1. Alfaro Compared Focuses on Measured The Quantitative

Degan et | whole-body how vehicle WBV installation
al. (2017) | vibration characteristics | exposure in of
(WBV) , especially two phases: | bulletproof
exposure bulletproof firstin a armor
between a armor, standard altered the
standard influence WBV | vehicle, and | car's mass
vehicle and an | exposure in then in the distribution
identical armored same and weight,
bulletproof vehicle drivers | vehicle leading to
armored and its model reduced
vehicle, using potential modified WBV
the same impact on the with exposure,
driver for both | risk of bulletproof highlighting
to ensure musculoskelet | armor, both the
consistent al injuries. conducted significant
measurement ona impact of
conditions. curvilinear vehicle
urban road modification
under s on WBV
consistent levels
conditions according to
for reliable ISO 2631-
comparison 1(1997)
standards
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Phenomenon Research
No | Sources | Sample of Design Evaluation
- type
interest
2. Alfaro Involving 14 Investigates Utilized a Indicates Quantitative
Degan et | subjects how the case study that vehicle
al. (2016) | driving urban installation of approach characteristi
vehicles, bulletproof with two cs,
aimed to armor in sampling particularly
assess how armored campaigns, the
vehicle vehicles comparing installation
armoring impacts WBV the of
impacts exposure and performance | bulletproof
whole-body the related of a armor,
vibration health risks for | standard significantly
(WBV) professional vehicle and impact
exposure. drivers. the same whole-body
model vibration
modified (WBV)
with armor exposure,
plating reducing the
under WBYV dose
controlled by 10% to
conditions 20%
for accurate | depending
comparison. | on the
driver's
individual
characteristi
o
Discussion

The analysis of the keywords conducted in this study reveals a

significant relationship between key methodologies—such as notational
analysis, multivariate analysis, and kinetics—and their roles in evaluating
and improving the safety of armored vehicle crews. Notational analysis, in
particular, was identified as a crucial tool for systematically tracking and
assessing crew actions, responses, and operational patterns. This
approach facilitates the identification of performance gaps and
opportunities to enhance safety in combat conditions. Additionally, this
study examined the role of user state evaluations, underscoring the
importance of understanding crew members' mental states and their
interactions with human-machine interfaces. This comprehension is
essential for developing tailored design solutions that support decision-
making in high-stress environments (Witte & Schwarz, 2023). Furthermore,
our analysis of factors influencing combat survivability—such as vehicle
speed, acceleration, and detection distance—highlights the significance of
accurate mobility predictions and logical operator actions in maintaining
operational effectiveness and crew safety (Ostashevskiy & Piatkov, 2019).
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The research provides evidence that advanced numerical simulations are
vital for assessing the effects of explosive impacts and injury mechanisms,
thereby contributing to the development of robust protection systems for
armored vehicles.

The findings further demonstrate that the adverse effects of
suspension and vibration on crew members are multifaceted, affecting
both physiological and psychological aspects that compromise overall
safety performance. Our analysis identifies whole-body vibration (WBV) as
a significant risk factor for musculoskeletal pain, particularly low back pain
(LBP), which is exacerbated by prolonged sitting and constrained postures
during vehicle operation (Alfaro Degan et al, 2016; Bisyk et al, 2023).
Moreover, cognitive performance significantly declines under vibration
exposure, especially when compounded by occupational stressors typical
in combat scenarios, such as elevated heart rate and respiratory frequency
(Ismail et al, 2024; Aida et al, 2023). These findings underscore the
necessity for strategies to mitigate both physical and psychological
stressors, including enhanced ergonomic designs and technologies to
reduce vibration exposure. This research identifies these areas as critical
for improving safety outcomes and operational efficiency for armored
vehicle crews.

Future directions emerging from this study emphasize the importance
of integrating autonomous systems, hybrid vehicle designs, and advanced
materials to bolster vehicle survivability and crew protection. The results
suggest that incorporating technologies such as hybrid powertrains, blast-
resistant materials, and loT-based monitoring systems can provide more
effective protective measures while enhancing vehicle performance
(Piancastelli et al, 2023). Concurrently, our analysis stresses the necessity
for standardized international safety protocols and collaborative efforts
among stakeholders—including vehicle manufacturers, technology
developers, and military organizations—to address the evolving
challenges of military operations (Giurgiu et al, 2023; Hassan et al, 2020).
Ultimately, this study underscores the critical need for comprehensive
research into the long-term health impacts of WBV and blast exposure to
inform future advancements in armored vehicle crew safety (Prasanna et
al, 2019).

Based on a scoping analysis that examines the effects of bulletproof
armor installation on WBV exposure among armored vehicle drivers, this
study investigates how vehicle modifications impact vibration levels and
associated health risks. The results indicate that the installation of
bulletproof armor, primarily intended to enhance protection, can
significantly reduce WBYV exposure by 10% to 20%, depending on driver-
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specific characteristics. This reduction is largely attributable to changes in
vehicle mass and stiffness dynamics, as evidenced by our findings and
supported by Alfaro Degan et al. (2017). The analysis reveals that the
increased weight from armor installation lowers frequency-weighted root
mean square (RMS) acceleration values, thereby attenuating WBYV across
various frequency spectra. Furthermore, advanced vehicle designs, such
as anti-mine shields composed of aluminum alloy components, modify
energy absorption and vibration response, leading to decreased WBV
levels by influencing resonant frequencies (Bisyk et al, 2023). These
findings underscore the significance of vehicle structure and weight
distribution resulting from armor installation in mitigating WBV exposure
and enhancing safety for armored vehicle drivers.

Additionally, this research highlights the necessity of optimizing
vehicle design and implementing structural modifications to manage WBV.
It demonstrates that careful adjustments to vehicle stiffness and mass
properties can effectively reduce vibration amplitudes, similar to the results
observed in vibration suppression technologies utilized in other
transportation sectors (Aida et al, 2023). For instance, the baseline
sensitivity method, which optimizes structural noise and vibration through
strategic mass attachments, aligns with our findings that appropriate armor
placement and material selection can minimize WBV levels across critical
frequency peaks (Hong & Yoshimura, 2024). While not the primary focus
of this study, it acknowledges advanced seat technologies and adaptive
suspension systems as complementary solutions for further reducing
vibration exposure. Overall, these findings suggest that the combined
effects of bulletproof armor installation and structural modifications present
a significant opportunity to mitigate WBYV risks, thereby enhancing both
driver safety and operational comfort. This study contributes to a deeper
understanding of the engineering implications of armor installation, paving
the way for future advancements in armored vehicle design and WBV
management.

Armored vehicle crew safety is intricately linked to Sustainable
Development Goal 3 (SDG 3), which emphasizes the need to mitigate the
physiological and psychological impacts associated with operating in high-
stress environments. Acute stress reactions (ASRs) are prevalent among
military personnel, with 17.2% of soldiers reporting such experiences
during combat, underscoring the necessity for effective prevention and
management strategies to ensure the safety and well-being of the crew
(Nordstrand et al, 2024; Radzi et al, 2024a).

The PREPARE study highlights the importance of addressing non-
battle-related musculoskeletal injuries (MSKIs), which represent
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significant medical issues affecting service member readiness. By
identifying the physical and psychosocial factors that contribute to MSKI
risks, the study seeks to enhance rehabilitation and risk mitigation
strategies, thereby supporting the health and safety of military personnel
(Butowicz et al, 2022; Radzi, 2024). Proactive psychological programs, as
examined in the systematic analysis, demonstrate modest effectiveness in
reducing posttraumatic stress injuries (PTSIs) and promoting
psychological wellness through resilience and stress management
strategies, which are critical for maintaining the mental health of individuals
exposed to potentially traumatic events (Di Nota et al, 2021; Radzi et al,
2024a). The PRISMO study further underscores the long-term mental
health impacts of military deployment, identifying biological and
psychological factors that contribute to stress-related conditions, thereby
informing strategies to support mental health post-deployment (Van Der
Wal et al, 2020). Moreover, resilience has been shown to serve as a
protective factor against psychiatric and physical health issues in combat-
exposed veterans, suggesting that fostering resilience can mitigate the
adverse effects of combat exposure, ultimately enhancing overall well-
being (Di Nota et al, 2021; Radzi, 2024). Collectively, these studies
highlight the multifaceted approach required to improve armored vehicle
crew safety by addressing both physical and psychological health in
alignment with the objectives of SDG 3.

Conclusion

The analysis presented in this study demonstrates that the installation
of bulletproof armor in armored vehicles significantly influences WBV
exposure levels, offering critical insights into the interaction between
vehicle modifications and vibration mitigation. The results indicate that the
addition of armor leads to a reduction in WBV exposure by approximately
10% to 20%, with variations attributed to vehicle mass distribution and
specific driver characteristics. This reduction is primarily a consequence of
alterations in the vehicle's stiffness and mass properties, which effectively
decrease RMS acceleration values within critical frequency ranges, in
accordance with ISO 2631-1 standards for vibration exposure.

Furthermore, the findings underscore the necessity for optimized
vehicle designs that incorporate advanced structural modifications to
manage WBV effectively. The study emphasizes the importance of
integrating vibration-suppression technologies, such as enhanced
suspension systems and structural improvements, to further mitigate WBV
exposure. By addressing both protective and ergonomic dimensions of
vehicle design, this research establishes a framework for enhancing the
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safety and comfort of armored vehicle crews. These conclusions highlight
that vehicle modifications aimed at improving survivability must also
account for their impact on long-term crew health and operational
efficiency.

Limitation of the current study

The inclusion of the publication list represents a significant limitation
of this study. Although the analysis of scientometrics and scoping is
founded on the Scopus and Web of Science (WoS) databases, future
researchers could enhance the findings by also integrating data from
Google Scholar, PubMed, and the Education Resources Information
Center (ERIC).

Contribution to the body of knowledge and practices

This research contributes to the existing body of knowledge by
systematically applying scientometric and scoping methods to evaluate
publication trends, key research themes, and knowledge gaps related to
armored vehicle crew safety. Through these methodologies, the study
identified critical areas necessitating further exploration, such as the
effects of WBV on crew health and the role of vehicle modifications in
mitigating vibration exposure. The scientometric analysis elucidated
publication growth patterns and the contributions of the leading institutions,
thereby providing a clearer understanding of global research activity in this
domain. Concurrently, the scoping review categorized evidence pertaining
to technological advancements, including vehicle design modifications and
material innovations, thereby emphasizing their potential impact on
reducing WBV and enhancing blast protection. Collectively, these
methodological approaches establish a robust foundation for advancing
research priorities, guiding future inquiries, and informing the development
of targeted safety strategies for military personnel operating armored
vehicles.
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Mejora de la seguridad de la tripulacién blindada: una revision
cienciométrica y de alcance de tendencias, desafios e innovaciones
clave
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CAMPO: cienc;ias militares, ingenieria mecanica
TIPO DE ARTICULO: articulo de revisiéon

Resumen:

Introduccién/objetivo: Este estudio presenta un andlisis integral de la
bibliografia existente sobre la seguridad de la tripulacion de vehiculos
blindados a través de una metodologia cienciométrica y de alcance
integrada.

Métodos: Se utilizaron datos procedentes de Scopus y Web of Science
para analizar un total de 197 documentos tras el preprocesamiento y la
eliminacion de duplicados. El anélisis cienciométrico se realizé utilizando el
software ScientPy y VOSviewer para identificar tendencias de publicacion,
coexistencia de palabras clave y contribuciones académicas influyentes.
Ademas, se llevd a cabo una revision de alcance basada en la estructura
SPIDER para sintetizar conocimientos criticos relacionados con la
vibracion de todo el cuerpo (WBV), el disefio de vehiculos y las tecnologias
de seguridad.

Resultados: Los hallazgos indican que la instalacion de armaduras
antibalas reduce significativamente los niveles de exposicion al WBYV, con
reducciones que oscilan entre el 10% y el 20%. Estas reducciones se
atribuyen a modificaciones en la distribucion de masa y la rigidez del
vehiculo. Se identificaron materiales avanzados, como las aleaciones de
aluminio, como esenciales para mejorar la resistencia a las explosiones y
mitigar las vibraciones. Los resultados enfatizan la importancia de las
modificaciones estructurales y las tecnologias adaptativas, incluidos los
sistemas de suspension mejorados, para gestionar el WBV y mejorar la
seguridad general de la tripulacion.
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Conclusién: Este estudio establece una base sélida para futuras
investigaciones, subrayando la necesidad de disefios de vehiculos
optimizados y estrategias de seguridad integradas para abordar los
factores estresantes fisiolégicos y psicolégicos que enfrentan las
tripulaciones de vehiculos blindados.

Palabras claves: tripulacién de vehiculos blindados, vibracion de
cuerpo entero, analisis cienciométrico, revision de alcance, blindaje
antibalas.

MoBblweHne 6e3onacHOCTM aKkMNaxken GPOHNPOBAHHBIX MaLLVH:
HayKOMeTPUYECKUIN 1 aHanNUTUYeCKnin 0630p KIoYeBbIX TEHOEHLUUNA,
npo6nem n MHHOBaU M

Onuac M. Papgxn®®, koppecnoHaeHT, 3ypauda XacaH®®,
Moxd A3pun Ncmaun®, Xatipyn Xacgpuzad Abaynaxae,
WHmaH Cypas H. Ap3saxaH®®, AcsanHu wak®®,
Edxupo Y. Ocnobeb, Myxammed Xasum A. Fannca®
aYHuBepcuteT YTapa, Manaiaus, Konnegx 6usHeca UUM,
r. Kegax, Manansus
6 Bectknudbdockmin yHusepcuteT, Konnegx 6usHeca,
SKOHOMMUYECKUI hakynbTeT,
r. psuH, KanudopHusa, CoeamHerHble LWTatel AMepukn
® lllkona 6usHeca 1 MeHeKMeHTa

" LLikona TexHONormn MeHeL)XKMeHTa 1 fiormcTUKn

PYBPUKA TPHTW: 78.25.10 bpoHeTaHkOBas TEXHUKA,
78.01.81 'amepeHns, KOHTPOSb 1 ynpaBrieHne KayeCTBOM.
McnbiTaHe 06pasLoB BOOPYXEHMS 1 BOEHHON
TEXHUKM
BWO CTATbW: o630opHas ctaTtes

Peswome:

BeedeHue/uyenb: B daHHOM  uccriedosaHuu  npedcmasrieH
8CECMOPOHHUL  aHanu3  cywecmsyroweld  numepamypbl 110
bes3onacHocmu 3Kurnaxa OpOHUPOBaHHOU MalwUuHbl C MPUMEHEHUEM
UHMezpuposaHHoU HaykoMmempu4eckou u aHanumudeckoul
memododorioauu.

MemoOdsi: faHHble, nonydeHHble u3 Scopus u Web of Science, 6binu
ucronb3oeaHbl  0ns aHanu3sa 197  dokymeHmos nocne
npedsapumenbHoli  obpabomku  u  yOaneHuss  Oybriukamos.
Haykomempuueckul  aHanu3  b6bi1  npogedeH C  [OMOWbIO
npoepammHo20  obecrieyeHusi Scientopia u VOSviewer 0dns
onpedeneHuss meHOeHyul nybnukayul, coernadeHust KIIlo4yesbIx Crios U
3Ha4YuUMbIX Hay4yHblx e6knados. [lomumo moezo, O6bi1 nposedeH
aHanumuyeckuli 0630p, ocHoeaHHbIlU Ha KoHuenuuu SPIDER, ¢ yenbio
0bobuweHuUs1 Kpumudeckux OaHHbIX, Kacaruwuxcsi eubpauyuu ecezo

695

Radzi, E.M. et al, Enhancing armored crew safety: a scientometric and scoping review of key trends, challenges, and innovations, pp.669-697



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

mena (WBYV), npoekmupogaHusi mpaHCcriopmHo2o cpedcmea U
mexHorsnoeaul obecrieyeHus1 6e3onacHocmu.

Pesynbmamesi:  Pe3ynbmambl  uccrnedoeaHuss  nokasanu, 4mo
ycmaHoska nyneHernpobusaemMol OpoHU 3Ha4YuMmeslbHO CHUXaem
yposeHb go30eticmeusi WBV, npudem cHuxeHue cocmasnsgem om 10%
0o 20%. Omo CcHuxeHue O0bOBSICHSIEMCS  U3MEHEHUSsIMU 8
pacripedesieHUU MaccChbl U XeCmKOCMmU mpaHCriopmHo2o cpedcmea.
CospemeHHble Mamepuarsbl, Makue Kak ajloMUHUEe8ble Criasbl,
8M150mMcs Heobxo00UMbIM ¢haKImopoM 8 Mo8bILeHUU yOaporpoYHOCMU
U CHWXeHus1 subpayuu. Pesynbmambl nod4yepkusarom 3HaYUMOCMb
KOHCMPYKMUBHbIX U3MeHeHUl u adanmueHbiX mexHosnoaud, ekroyas
ycoeepuwieHcmeogaHHble cucmemMbl  rodeecku Orns yrnpaesieHusi
ydapornpo4YHOCMbI0 U No8blWeHUs1 obujeli be3onacHoCmu aKunaxa.

Bbigod: [aHHasi cmambsi 3aknadbieaem MpoyHbIl ¢hyHOameHm Onsi
bydywux uccrnedosaHul, nod4yepkusasi He06XxoOUMOCMb onmumu3sayuu
rpPoeKMuUpPo8aHUsi MpaHCropmMHbIX cpedcmes U 8HeOPeHUsI cmpameauli o
obecrieyeHuro beszonacHocmu Ors ycmpaHeHuUs ¢bu3uoio2u4ecKux U
MICUX0/I02UYECKUX CMPECCOopPO8, C KOMOPLIMU CMasKUBarmecs SKUMax;u
OPOHUPOBaAHHBIX MAUIUH.

Knrwyesbie criosa: akunax 6pOHUPOBaHHOU mpaHcrnopmHo-6oesol
MalwuHbl, eubpauyusi eceeo mefia, HayKkoMempudeckuli aHanus,
0630pHbIl aHanus, nyneHernpobusaemasi 6POHSI.

Noborbliane 6e36egHOCTM Nocage OKIONHMX Bo3una:
CUMeHTOMEeTpUjcka aHannsa u npernen 3acTynibEHOCTU KIbyYHUX
TpeHaoBa, 13a3oBa 1 MHoBauuja

Enuac M. Pauun®®, aytop 3a npenucky, 3ypauda XacaH?®,
Moxd Aspun icmaun@", Xajpyn Xaghuzad Aboynaxae,
WHman Cypaja H. Ap3axan®®, AceasiHu Vwak?®,

Euupo Y. Ocnobe®, Myxamed Xasum A. Mrann6®

aYHuBepauTteT YTapa Manesuja, Koney 6usHuca YYM,
Kenax, Manesuja

6 YHnBepanTeT BecTknud, MocrnosHu konel, Oncek ekeoHoMuje,
EpBajH, KanudopHuja, CjeaneHe Amepudke [ipxase

® lllkona 3a NOCMOBHW MeHalIMeHT
" Wkona TeXHOJ'IOFI/Ije MeHalIMeHTa U NNOrncTuke

OBNACT: BOjHe Hayke, MalUMHCTBO
KATEFOPWJA (TWUIM) YNAHKA: npernegHu pag,

Caxemak:

Yeod/uure: Osaj pad npedcmaesrba cgeobyxsamHy aHarnusy riocmojehe
numepamype o 6e3bedHocmu rnocade OKIOMHUX eo3ura rnymem
objedur-agarba cyueHmomempuje u Mmemodorioauje 3acmynbeHocmu.
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Memode: lNodauyu us Scopus-a u Web of Science kopuwheHu cy y
aHanusu ykynHo 197 OQokymeHama HakoH rpemxo0He obpade u
yKnawara Oyrniukama. Y CUUEeHMOMEMPUJCKOj aHanu3u KopuwheH je
anam ScientoPy u cogpmeep VOSviewer 3a udeHmugbukosar-e mpeHdosa
npu objasrbusamy, KIbYYHUX peyu, Kao U ymuuajHux axademCcKux
donpuHoca. Jlumepamypa je aHanuaupaHa no 3acmyrnsbeHocmu y
okpyxerwy SPIDER kako 6u ce cuHmemu3osarna HajeakHuja 3Harba U3
obnacmu eubpayuja yernoz mena (WBV), npojekmosara eos3umna u
6e36e0HOCHUX mexHosioauja.

Pesynmamu: Hanasu ucmpaxueara mnokasyjy 0Oa UHcmarnupare
rnaHyupHoea oknorna y 3HamHoj mepu (00 10% 00 20%) cmamyje
usnoxeHocm uenoe mena subpayujama. O80 CMar-eH-€ rpuriucyje ce
modlucbukayujama y pacriopedy mace U Kpymocmu gosuna. HarpedHu
Mamepujanu, Kao Wwmo Cy anyMUHUjyMcKe rieaype, UOeHmMuUUKo8aHU cy
Kao CywmuHCKU BaHU 3a roeehasare omropHocmu Ha ydap u
cmarberbe subpauyuja. Pe3ynmamu ucmu4dy 8aXHOCM CMpPYKMYPHUX
modugbukayuja u adanmueHUX mexHosoauja, yKibydyjyhu noborblwaHe
cucmeMe gewiarba y pewasarby rpobriema subpauvuja yesioe mena, kao u
y nosehary 6e3bedHocmu rocade y yernuHu.

Sakrbyuak: Osa cmylduja nocmaerba 4epcme ocHose 3a b6ydyha
ucmpaxusarba, ucmudyhu rnompeby 3a ONnMUMU308aHUM
npojekmosarbeM 8o3una, Kao U 3a UHmezpucaHum 6e36e0HOCHUM
cmpameaujama padu pewasarba (OU3UOSIOWKUX U  MCUXO/TOUWKUX
cmpecopa Kojuma cy U3/oxKeHe rnocade OKII0MHUX 803uria.

KmbyyHe peuu: rocada okrornHoe eosurna, subpauyuja yernoz2 mena,
cyueHmMomempujcka aHanu3sa, npeaned 3acmyrnrbeHocmu, rnaHUupHU
OKJI011.
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CABPEMEHO HAOPY>XXAHE N BOJHA ONPEMA
COBPEMEHHOE BOOPY>XEHVE 1 BOEHHOE OBOPYJOBAHVE
MODERN WEAPONS AND MILITARY EQUIPMENT

KuHa pacnopehyje Hosu aBnoH KJ-3000 3a paHo yrno3sopeme n
KOHTpoOny"

KuHecka neTtenuua 3a paHo ynosopewe U koHTpony (AEW&C) KJ-3000
n3BpLuMna je ceoj npeu net 26. geuembpa 2024. rognHe. HbeH gomeT getekuuje
OTKpMBa CTeNT netenuue Ha garbMHama go 360 kunometapa. Jletenuua je
3acHOBaHa Ha gomahem TpaHcrnopTHom aBuoHy Y-20B, a nokpehy je moTopu
WS-20. OBa nnatdopma nosuumoHupa KJ-3000 kao senukn AEW&C cuctem,
yrnopeaus ca KJ-2000, anu ce pasnukyje o cuctema cpefhe BennymHe Kao
wto cy KJ-200 n KJ-500.

lMnamgpopma Y-20B HydOu 3HadajHe npedHocmu Hocusocmu,; KJ-3000 moxe da Hocu o
66 moHa, 16 moHa suwe 0d KJ-2000

Jletenuua KJ-3000 kopuct KOHPOPMHN aHTEHCKM pagapCku CUCTEM, LUTO
npeacTasrba NomMak of TpaguuuoHanHor ausajHa pagapa. KoHgopmHu pagap je
MHTErpucaH OUPEKTHO y CTPYKTYpy aBumoHa, obe3befyje nogatke o cutyauuju y

1 Defense News Aerospace, 27 December 2024
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oncery of 360 cteneHn n noborbluaBa AeTeKUnjy ckpuBeHuX uurbeBa. [Mpema
usBewTajuma, pagap Hyau gomet petekuumje msmeRy 600 m 1.000 km 3a
KOHBeHUMOHanHe mete 1 Buwe og 360 kM 3a cTenTt aBuMoHe nonyT F-22 n F-35.
[wv3ajH pagapa MMHUMU3MpPA aepogmMHaMu4kn otnop, nosehaeajyhu egukacHocT
neta u onepatvMBHy M3OpXIbMBOCT. [lopen Tora, cMcTeM HaBOOHO MOXe Aa
npatu 0o 100 unrbeBa NCTOBPEMEHO.

MoTtopu aBuoHa Y-20B nobGorbliaBajy edukacHoCT ropuea, obe3behyjy
Behn notucak u omoryhaBajy npogyxeHe onepauuwje neta. Opa pgomaha
nnatpopmMa cMmamyje ocriakate Ha yBe3eHe cuctemMe, Kao LITo je pycku /I-76
koju ce kopuctn 3a KJ-2000, omoryhasajyhu noTeHuujanHy npounsBoAwy U
npunarohaBake Benukux pasmepa. [nsajH nnatcgopme je HanpeaHuju y ogHocy
Ha Au3ajH NpeTXoAHUX neTtenuua, kao Wwro je KJ-2000, koju je umao potupajyhy
pagapcKy Kynomy noctaBibeHy Ha okBup aBuoHa [I-76. MNpenasak KJ-3000 Ha
KOHOPMHU pagap omoryhaBa weros An3ajH, jep noborbliaBa aepoanHaMmmnyke
nepdopmMaHce y3 oapXaBahe BMCOKE CMOCOBHOCTM AeTeKuuje.

Papapcka texHonoruja KJ-3000 vHTerpuwie gurutanHe d¢asHe cucteme,
gopatHo noborbwaajyhm moryhHocTu getekumje u npahewa. OBakaB am3ajH
CMatbyje TEeXMHY aBMOHa M NOTPOLUKY ropuBa, noBehasa pagHy 6p3vHy u gomet
aBnoHa. PaHe npoueHe cyrepuvwly ga pagap Moxe Aa oTkpuje, ngeHTudukyje mn
npaTtu HanpegHe CTENT aBUOHe, Kao LITO cy amepuykn 6ombapaepu F-22 n B-
21.

ABUWOH ykrbyyyje cucteme C4I1SR (komaHOOBawe, KOHTPOMA, KOMYHUKaLmje,
komnjytepn, obasewTajHn Haasop M u3BMhawe), WTO My omoryhaea pJa
(PYHKLUMOHMLLE Kao cBEOOYXBaTHM kKOMaHAHM LeHTap. OBM cucTemMun onakwaeajy
KoopAuHaLMjy y Ba3gyxomnioBHUM, KOMHEHMM 1 MOPCKUM foMeHnMa. Oyekyje ce
na he KJ-3000 penoatu 3ajegHo ca HanpeaHum 60pbeHnM aBMOHMMA, Kao LITO
cy J-20, J-16 n J-10C, ocHaxaBajyhu KMHECKy Mpexy MpoTUBBa3LyXOnnoBHE
oabpaHe.

Crtpatewkn nocmatpaHo, netenuua KJ-3000 ce Gopu npoTuB HanpegHumx
CTenT TexHomnorvja. 3axBarbyjyhm CBOjUM cnocoOHOCTMMa MoXe pa ce
CynpoTCTaBM HOBOj reHepauuju CTENT aBuOHa, YKby4vyjyhn noBue LwecTe
reHepauuvje koju ce odekyjy go 2030. roguHe. HenpoBepeHu wu3BeLITaju
cyrepuwy ga KJ-3000 vima aktmBHe MOryhHOCTM enekTpoMarHeTHOr Hanaga,
noteHumjanHo ometajyhmn nnm oHecnocobrbaBajyhn NpoTUBHUYKE €NeKTPOHCKe
CUCTEME Ha BenuMKUM YyaarbeHocTMMa. Takohe, ykasyjy Ha noApLuky 3a
WHTerpaumjy paketa Basgyx-Basgyx PL-17, wTo noborbllaBa HEroBy yrory y
oabpambeHnM 1 odpaH3MBHUM onepaumjama, pelwasajyhm jeaHy og AyroTpajHux
cnaboctn AWACS nnatdopmu.

Jletenuua KJ-3000 pasBuja ce ynopedo ca KUHECKMM MpOTOTUMNOBMMA
noBaLa LecTe reHepauuje 1 jypuwHor Hocada tuna 076. OBa npencraBrbamsa,
Kao 1 npeseHToBake nosua J-20, ogpaxasa CTpaTeLLKkM Hamnop Aa ce nokaxe
Hanpedak KuHecke opabpaHe. TajmuHr npeBor neta netenuue KJ-3000
HarnawaBa HEeHy perieBaHTHOCT 3a KMHeCke CTpaTellke LurbeBe, MOCe6HO y
naumndpuykom pernoHy. Ouekyje ce aa he cnocobHOCTM oBe neTenuue ojayaTu
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cnocobHocT KuHe pa oTkpuje M CynpoTCTaBuM Ce HanpegHuM npeTHama,
YKIby4yjyhin CTenT TeXHOMorunje koje Kopucte NoTeHumMjanHm NpoOTUBHULIN.

Jletennua KJ-3000 vima 3HauvajHy ynory y kuHeckoj AEW&C dnotn,
aonywyjyhu cucteme Benukor gometa, kao wro je KJ-2000, v nnatdopme
cpearwe BenuuuHe, Kao WTo cy KJ-200 n KJ-500. HoeH KOHOPMHU pajap U
TexHonorvja gurutanHe dgasHe pewletke nobosrbliaBajy NPUKPMBEHO Npahewe
uureesa u onepatuBHy edukacHocT. N3rpaheHa Ha gomahoj nnatcgopmu Y-208,
uMa nosehaH AomeT, Behu KanaumteT HOCMBOCTM U Behy U3OPXKIBUBOCT,
cMamyjyhn ocnamware Ha yBeseHe cucTeMe Kao WTo je pycku [I-76. Kao geo
BMLLECIIOjHE Mpexe NpoTMBBa3gyxomnnoBHe oabpaHe, KJ-3000 je HamereH 3a
pewasate eBonympajyhiux npeTwym U3 BasgywHoOr npocrtopa W jayawe
onepaTtMBHUX KanauuteTa. HenpoBepeHn nssopu rosope ga o KJ-3000 morao
Aa 3ameHun ctapuvje nnatdopme, nonyt KJ-2000, koja je y ynoTpebu ckopo age
jeueHuje.

3acHoBaH Ha nnaTdopmu TpaHcnopTHor aBnoHa Y-20B, odvekyje ce ga KJ-
3000 obesbean BasgyxonnosctBy HapogHe ocnobopunavke apmuje (PLAAF)
BeNy CMOCOBHOCT paHor ynosoperwa U KOHTpOfe y Ba3gyLUHOM MpocTopy. Y3
KOH(POPMHY aHTEHCKY pafapcKy TexHOmMorujy, npyxa nokpmeeHocT of 360
cTenenn n noborbluaBa AeTeKUnjy CTENT aBUOHa, YKIby4vyjyhu amepuyke noBue,
Kao wto cy F-22 n F-35, npojektoBaHe fa npyxajy Manu pagapcku ogpas. OBa
noborbllaka MOry ymawuUTu onepaTtvBHe NPeaHOCTM aMepUYKMX CTENT aBuMOHa
nosehakeMm HUXOBE BUASLUBOCTU Y CMOPHMM BasgyLHUM npocTopuMa. Mopen
Tora, yHanpeheHn cucteMm komaHgosawa u KoHTporie KJ-3000 BepoBaTHO he
noborbliat koopanHauunjy nsmehy KMHeCKnx BOjHUX cpeacTaBa, NoTeHLUMjanHo
KOMNIUKyjyhu cTpaTeLuke onepawmje NpoTUBHMKA.

LpazaH M. ByukoBuh (Dragan M. Vuckovié),
e-mail: draganvuckovic64@gmail.com,

ORCID iD: “E'https://orcid.org/0000-0003-1620-5601

MpojekTtun Hellfire ca owTpuuama maya 2

Ha vHTepHeTy ce nojaBumo BWOEO-CHMMAaK Ha KojeM Cy MpukasaHu ocTauu
Tpu npojektunia AGM-114R9X koju cy kKopuwheHu y HegaBHOM Hanagy Ha
Tepopucte noeesaHe ca An Kangom y Cupujn. Bugn ce ga yHyTpawHOCT oBe
MuUCTepUO3He Bep3uje pakete Hellfire nma wect usbauuBmx owTpuLia Hanuk
MayeBMMa yMeCTO TpaauLMOoHanHe ekcnno3vnsHe 6ojeBe rna.e.

Buaeo-knun ce npeu nyT NojaBuo Ha ApywTBeHUM Mpexama 17. jyHa 2020,
TpU gaHa HakoH ypgapa pakete AGM-114R9X Ha CYB y cupujckoj rybepHuju
Monunb. Cupumjcka opraHusaumja 3a JfbyAdcka npaBa ca ceauwTem y Benukoj
BbputaHuju kacHuwje je caonwTtuna pa cy pABe ocobe, jeaHa jopaaHcke
HauMOHanHoOcCTK, a gpyra u3 JemeHa, MNOrvHyne y BO3WMy Yy TOM Harnagy.
Obojuua cy HaBogHO 6unu unaHoBu Xyppac an-[vH, TepopucTuyke rpyne

2 www.twz.com, 17 June, 2020
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nosesaHe ca An Kaugom, kojy amepudka Bnaga Takofe Hasvsa An Kangom y
Cwipuju unu AK-C.

RV R

17/12/2024 19:00

Ocmauu npojekmurnia AGM-114R9X

CTpyyraun 1 nocmartpadv cy paHuwje yTBpaunu fa cy HajMawe Tpu, a
BepoBaTHO M 4eTupu pakete AGM-114R9X norogune CYB y Wpnuby, wto
yKasyje Ha KOMMOHEHTe TpU pasnuunTe pakeTe Ha CHUMKY. Y jeQHOM cnyyajy
BMOe ce octauun HajMawe Tpu ronatvue koje cy npudspiheHe 3a ueHTparnHy
CTPYKTYpy rnaBuvHe. Buam ce u gpyra rnmaByuHa, noBe3aHa Cca HeyuMm LTo
narrnega ga uma jowl noTnyHujy owTpuy.

Ha cHumKy ce Buae u upBeHe cdepe. Oujarpamu npeTxogHuX BapujaHTu
AlM-114, ykrbydyjyhm ocHoBHy Bep3ujy AGM-114R, nokasyjy CnudHy
KOMMOHEHTY Koja Ce Hana3u npema 3agwem Adeny npojektuna, a npeacraBiba
,MHEYMaTCK1 aKkyMynaTop” Koju HWje KapaKkTepucTuyaH 3a OBY peTKy BapujaHTy
npojekTuna.

WcTta cTpykTypa rnaeBuvHe u owTpuue Takohe ce Buae Ha doTorpadujm
HaKoH NMPEeTXOOHOr UnibaHor yaapa y KojeM je jedHa o4 OBMX pakeTa ncnarbeHa
Ha kombu y Nonnby y peuembpy 2019. roamHe. Y ToMm ygapy ybujeH je unaH
XTC-a (Xan'at Taxpup an-Cxam) , og kojer ce Xypac an-[uH pasasojuo 2017.
roauHe. lMpemmeHoBaH u3 An Hycpa ¢poHTa paHuje Te rogmHe, XTC ce
3BaHMYHO ofpekao cBojux Besa ca An Kangom.

MehyTtum, npema poctynHuMm uHdopMauuvjama, usrnega pa je AGM-
114R9G Guna opurnHanHa O3Haka 3a BapuvjaHTy ca owTpuuama, anu ga je
npevMmeHoBaHa y R9X pagu yyBawa TajHOCTM O HOBOj Bep3uju pakete. To 6u
ofrosapano YvheHMUM Aa ce, YNpKoOC CBOjOj je3nBOj eUKacCHOCTU MU Marom
pM3KKy 3a nocmaTtpade, opyxje usgaje camo Ha BPSio OrpaHNYeHoj OCHOBMW.
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System Description

Production

Characteristics

Performance
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A A A

83eaHuuaH dujacpam Koju npukasyje npeceke pasnuyumux eep3uja pakeme AGM-114 ca
sudrbusuM upseHUM cghepama y npojekmunuma AGM-114K, M, Nu R

Mo ceemy cygehu, YmHM ce ga camo GecnunoTHe neTenuue Koje Kopucte
3ajegHnyka  KomaHga 3a cneuuvjanHe onepauvje (JSOC) w  LUeHTtpanHa
obaBelUTajHa areHuunja Hoce OBY HOBY Bep3ujy pakeTe. Koanvuuja npeaBofeHa
CAL, koja ce 6opu npotne UCUC-a y Upaky un Cupwujn, nsjasuna je 3a APl ga
Huje Guna ykrbydeHa y HajHOBWMjU Hamad, LWTOo je y ckragy ca MNpeTXoOHUM
u3jaBamMa amepuyke BOjCKe KOje cyrepuwly da cy oBaj U Apyru ygapu npotvse
royna nosesaHux ca An Kaugom Ha ceseposanagy Cupwuje geo nocebHe
onepauuje. JaBHO [OCTynHe WHopmaumje Takohe roBope Aa je aMepuydko
paTHO Ba3dyXOMroBCTBO CNyX0eHO OAroBOpHO 3a ynpaBrbake OBOM
BapujaHToM of 2017. rognHe. To je yjegHO M roavHa Kaga ce nojaBuo NpBU
nosHaTu cny4yaj ynotpebe oBOr opyxja, O4HOCHO Kaja je jedaH of npojektuna
ybuo Tapawmer Bohy An Kange A6y Xajpa an Macpuja ok ce Bosuno y Uanuby.

Amepuyka Bojcka OO cafda Huje 3BaHW4YHO NOTBpAMMa MocTojake Bep3uje
R9X, 3a pasnuky oq AGM-114R9H, 3a kojy je jaBHO npu3Hana ga npeacrasriba
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pakeTy ca ,Beoma HUCKMM CTENeHoOM koraTeparnHe wrete”, Bep3nje Hellfire koja
MOX[a Yy CBOjoj YHYTpaLUHkOCT HeMa 6ojeBy rnasy 6uno koje BpcTe.

YnpKoC BenuKoj TajHOCTW, MNPOjEKTMN OCTaBrba jacHe TparoBe yaapa,
edekTe owTehewa M Npeno3HaTibMBE onynuHe 360r HegocTaTka eKCnIo3nBHE
0ojeBe rmaee koja Gu Mpukpuna keroBy ynotpeby. YumeHunua ga je opyxje
jacHo osHa4veHo kao u ceaku apyru Hellfire jow je jepaH nokasaters na je
Ca3Hahe O HeroBOM MOCTOjaky HEOMXOAHO.

Bep3wuja pakeTte ca owTtpuuama gobuna je HasmB ,HUHLIA Gomba”, a HakoH

MOMEHYTOT CIlyyaja KOPUCTU Ce N Yy ceBepUCTOYHO] Cupuju.
Hes3BaHW4HM n3BeLITajM HABOAE Aa je HacTaBrbeHO ca ynotpebom oBe Bep3uje
pakeTe U HAKOH CBpraBaka pexuma npeacegHvka Acaga v 10 NpoTMB KamnoBa
n onepatusaua MCUC-a y Cupuju.HaBogn ce pa je Hajmarbe Tpu pakeTe
ucnarbeHo Ha BO3uno y cupujckoj obnactn Nonnd, 6nusy rpaHuue ca Typckom.
Hema nHdopmaLmja 0 ToMe KO ce Hanasuo y Bo3unMma Koja cy rahaHa, anu je
notepheHo aa ce pagu o Hanaguma ,HuHLia dombom”.

Linre npojektoBartba oBakBe BpCTe DOjeBe rMaBe jecTe enMMUHNCaHkEe Unn
6ap MVHUMU3MpaHe KonaTeparHe LTeTe.

HpazaH M. Byukosuh (Dragan M. Vu&kovié),
e-mail: draganvuckovic64@gmail.com,

ORCID iD: "='https://orcid.org/0000-0003-1620-5601

Pycuja dpbopmupa npeu nyk onpemrbeH HOBUM pakeTHUM
CUCTEMOM NMpOTMBBa3ayxonnoBHe oadpaHe S-500 Prometheus?

HauenHuk [eHepanwtaba Pycke ®epepaunje reHepan Banepyj
"epacnmoB HajaBwuo je, 18. geuembpa 2024. rogmHe, bopMupare NPBOr PyCcKor
nyka onpemrbeHor BucokoHanpegHum [1BO pakeTHum cuctemom  S-500
Prometheus.To npepctaB/ba 3HavajaH WCKOpaK Yy CMOCOOHOCTMMA pycke
NpOTMBBAa3ayXonJyioBHe onbpaHe, npu yemy je S-500 cuctem HoBe reHepauuje
Koju KoMOMHYje dyHKUMje NPOTMBBA3AyXOMNJIOBHE ofdpaHe M NpoTMBpPaKeTHOr
cuctema. PaketHun cuctem [lMBO S-500 wcnopydyje ce y [OBe OCHOBHE
KOHUrypaumje: jegHa je npojekToBaHa 3a NpPOTMBBA34yXOMMOBHY oabpaHy
BENMKOr gomeTta, a Adpyra 3a npoTvMBpakeTHy oabpaHy. MehyTtum, reHepan
"epacuMoB HUje U3HEO KOHKPETHE AeTarbe O TOMe KOMUKO je jeanHunua S-500 no
cajla UCMopYyYeHo, Kao HU KOMNUKK je 0brM HeroBor pacnopefusamsa.

Cuctem S-500Prometheus Tpebano ©u ga yHanpegu opdopambeHy moh
Pycuje. OusajumpaH je 3a wmpu crnektap NpeTku 3a pasnuky of NpeTXOLHUX
pakeTHUX cMCTeEMa NpoTuBBa3gyxonnoBHe oabpaHe S-300 n S-400. JegHa of
Haj3Ha4ajHujux KapakTepuctmka S-500 jecTe heroBa cnocobHocT ga npecpehe
WHTEPKOHTUHEHTanNHe Ganuctudke pakete (/ICBM), xunepcoHuMYHe pakeTe, na
Yak M caTenute y HWUCKOj opbuTK, LWITO je OUpeKTaH O4roBOp Ha HOBOHacTane
pakeTHe NpeTHE LWMPOM CBeTa.

3 Defense News Army, 25 December, 2024
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JlaHcupHa jeOuHuua npomuesa3dyxorioeHoe pakemHoz cucmema S-500
Prometheus,usnoxeHa Ha 006pambeHoj uznoxbu Apmuja-2020 y Pycuju, npedcmasuna
Jje ceoje HanpedHe Moz2yhHocmu 3a rnpecpemarnse 8a30yX0OMi08HUX U pakemHux rnpemmbu
gesiukoe domema

Ceaku nyk S-500 cactoju ce oa 12 naHcepa, CnNOCOBGHMX Oa OTKpUjy U
aHraxyjy 0o gecet 6ojeBux rnasa 6anncTuikux paketa koje ce kpehy 6p3vHoM
0o cepam km/c. Cuctem nma Bpeme oasmea o 3 00 4 ¢, WTOo je noborbliame y
ogHocy Ha 9 go 10 ckoje 3axteBa S-400. Takohe, kopuctu pakete 77N6-N n
77N6-N1, koje cy nocebHO MpojeKToBaHE 3a KMHETUYKO MpecpeTare Benuvke
Op3uHe. TecToBM cnpoBedeHn y gebpyapy 2024. noTBpaMnIM Cy CnocoBGHOCT
cuctema ga npecpetHe pakety R-29RMUZ2 Sineva, uime je paemoHcTpupaHa
HeroBa CrnocobHOCT Aa rafla XunepcoHNYHe LnrbeBe.

Mapga cy S-300 n S-400 3actpaiuyjyhu cuctemn, S-500 je edukacHujn y
nornegy gometa M CBECTPAHOCTM LWIbEBA, LWITO ra YMHM 3amMcTa BPXYHCKUM
peluerem 3a NPOTMBBA3AYXOMNNOBHY 0a0paHy.

Cuctem S-500 Hagmawyje S-300 n S-400 y HEKONMKO KPUTUYHMX obnacTu.
Mpe ceera, AomeT HeroBor AejcTea je 3HaTHO Behu; cnocobaH je aa raha
uurbeBe Ha yparbeHoctM o 600 km (375 murba), WITO je MHOro Buwe Yy
nopehewy ca pakeTHMM cuctemom S-400 umju je pagujyc gejctea go 400 km
(250 murba) u paketHor cuctema S-300 ca jow mawum gomeTtom . [loBehaHu
aomeTt omoryhasa cuctemy S-500 ga noctaBm MHOro Behu 3alITUTHM K1WwobpaH,
LITO ra YvHM MohHMM CcpeacTBOM oaBpahara of LUMPOKOr CNekTpa BasayLUHUX
npeTomn. LTaBuwe, pok je S-400 cnocobaH pa raha 6anuctudke u
aepoauHamuyke meTe, cuctem S-500 uma nocebaH POKYyC Ha npecpeTamwe
XUMNEPCOHMYHNX NPOjEKTMNA, LITO je 0bnacT y kojoj ce cuctem S-400 He cHanasu
Hajoorbe 300r ekcTtpemHe Op3vHe M MaHeBpucakba OBMX pakeTa. Jow jegHa
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Ba)kHa npegHocT cuctema S-500 cy weroee aHTucatenutcke moryhHoctu. OH je
HaBOOHO Yy CTawy Aa raha catenute y Huckoj 3emrbuHoj opbutn (LEO), wto
Aofaje HOBY AMMEH3Ujy HEeroBoM ornepaTtMBHOM Obumy. To ra YuMHW He camo
BMCOKO CMOCOBGHMM onb6paMOeHM pakeTHUMM cuctemom, Beh n mohHum opyhem
Koje nMpoTMBHMUMMA yCKpahyje NpUCTyn Kiby4YHMM KOCMWYKMM CpeacTBMMa, Kao
WITO Cy KOMyHUKauuje, n3pufawe 1M BpemeHcku catenutu. C TuMm y Besu, TO
noeehaBa cnocobHocT Pycuje ga omeTa onepaumje MpPOTUBHMKA, YKIbydyjyhn
HATO u gpyre 3anagHe 3eMrbe, KOju ce y BEJIMKOj Mepu ocriakajy Ha caTenuTe
Y BOjHE U cTpaTeLLKe CBpXe.

WHTerpaunja S-500 y pycky ogbpambeHy mpexy npeactaBiba 3HayajHy
eckanauujy y cnocobHoctu Pycuje Aa 3awTuTn CBOj BasgyLUHW MPOCTOpP, OOK
NCTOBpPEMEHO MpeacTaBrba AvpektaH nsasos 3a HATO u amepuuke cucteme
Ba3dyxonrnoBHe M pakeTHe oabpaHe. Behu gomer cuctema n noborbluaHe
MoryhHOCTU akBuM3MLUMje uurbeBa 3Hadve ga 6u cuctem noteHumjanHo morao ga
HeyTpanuiwie MHora cpefacTBa npoTuBpakeTHe ogbpaHe 3anaga, ykibydyjyhu u
oHa pacnopefieHa y uctouHoj EBponu. [dakne,S-500 6u morao nopemeTutu
onepaumje M 3HayajHO orpaHuuMTM cnobogy maHeBapa 3a HATO cHare,
nocebHo y cueHapujuma Koju YKibydyjy CpeAcTBa BUCOKE BPEAHOCTU Kao LUTO Cy
n3suhadkm aBnoHn, bombapaepu nnm ogbpambeHe pakeTe.

Cuctem S-500 npepctaBrba BenukM KM3as3oB 3a rnobanHy cTpaTeLlky
paBHoTexy CjegmreHux [pxaBa. HberoBe HanpeaHe KapakTepUCTUKE ANPEKTHO
ra CynpoTCTaBrbajy aMepuydkmm MnpoTUBPAKETHUM onbpambeHum cucTeMmma,
Kao LUTO Cy pakeTHu cuctemu Patriot n cuctem ogbpaHe o 6anncTnykmx pakeTa
Aegis. CnocobHOCT cynpoTCTaBibaka XWUMNEPCOHUYHMM MpOojeKTUNnMMa  je
nocebHo 3abpuwaBajyha, jep cy ce CA[L Buwe dokycnpane Ha pasBoj
COMCTBEHOI XUMEPCOHMYHOI opyxXja. Ycnex Pycuje y pasmewTtawy S-500 morao
6u pa npumopa CA[Ll ga npeucnuTa 3anagHe cTpaTernje npoTMBpPaKeTHEe
oabpaHe, nocebHO y pernoHnma y kojuma 6u Pycuja morna ga Kopuctu OBy
TEXHOMNOorujy 3a cynpoTcTaBrbawe onepauunjama HATO-a n CAL.

Cunctem S-500 61 morao nmaTu 3HadajHe uMmnnukaumje y paty y YkpajuHu.
Pycuja je Beh pacnopeguna cucteme S-300 n S-400 y pernoHy, kopuctehu mnx
3a cynpoTcTaBrbakbe Ba3gyxonnoBHUM cpeacTtBuma YkpajuHe n HATO-a
Honasak cuctema S-500 gopatHO java ogbpambeHe crnocobHoctu Pycuije,
npyxajyhm mohaH WTUT of Bas3gyXOMNMoOBHUX ydapa WM pakeTHuMx Hanaga. Ca
CBOjoM crocobHowhy aa npecpeTHe LWWPOK Crektap npeThu, YKIbydyjyhu
HanpeaHe pakeTHe cucteme koje je obesbeauno 3anag, cuctem S-500 6m morao
JofaTtHoO oTexaTtu YKpajuHu ussohene NpeumsHuUx yaapa Ha pycke nornoxaje
NN KpUTUYHY MHApacTpykTypy. Cnctem gyror gomeTta morao 6w Takohe ga
rafa uwbeBe [faneko u3BaH rpaHuua YKpajuHe, WTO ©Ou oTexano cBe
Ba3gyxonsioBHe onepaumje koje nssoge HATO unu ykpajuHcke cHare.

YBohewe pakeTtHor cuctema S-500 morno 6m ga ytude M Ha naHay
cHabgeBawa YKpajuHe HanpegHuMM HaopyxkaweM. Ha npumep, npeumsHa
MyHUUMja gyror AOMeTa, Kao WTo je pakeTHn cuctem ATACMS koju ncrnopydyje
CAL vnn HoBu pakeTHn cuctemm HATO-a, moxga he mmatum noTewkoha ga
n3berHy moryhHocTn npecpeTawa paketa S-500. To 6m morno edekTnBHO ga
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yMakn Heke Off CTpaTeLLKnxX NpegHOCTU Koje Cy ce 3anagHe cune Hagane aa he
NpYyXuTn YKpajuHu y 60pbu npoTnB pycKnx cHara.

MeTtor jaHyapa 2025. 6uno je HajaBrbeHO Aa he npBM pyckM nyk
NpOTMBBAa3AYyXOMNOBHUX pakeTHUX cuctema S-500 Prometheus wmaTtu 3apatak
na 6paHu Kpumckn moct. [a cy enemeHtn S-500 Beh 6unu pacnopeheHu Ha
Kpumy y ekcnepMMmeHTanHoOM KanauuTeTy W3BecTuna je  YKpajuHcka
obaBeluTajHa cnyxba jow cpegmHom 2024. roanHe.

Ha wmefyHapogHoMm nnaHy, Pycuwja je WHAMjM noHyauna 3ajeqHuudky
npousBogwy S-500. Tokom noceTe npemujepa HapeHope Mopauja Mocksu,
2024. roguHe, Pycuja je obHoBMNa oOBaj npeanor kao Aeo Lupe capagkwe Y
obnactn opbpaHe. WHamja Tek Tpeba pa [goHece oanyky, BepoBaTHO
oamepaBajyhn noTeHuujanHe caHkuuvje 1 reononMtudke MMnnvkauuje y ogHocy
Ha cnocobHocTn cuctema. [loTeHumjanHu 3Havaj S-500 y KOHKypeHuumju
npoTuBpakeTHe oabpaHe HarnaweH je nopehewnma ca pakeTHUM NPorpamMom
BrahMos, koju je 6uo pesyntat npeTxofHe capaakwe Pycuje n NHaumje.

YnpKoc CBOjUM HanpeaHWM KapakTepuctukama, cucteMm S-500 ce cyoyasa
ca ornepaTvMBHUM M3a30BMMaA. YKPajUHCKe CHare cy u3Hene crpareruvjy 3a 6opby
NpoTUB Hera, YKbyyyjyhu kopuwhere KooOpaMHUPAHUX pakeTHUX Hanaga,
€eKTPOHCKOr paToBaka 1 becnunoTHux Ba3gyxonnoBHux cucrema. Kpcrapeha
paketa Trembita, kojy je npojektoBana YkpajuHa, morna 6u ga ce kopuctu y
Hanaguma 3acuhewa Kako Ou ce HagBnaganu npecpetadun  S-500.
KombuHoBawe TakKBUX paKeTHWX Yyhgapa ca €enekTPOHCKMM OMeTakeM U
onepauujama ApOHOBaA MOXe CMawUTn eprMKkacHOCT cucTema.

HapaBHo ga he Pycuja yBesaTtu cucreme S-500 ca noctojehum cuctemmma
S-300 n S-400, kao ga he pakeTHe baTepuje ouTK OparweHe cuctemuma lNaHuup
n Top.

YKpajuHuu cy 1 4o caga NoBpPEMEHO ycrneBanu ga npodujy Tako CrojeBuTo
opraHm3oBaHy ogbpaHy 3acuheweM MecTa Hanaga BeNuKMM KONUYMHama
GecnunoTHUx netenuua y kombuHaumju ca Kpctapehum v gpyrum BpcTama
pakeTa.

HpazaH M. Byukosuh (Dragan M. Vu&kovié),
e-mail: draganvuckovic64@gmail.com,
ORCID iD: "“https://orcid.org/0000-0003-1620-5601

HoBwu Typcku TeHk Altay 4 — nopehere ca MoaepHUM
3anagHnM TeHKOBUMaA

HoBu ocHoBHM GopbGeHn TeHk Altay (MBT) Tpebano 6w ga mma KibyvHy
yrnory y jadawby OKIMOMHUX CMOCOBHOCTU, Kako TYPCKMX OPY>XaHWX CHara, Tako u
HeHnx MefyHapoaHux napTtHepa. OBaj HOBM TEHK, 3a Koju ce ovekyje ga he yhu
y ynoTpeby 2025. roamHe, morao 61 ga noHyau HEKONMKO NPEdHOCTU Y OAHOCY
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Ha mogepHe HATO TeHkoBe kao wto cy M1A2 SEPv3 Abrams, Leopard 2A8,
Leclerc XLR, K2, Challenger 2 v Ariete. Cepujcka npounsBogha noyena je y majy
2024. rogmHe, a TYpCKe KOMHEHe CcHare cy npuMapHu onepaTtepu, ca
nnaHnpaHuMm uurbem npomuseogawe of 1.000 TeHKoBa, MCMOPYYEHUX Y YeTupwm
cepuje og no 250 jeanHuua.

YKrbyuyjyhu nckyctsa 13 jyxxHokopejckor npojekta K2 Black Panther, Altay
je OCHOBHM OopbeHu TeHk 4veTBpTe reHepauuje (MBT) HaopyxaH Tornom ca
rmatkoMm ueBu og 120 mm L/55 koju npousBogm komnanuja MKE npema
crnopasymy o TpaHcdepy TexHonoruje ca komnaHujom Hyundai Rotem.

Altay je npou3god Typckoz HauuoHanHo2 npojekma 3a npoussodry meHkosa (MITUP),
rnokpeHym cpeduHom degedecemux 200UHa, O3Ha4YUBWU 8E/IUKU pa3eoj meHKoea 00
1943. 200uHe

Cepujcka npou3seodra 3aroyena je y majy 2024, ca cmorom npou3go0r-e 00 HajMaH-e
ocam jeQuHuUya MeceyqHo, a oyekyje ce 0a he merk yhu y ynompeby y OpyxaHum
cHazama Typcke 2025. eoduHe, no npouer-eHoj yeHu 0d 13,75 munuoHa donapa
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Altay je pasBujeH kako 6u ce ycnoctaBune gomahe cnocobHOCTM 3a pasBoj
N ogpxaBawe oknonHux nnatrgopmu 3a OpyxaHe cHare Typcke. [Nporpam je
3BaHN4YHO nokpeHyT 2007. rogunHe. KomnaHwuja Otfokar je nsabpaHa 3a rrnaBHoOr
n3sohaya, ca NPOjEeKTOM KOju YKIbydyje TpaHcdep TexHonoruje nm nomoh no
NPOjeKTy jykKHOKOpejcke komnaHuje Hyundai Rotem, ocnawajyhn ce Ha nporpam
TeHkoBa K2 Black Panther.

lMpojekaT je HanpegoBao KPO3 pa3Boj NPOTOTMNA, Ca NOYETHMM Mogenuma
npoussegeHum 2012. roguHe M pasama TecTupawa 3aspleHum go 2016.
roanHe. Komnanwnja BMC je 2018. gobuna yroBop 3a cepujcky Npov3Bomy, Koja
je opnoxeHa 36or embapra Ha Hemadke MTU motope u wn3so3 RENK
TpaHcMucuje/merwsava. [Oa 6u ce pewuvnu oBu npobnemu, YycBojeHe cCYy
jyKHOKOpejCcke KOMMOHEHTE, LWTO je oMoryhuno ga cepuvjcka nponssogka noyHe
y majy 2024. roguHe. To je 03Ha4Mno MpBW NOTNYHW PasBOj TYPCKOr OCHOBHOT
B6opbeHor TeHka y OAHOCY Ha NPeTXOA4HW Mokywaj u3d 1943. rogunHe, Koju Huje
HanpegoBsao Jarbe of ghase npotoTuna.

TeHk Altay 6u morao ga nokaxe 3Ha4vajaH U3BO3HU NOTeHUMjan, ¢ 063Mpom
Ha To Aga je Katap HaBogHo nopyyno 100 jeguHuua, oa kojux ce npsux 40
OyYeKyje y poky oA ABe roavHe. 3amHTepecoBaHu cy n AsepbejiiaH, NaknctaH,
Caygujcka Apabuja n OmaH, anm n Mapoko, IHgoHeawja, baHrnagew n gpyre
3emsbe. [pojektoBaHa npowussoawa oa 1.000 jeamHunua o 2035. nogpxasa
KanauuteTe 3a mehyHapogHe WCropyke, y cknagy ca LWMpPOM WHULMjaTUBOM
Typcke 3a ycnoctaBrbake Kkanauuteta gomahe NnpovMsBoaH-€ 3a U3B03.

Altay je caga cnpemaH 3a ¢asHy npoussogny og 1.000 jeguHumua y yetmpu
cepuje, ca NOCTENEHUM axypupawem nnaHupaHuMm 3a csaky dasy. Cepujcka
npoussogwa 3anoyena je y Mmajy 2024.roguvHe, ca CTONOM NPOV3BOAHE 04
HajMake ocaM jeQuHULA MeceyHo, a odekyje ce aa he TeHk yhu y ynotpeby y
OpyxaHum cHarama Typcke 2025. roguHe, no npoueweHoj ueHn og 13,75
MUIMoHa gonapa. BapujaHTe ykrby4yjy OCHOBHY nuHMjy T1, noGorbliaHn moaen
T2 n T3 ca kynonom 6e3 nocage, 3ajedHO ca KOHdurypaumjama 3a rpagcke
onepauuje (AXT), umwherwe MUHA, Nonarake MOCTOBa U 3agaTke onopaska.
[ok he no4veTHe cepuje KOPUCTUTU jYXKHOKOPEjCKE KOMMOHEHTE 3a MOroH,
HapeaHe jeauHuLe he ykibyunBaTu MOTOpe pasBujeHe y Aomahoj uHayCcTpuju.

Y nopehewy ca TeHkom M1A2 SEPv3 Abrams, an3en motop TeHka Altay
3axTeBa Behy MNOTpOLWHY ropmBa anu je jegHOCTaBHUjUM 3a ofjpxasawe. Y
ofHocy Ha TeHK Leopard 2A8, Altay je onpemMibeH CUCTEMOM aKTMBHE 3alUTuTe
AKKOR (APS), npyxajyhm pogatHe opbpambeHe MoryhHOCTM MpoOTUB
NPOTUBTEHKOBCKMX BONEHUX npojektuna. Y opgHocy Ha TeHK Leclerc XLR,
MoAynapHu [Au3ajH oknona TeHka Alfay omoryhaBa npunarohaBawe #
Hagorpadwy HEroBMx HMBoOa 3awTute, Hyaehm GnekcmbunHocT Koja Huje
JOCTYyMHa Yy OAHOCY Ha (PUKCHY KOHGMrypauujy oknona dpaHLycKor TeHKa.

Y nopehewy ca TeHkoM K2 Black Panther, Altay ykrbydyje agantaumje 3a
pasnuunTe onepaTuBHE TepeHe, WTO MoXe noborbwaTn herose nepgopmaHce
Yy pasnuuuTuM oKpyxerwmma. Y ofgHocy Ha TeHk Challenger 2, rnaTka ueB Tona
oA 120 mm TeHka Altay v HanpedHW CUCTEM 3a KOHTPOSy BaTtpe KOMMNaTuousmHu
Cy Ca LuMpumM cnekTpom ctaHgapaHe myHuumje HATO-a, ook onyyeHa ueB TeHka
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Challenger 2 orpaHudaBa ynotpeby cneunduyHe myHuumje (To je ncnpaerbeHo
Ha cnegehem TeHKy Challenger 3 koju ce BpaTMO Ha CMCTEM rnaTKe TOMOBCKE
uesn ca HATO kanmbpom og 120 mm). KoHauHo, y nopehemny ca TeHKoMm Ariete,
Altay vima HanpegHu OKInon 1 CMCTEMe aKTUBHE 3aluTuTe, KOjux Hema y crapujem
On3ajHy utanmjaHckor TeHka. OBM yrnopeaHu acnekTu KapakTepully nosuuunjy
TeHka Altay mehy TeHkoBuMa HATO-a Ha OCHOBY H-eroBor An3ajHa u cucTemcke
WHTerpauuje.

Yrbyyyjyhu nekumje HayvyeHe W3 jyxHokopejckor npojekta K2 Black
Panther, Altay je ocHoBHM BopbeHun TeHk YeTBpTe reHepaumje (MBT) onpemrbeH
rmatkmm TornoMm on 120mm L/55 koju npomssoau komnawuja MKE npema
crnopasyMy O TpaHcdepy TexHonoruje ca komnaHujom Hyundai Rotem. Oo
rmaBHO Haopyxakwe Moxe da ucnarbyje Hn3 HATO komnatubunHe myHuuuje, ca
aoMetoM o npubnmxHo 3 KM, a [OMyweHO je MakeToM CekyHOapHor
HaopyxXara, YKIbydyjyhr OarbUHCKM ynpaBrbaHy OPYXHY CTaHuuy of 12,7 mm
(RCWS) un bauay rpaHaTa og 40 mm. CucTtem 3a ynpaerbakbe BaTpoOM, CUCTEM
KOMaHOOBaHa 1 yrnpaBribaka U CUCTEM ENTeKTPUYHOT MOroHa Kyrnone ncnopydyje
koMnaHuja Aselsan, OOK MOAYNapHU KOMMO3UTHM OKMNOM TEeHKa MNpOM3BOAM
koMnaHuja Roketsan y3 npojekTaHTcKy nomMoh jy)KHOKOpejckux rpMu kako 6u
ce 00e3beauna Beha banucTuyka 3awTuTa.

MoroHckn ckron 3a npBe NpousBogHe cepuje Ouhe Typboamsen moTop
Hyundai Doosan DV27K V12 op 1.500 KC, noBesaH ca mewadem SNT
Dynamics EST15K. byayhe cepuje mory ykibyuntn gomahu motop BMC Power
Batu V12. Altay ima makcumarnHy 6p3uHy Ha nyTy og 65 kvm/4, 6p3nHy BaH nyTta
oA 45 kM/M n pagHu pomet of 450 kM. HberoB XxuaponHeymaTCKu CUCTEM
ocnakamwa Au3ajHupaH je Tako da onTuMusyje MOBMMHOCT Ha pasnuyunTum
TepeHuma 1 ykibyyyje ayToMaTCKuM CUCTEM 3aTe3ara ryceHuua. Takohe, TeHK je
ONpPeEMSbEH W30JIOBAHNM OJErbKOM 3a MYHUUMjy, cucTemuma 3a cysbujare
noxapa W eKcrnnosvja M CeH3opuma 3a OTKpMBaHe XEMMWjCKMX, OMOMOoLIKuX,
paguonoLkux u HykrneapHux (CBRN) npeTwu.

HpazaH M. Byukosuh (Dragan M. Vu&kovié),
e-mail: draganvuckovic64@gmail.com,

ORCID iD: "='https://orcid.org/0000-0003-1620-5601

709

Vuékovié, D., SAVREMENO NAORUZANjE | VOJNA OPREMA / MODERN WEAPONS AND MILITARY EQUIPMENT, pp.698-709


http://orcid.org/
http://orcid.org/

EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

No3nB U YIYTCTBO AYTOPUMA
NPUMALUEHWE N MHCTPYKUNA J1A ABTOPOB PABOT
CALL FOR PAPERS AND INSTRUCTIONS FOR AUTHORS

no3nB N YNYTCTBO AYTOPUMA O HAYUHY NPUNPEME YJ1AHKA

YnyTcTBO ayTopuma O HauuHy npunpemMe uYnaHka 3a objaBrbuBare Y
BojHomexHuykom enacHuky ypaheHo je Ha ocHoBy [lpaBunHuka O kateropusauuju u
paHrmpary Hay4yHuMx 4Yaconuca MuHucTapcTBa NpocBeTe, HayKe U TEXHOMOLLKOr pa3Boja
Penybnuke Cpbuje ("Cnyxbenun rmacHuk PC", 6poj 159/20). MNMpumeHa osor lMpaBunHuka
NPBEHCTBEHO CNyXu yHanpehewy kBanuteta gomahux yaconuca v HMXOBOT MOTMyHUjer
YKIbyuMBawa y MeflyHapoaHu cucteM pasmeHe HaydHux nHdopmauuja.

BojHoTtexHuukn rnacHuk / Vojnotehnicki glasnik / Military Technical Courier
(BTr.mo.ynp.cp6, www.vtg.mod.gov.rs, ISSN 0042-8469 — wTamnaHo mn3game, e-ISSN
2217-4753 - online, UDC 623+355/359, DOI: 10.5937/VojnotehnickiGlasnik;
https://doi.org/10.5937/VojnotehnickiGlasnik), jecte peueH3anpaHu Hay4Hn Yaconuc.

BrnacHuun vaconuca cy MwuHuctapctBo opbpaHe Penybnuke Cpbuje n Bojcka
Cpbuje. N3pgaBay 1 cuHaHcujep Yaconuca je YHuBepauteT ogbpaHe y beorpaay (BojHa
akagemuja).

Mporpamcka opujeHTaumja 4aconuca 3acHMBa Ce Ha roguLLIH-0j KaTeropusauujm
Yyaconuca, Kojy BpLUN HaANeXHO ApXXaBHO MUHUCTaPCTBO Y ogpefheHnm obnactuma, kao un
Ha HEroBOM MHAEKcHpamy y MeflyHapoaHUM MHAEKCHMM Gasama.

Yaconuc obyxsata Hay4He, OAHOCHO CTpyYHe 06riacT y OKBMPY 06pasoBHO-Hay4YHOr
norba NPUPOAHO-MaTEMaTUUYKUX HayKa, Kao M Yy OKBMPY OBpa3oBHO-Hay4yHOr Morba
TEeXHUYKO-TEXHONOLUKMX HayKka, a Hapouuto obractm opbpambeHMX Hayka W
TexHonornja. OG6jaBrbyje Teopujcka M MpakTMdHa pJdocturHyha koja gonpuHoce
ycaBplUaBakwy CBMX MpWNagHvMKa cprcke, pernoHanHe u mefyHapoaHe akagemcke
3ajegHuue, a nocebHO NpunagHuKa BOjCKU U MMHUCTapcTaBa ogbpaHe. MNybnuvkyje pagose
Ca ypaBHOTeXeHUM unssellTaBakbeM 0 aHalnnTU4kKnum, ekcnepmMmeHTanHnuMm U npuMmeHeHnm
UCcTpaxusBamwymMa, Kao W HyMepuukum cumynauuvjama, obyxsaTtajyhu pasnuuute
avcumnnuHe. O6jaBrbeHV MaTepuyjany Cy BUCOKOT KBanuTeTa U peneBaHTHOCTU, HanucaHu
Ha Ha4YMH KOjU UX YMHW OOCTYNMHWMM LUMPOKOj YmTanaykoj nybrnmun. CBu pagosBu Koju
M3BewTaBajy O OpPWUrMHaNHUM  TEOPMWCKUM  W/MAM  NPaKTUYHO  OPUjEHTUCaHUM
ncTpaxviBarwuma nnu npoLuMpeHum Bep3anjama seh objaBrbeHnx pagosa ca kKoHdepeHumja
cy aobpogownu. Pagosun 3a objaBrbmBare ofabupy ce OBOCTPYKO CrenvMM MOCTYMKOM
peLeH3unje kako 6u ce ocurypana OpurMHanHOCT, PeNeBaHTHOCT U YNTILUBOCT. [putom
uuIb HMje camo Ada ce kBanuteT objaBrbeHMx pagoBa OOpXwW BUCOKMM Beh u ga ce
06e3beau NpaBoBPEMEHN, TEMEBHU N YPaBHOTEXEHU MOCTYNaK peLeHsuje.

YpehuBauka nonutuka BojHOmMexHUYKO2 eracHUKa 3acHMBa Ce Ha npenopykama
Opbopa 3a etnyHocT y nsgasawTey (COPE Core Practices) u 3ajegHny4kMM npyHUmnuma
TpaHCnapeHTHOCTK 1 Hajborbe npakce y nsgasawtey COPE, DOAJ, OASPA n WAME, kao
1 Ha HajborbmMm nNpuxeaheHnM npakcama y Hay4yHOM M3aaBaluTBy. BoOjHOMEXHUYKU 21aCHUK
je unaH COPE (Committee on Publication Ethics) og 2. maja 2018. roamHe n unan OASPA
(Open Access Scholarly Publishers Association) og oa 27. HoBembpa 2015. roguHe.

MuHucTapcTBO Hayke, TEXHOMOLUKOr pasBoja W uHoBauuwja PenyGnuke Cpbuje
yTBpauno je gaHa 13. 12. 2024. rognHe kateropusaumnjy BojHomexHu4Koe enacHuka, 3a
2024. roauHy:

— Ha NIMCTM Yaconuca 3a pavyyHapcke Hayke:

KaTeropuja BPXyHCKM Yaconuc HaLMoHanHor 3Havaja (M51),
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— Ha NMCTU Yaconuca 3a eNeKTPOHUKY, TerleKoMyHuKaumje u nHpopmalmoHe
TexHonoruje:
KaTeropuja BPXyHCKM Yaconuc HaumoHanHor 3Havaja (M51),

— Ha NIMCTK Yaconuca 3a MallMHCTBO:
KaTeropuja BPXyHCKM Yaconuc HaumoHanHor 3Havaja (M51),

— Ha NMCTU Yaconuca 3a MaTepujane u xeMujcke TexHornoruje:
KaTteropuja HaLuMoHanHu Yyaconuc mefyHapoaHor 3Hadvaja (M24).

YcBojeHe nucTte gomahux vaconuca 3a 2024. roguvHy MOry ce BMOETU Ha cajTy
BojHomexHuy4koe enacHuka, cTpaHuua Kamezopu3ayuja yaconuca.

HeTarbHuje nHopmaumje mory ce npoHahu n Ha cajty MuHuctapcTBa npocseTte,
HayKe 1 TexHonoLlKor pa3soja Penybnnke Cpbuije.

Mopaum o kaTeropusaumju mory ce npatnti u Ha cajty KOBCOH-a (KoHsopuwmjym
6ubnunoteka Cpbuje 3a objeanHeHy HabaBky).

KaTeropusaumja yaconuca mssplueHa je npema [lpaBunHuky o kateropusauujy u
paHrMpamy Hay4Hux Yaconnca MuHucTapcTea NpocBeTe, Hayke M TEXHOMOLUKOr pas3soja
Penybnuke Cpbuje ("Cnyx06eHun rnacHuk PC", 6poj 159/20).

Yaconuc ce npaTtu y koHTekcTy Cprickor umtatHor uHgekca — ClLuHgekc (6asa
nogartaka gomahux HayyHux yaconuca), HayyHo-uHdopmaumoHor cuctema Redalyc n
Pyckor uHgekca HaydHor uutupawa (PWUHLY). TMoasprHyT je ctanHomM BpegHOBawy
(MOHUTOPWHIY) Yy 3aBUCHOCTW OA YTMUAJHOCTU (MMnakTa) y camum Gasama. [letarbu o
WHOEKCcHpawy Mory ce BuAeTM Ha cajTy BojHomexHu4ykoe enacHuka, cTpaHuua
UHdekcuparse vyaconuca.

BojHomexHuuku 2nacHuk, y nornepy CBOr cagpxaja, npyxa moryhHocT oTBOpeHor
npuctyna (DIAMOND OPEN ACCESS) u npumernyje Creative Commons (CC
BY) ogpenbe o aytopckum npaBuma. [letarsu o ayTopcKMM npasBvMa MOry ce BUAETU Ha
cajTy yaconuca, cTpaHuua Aymopcka npasa u nonumuka camoapxusuparsa.

PapoBn ce npegajy nytem OHMajH cucteMa 3a €neKkTPOHCKO ypehuBame
ACUCTEHT, koju je pa3suo LleHTap 3a eBanyauujy y obpasoBany u Hayum (LIEOH).

MpucTyn n perncrpauunja 3a cepBuC BpLUE Ce Ha cajTy www.vtg.mod.gov.rs, npeko
ctpatuue ACUCTEHT wnun  CUMHOEKC, o0QHOCHO  OWPEKTHO  Ha  MUHKY
aseestant.ceon.rs/index.php/vtg.

[eTarbHO ynyTCTBO O perucTpaumju u npujaBn 3a CepBMC Hanasu ce Ha cajty
www.vtg.mod.gov.rs, cTpanuua Ynymcemeo 3a ACUCTEHT.

MoTpebHO je Oa ce cBM ayTopu KOju MOAHOCE pPykonNuc 3a objaBrbuBame Yy
BojHomexHuykom enacHuky peructpyjy y peructap ORCID (Open Researcher and
Contributor ID), npema ynyTcTBY Ha CTpaHuum cajta Peaucmpauuja 3a 0obujarbe ORCID
udéeHmugbukayuoHe wugpe.

BojHomexHu4Ku 2nacHuk 06jaBrbyje YnaHKe Ha eHrneckoMm jeauky (arial, BenuuvHa
cnosa 11 pt, npopep Single).

MocTynak npunpeme, nucamwa 1 ypefusama unaHka Tpeba ga 6yde y carnacHocTu
ca MWsjasom o emuykom nocmynary (http://www.vtg.mod.gov.rs/izjava-o-etickom-
postupanju.html).

UnaHak Tpeba Aa cagpxu caxeTak ca Kiby4HUM pednma, yBod (MoTuBauumjy 3a pag),
paspagy (ageksaTaH npernes penpe3eHTaTMBHOCTM paaa y HheroBoj 06nacTtu, jacHy usjasy
0 HOBUWHWM Yy NpeacTaBibEHOM UCTPaXMBaky, oaroBapajyhy Teopumjcky no3aguHy, jegaH unu
BULLE MpUMepa 3a AeMOHCTpMpare U AUCKYCUjy O MPeAcTaBibeHNM Maejama), 3akibyyak
n nuTtepatypy (6e3 Hymepauuje Hacnosa u nogHacnosa). O6bum ynaHka Tpeba oa 6yae ao
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jeaHor aytopckor Tabaka (16 ctpaHuua opmata A4 ca npopegom Single), a HajpuLe 24
cTpaHuue.

UnaHak Tpeba pa Oyae HanucaH Ha obpacly 3a nucare YnaHka, Koju ce y
€reKTPOHCKOj (hOpMM MOXE Npey3eTn ca cajTa Ha cTpaHuum Obpasay 3a nucar-e YnaHka.

Hacnos

Hacnos Tpeba fa ofpaxasa TeMy unaHka. Y MHTepecy je yaconuca u aytopa Aa ce
KOpUCTe peun NpuknagHe 3a MHOeKCUpake U npeTpaxuBame. AKO TakBUX peun Hema y
HacnoBy, NOXeJbHO je Aa ce NpuaoAa v NoAHACHOB.

Tekyhu HacnoB

Tekyhn HacrnoB ce ucCnucyje ca CTpaHe CBake CTpaHuUe 4naHka pagu nakle
naeHTUdUKaLmje, NocebHO Komuja YnaHaka y enekTpoHCKoM o6nuky. Cagpxu npesume u
MHULMjan nMeHa ayTopa (ako ayTopa Mma Bulle, NpeocTasny ce o3HayaBajy ca et al.” unm
M Op.“), HacrnoBe pafa v Yaconuca U konauujy (roguHa, BOSlYMEH, CBecka, NMoveTHa U
3aBpLUHa cTpaHuua). Hacrnosu yaconuca u ynaHka Mory ce fatu y ckpaheHoMm obmnuky.

Ume ayTopa

Hasogu ce nyHo ume n npesume (cBux) aytopa. Beoma je noxersHo Aa ce HaBegy 1
cpedwa cnosa ayTtopa. IMeHa u npesvmeHa gomahux aytopa yBeK ce UCnuUcyjy Yy
OpUrMHanHoMm o6nuKy (ca CPNckMM AMjakpUTUYKMM 3HAKOBMMA), HE3ABUCHO Of je3nka Ha
KojeM je HanucaH pag.

Hasue yctaHoBe aytopa (adunujaumja)

HaBoau ce nyH (3BaHWM4YHKU) HA3MB U ceauLTe YCTaHOBE Yy KOjoj je ayTop 3anocrneH, a
€BEHTyarHo M Has3uWB YCTaHOBE Yy KOjoj je ayTop obaBMO MCTpaxkuBakse. Y CIOXEHUM
opraHv3auuvjama HaBogu ce ykynHa xujepapxuja (Hnp. YHusepauteT ogbpaHe y beorpagy,
BojHa akapgemuja, Kategpa npupogHo-matemMaTuykmx Hayka). bap jegHa opranusaumja y
xujepapxvju mopa 6utn npasBHO nvue. AKO ayTopa uMa BWLIE, a HeKW NOTUYY U3 UcTe
yCTaHoBe, Mopa Ce, MOCebGHUM O3Hakama WNW Ha APYr HauvH, HasHauMTU M3 Koje Of
HaBedeHUX yCTaHoBa MOTWYE CBakM Of HaBedeHux ayTopa. Adwvnuvjauuja ce ucnucyje
HernocpeaHO HAaKoH MMeHa ayTopa. PyHKUWja 1 3BaHe ayTopa ce He HaBoae.

KoHTakT nogaum
Anpeca nnu e-agpeca CBUX aytopa faje ce nopes MMeHa 1 npes3vMeHa aytopa.

KaTeropuja (Tun) unaxka

Kateropusaumja unaHaka obaBesa je ypegHuWTBa U of MNOCeGHe je BaXKHOCTW.
KaTteropujy 4naHka mory npepnarat peueH3eHTW M YraHOBW YpeaHMWLUTBA, OAHOCHO
ypeoHvuun pybGpuka, anum OArOBOPHOCT 3a KaTeropusauujy CHOCU UCKIbYYMBO [IaBHU
ypenHuK.

BojHomexHuuku anacHUK objaBrbyje Hay4YHe YnaHke.

Hay4Hn ynanHak je:

— opurnHanaH HayyHu pag (pag y kojeM ce M3HOCe MpeTxodHO HeobjaBrbeHu
pes3ynTaTi CONCTBEHNX UCTPaXUBaka Hay4YHUM METOAO0M);

— npernegHn paa (paa Koju cagpXu OpurMHanaH, getarbaH U KpUTUYKU NpurKas
UCTpaxuBaykor npobnema nnv nogpyyja y kojem je aytop octsapvo ogpeheHun gonpuHoc,
BUALMB HA OCHOBY ayTouuTara);

— KpaTKO NN NPETXOAHO CaonTEHE (OPUTMHANHN HAayYHW pag nyHor doopmaTa, anv
Marer obuma unm npenMMUHapHoOr kKapakTepa);
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— HayyHa KpWUTWKa, OOHOCHO Mofiemuka (pacnpaBa Ha oppeheHy HayyHy Temy,
3aCHOBaHa UCKIbY4MBO Ha Hay4yHOj apryMeHTaumjn) U OCBPTM.

M3y3eTHO, y HekMm obnactuma, HayyHW paj Yy 4aconucy Moxe umaTtn obnuk
MoHorpadcke cTyamje, Kao M KpPUTUYKOr usgawa HaydHe rpafe (MCTOpujCKO-apXMBCKe,
nekcukorpadpcke, 6ubnuorpadcke, npernega nogataka u cn.), oTag HenosHaTe wnu
HEe[0BOSbLHO MPUCTYNaYHe 3a Hay4YHa NCTPaXvBam-a.

PapoBu knacudukoBaHn Kao Hay4HU Mopajy umaTti 6ap ABe NO3UTUBHE peLeHsuje.

Ako ce y vaconucy 06jaBrbyjy U Npuo3v BaHHAy4YHOr KapakTepa, Hay4yHW YnaHLum
Tpeba ga byay rpynucaHu 1 jacHo U3ABOjeHW Y MPBOM Aeny CBecke.

MoxerbHo je Aa 06uMm kpaTkux caonwterwa byae 4 Ao 7 cTpaHMua, HayYHUX YraHaka
n ctyguja cnyyaja 10 go 14 ctpaHuua, AOK NperneaHn pagoBu Mory 6utu un gyxu. bpoj
CTpaHuLa Huje CTPOro orpaHunyeH u, y3 ogrosapajyhe obpasnoxerse, NpujaBrbeHN YnaHum
Takofhe Mory 6utn ayxu unum kpahu.

AKO Cy pagoBM KOju Cy MPETXoOQHO 06jaBrbeEHU Ha KOH(EPEHUMjU MPOLLUMPEHH,
ypeaHuum he npoBeputu Aa nv je Ao4ato AOBOSbHO HOBOP MaTepwjana Koju ucnykasa
cTaHaapAae Yaconuca v ksanudukyje nogHecak 3a noctynak peueHsuje. flonatn matepujan
He cMme 6uTn npeTxogHo objaBrbeH. HoBM pesyntatM HUCY HYXHO MOTPebHW, anu cy
noxersHu. Mefytum, nogHecak Tpeba aa cagpXu NpolMpeHe KibyyHe uaeje, npumepe,
paspage, uta., Koju Cy NpeTxogHo bunm cagpxaHn y NoaHECKY ca KoHdpepeHumje.

Je3uk papa
Jesuk paga Tpeba na 6yae eHrnecku.

TekcT Mopa 6MTK je3andkn u CTUNCKU JoTepaH, cMcTematusoBaH, 6e3 ckpaheHuua
(ocum cTangapaHux). Cee dusmyke BenuymHe mopajy 6utn nspaxeHe y MehyHapogHom
cuctemy MepHux jeamHuua — Sl. Pegocnep obpasaua (dopmyna) o3HavaBa ce pegHUM
6pojeBnma, ca gecHe CTpaHe y OKpyrnvMMm 3arpagama.

CaxeTak

CaxeTak jecTe KpaTak MHMOpPMaTMBAH MpUKas cagpxaja 4naHka Koju uutaouy
omoryhaBa Aa 6p30 1 Ta4HO OLEHN HEroBYy PeneBaHTHOCT. Y UHTepeCy je ypeaHuLTasa un
ayTopa Aa caxeTak cagpXu TepMUHE KOju Ce YeCTO KOPWCTE 3a MHAEKCUpare 1 npeTtpary
ynaHaka. CactaBHU OenoBu caxeTka Cy YBOA/UNIb UCTPaxuBara, MeToau, pesyntaTtu un
sakrbydak. Caxetak Tpeba aa nma og 100 go 250 peun n Tpeba ga ce Hanasun usmehy
3arnaerba (HacnoB, MMeHa ayTopa M Op.) U KIbYYHUX PEYU, HAKOH KOjUX CNefn TEeKCT
YnaHka.

KrbyyHe peun

KrbyyHe peun cy TepMuHM mnn pase Koje adeKkBaTHO NpeacTaBrbajy caapaj
ynaHka 3a notpebe MHOeKcupara n npeTpaxvBara. Tpeba nx gogersmeaTti ocnawajyhn
ce Ha Hekn mehyHapoaHM n3Bop (MOMNWC, PEYHUK UK Te3aypyc) Koju je Hajlumpe npuxeaheH
UNN yHyTap aate HayyHe obnacTtu. 3a HNp. HayKy yonwiTe, TO je nucTta KrbydHux peun Web
of Science. Bpoj krby4Hux peun He moxe 6utn Behu o 10, a y uHTepecy je ypeaHuwTBa
M aytopa Jda y4yecTtanocTt kuxoBe ynotpebe byae wrto Beha. Y umaHky ce nuwy
HernocpeaHO HaKOH caxeTka.

Cuctem ACUCTEHT y Ty cBpxy kopucTu creuujanHy anatky KWASS: aytomaTcko
eKCTpaxoBare KIbyYHVMX peyn M3 OUCUMMIUMHapHMX Tesaypyca/pedHuka no usbopy wu
pYTVHE 3a bUX0B 0fabup, Tj. NpuxBaTake 0OHOCHO oabaLmBare 0f CTpaHe ayTopa u/unm
ypenHvika.
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[JaTtyMm npuxBaTama 4naHka

Oatym kafa je ypeaHWLITBO NPUMUMO YMaHaK, AaTyM Kaja je yPeAHULLTBO KOHAYHO
npuxBaTUIIo YnaHak 3a objaBrb1Bate, kao U AaTymu kaga cy y meflyBpeMeHy JOCTaBMbeHe
eBeHTyarnHe MCMpaBKe pyKonmuca HaBOAEe Ce XPOHOMOLUKMM pefocriefioM, Ha CTanHoM
MeCTy, Mo NpaBuIly Ha Kpajy YnaHka.

3axBanHuua

Ha3sume 1 6poj npojekTa, 04HOCHO Ha3uB NporpamMa y OKBUPY KOjer je YnaHak HacTao,
Kao M HasMB MHCTUTYyUMje Koja je bMHaHcMpana npojekat unu nporpam, HaBoau ce Yy
noce6Hoj HaNoOMeHW Ha CTanHOM MECTY, NO NPaBwiy NpY AHY NPBE CTpaHe YnaHka.

MpeTxoaHe Bep3unje papa

AKO je unaHak y npeTxodHoj Bep3uju Ouo M3NoXeH Ha Ckynmy y BuAy YCMEHOr
caonwTerwa (No4 MCTUM WM CIMYHMM HAacfoBOM), nogaTak o Tome Tpeba ga 6yae
HaBefeH y nocebHOj HanoMeHK, No NpaBuIy Npu AHY NpBe CTpaHe YnaHka. Pag koju je Beh
objaBrbeH y HEKOM vaconucy He Moxe ce 06jaButn y BojHOMEXHUYKOM 2/1aCHUKY
(npewTamnatu), HA NOA CAIMYHUM HACNOBOM U U3MEHEHOM OBNMUKY.

TaGenapHu u rpacpmykmn npukasm

MoxerbHo je Aa HacnoBK CBMX NpUKasa, a Nno MoryncTBy 1 TeKCTyanHu cagpxaj, byay
AaTn ABOjEe3NYHO, Ha je3nKy paja MU Ha eHrNecKkoM jesuky.

Tabene ce nuLLy Ha UCTU HAYMH Kao 1 TEKCT, a 03Ha4vaBajy ce pegHum 6pojeBuma ca
ropwe ctpaHe. doTorpadumje n uptexu Tpeba ga Oyay jacHu, npernegHn u NOrogHnM 3a
penpoaykuujy. Liptexe tpeba paguTtu y nporpamy word unu corel. dotorpacdpuje u uptexe
Tpeba NOCTaBUTM Ha XKerbeHO MECTO Y TEKCTY.

3a cnuke n rpamkoHe He CMe ce KOPUCTUTM CHUMAaK ca ekpaHa padyHapa nporpama
3a NpuKynrbakwe nopataka. ¥ camMoM TEKCTY uraHka npenopydyje ce ynotpeba cnuka u
rpacpmkoHa HenocpeaHoO M3 nNporpamMa 3a aHanuay nopataka (kao wTo cy Excel, Matlab,
Origin, SigmaPlot n gpyrn).

HaBohewe (untupame) y Tekcty

HauvH noavBama Ha 13BOpe Y OKBUPY YnaHka mopa buTtu jeaHoobpasaH.

BojHomexHuuKu enacHuk 3a pedepeHumpare (uutnpame 1 HaBohere nureparype)
npuMetbyje XapBapAcku cuctem pedepeHLUm, OQHOCHO XapBapACKU MPUPYYHUK 3a CTUM
(Harvard Referencing System, Harvard Style Manual). ¥ camom Tekcty, y 0GUYHVUM
3arpagama, Ha MecCTy Ha KOjeM ce BpLUM MO3uBake, OOHOCHO LMTUparwe nutepartype
HabpojaHe Ha kpajy YnaHka, obaBesHo y 061YHOj 3arpagmn Hanucatu nNpes3nMe LmMTupaHor
ayTopa, roavHy usgawa nybnukaumje ns koje uutmpaTe u, eBeHTyanHo, 6poj cTpaHuua.
Hnp. (Petrovi¢, 2012, pp.10-12).

[JeTarbHo ynyTCcTBO O HaYuHy LuTMpara, ca NnpuMmepuma, 4aTto je Ha CTpaHuum cajTa
Ynymemeo 3a Xapeapdcku npupydHuk 3a cmusn. NoTpebHo je Oa ce nosvBakbe Ha
nUTEpaTypy y TEKCTY ypaau y cknagy ca NoMeHyTUM YnyTCTBOM.

Cnctem ACUCTEHT y cBpxy KOHTpone HaBohewa (UMTuparsa) y TEKCTY KOPUCTH
crneunjanHy anatky CiteMatcher: oTkpnBare M30CTaBIbLEHWUX LMTaTa y TEKCTYy paja Uy
nonucy pedepeHLm.

HanomeHe (dpycHoTe)

HanomeHe ce aajy npu gHy cTpaHe Ha Kojoj ce Hanasm TeKCT Ha Koju ce ogHoce. Mory
cagpxaTu Mamwe BaxHe pJdeTarbe, [OONyHCKa objawmena, HasHake O Kopuwhernm
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nsBopuMa (Ha MpuMMmep, HayyHoj rpafu, NPUpPyYHMUMMA), anuM He Mory GuTu 3ameHa 3a
uMTUPaHy nuTepaTypy.

JNucra pedrepeHumn (nuteparypa)

LintupaHa nutepatypa obyxsaTta, no npaeuny, Gubnuorpadcke nsBope (4naHke,
MoHorpadmje n cn.) U aaje ce UCKIbYYMBO Yy 3acebHOM ofderbKy unaHka, y Buay nucre
pedepeHun. PedbepeHue ce He npeBode Ha je3uk paga M Habpajajy ce y nocebGHoOM
oferbky Ha Kpajy YnaHka.

BojHomexHuUYKu 2nacHUK, Kao Ha4MH ucnuca nurepaType, npuMmemyje XapBapacku
cuctem pedpepeHun, ogHOCHO XapBapAcku npupyyHuk 3a ctun (Harvard Referencing
System, Harvard Style Manual).

JNutepaTypa ce ob6aBe3HO nuLe Ha nMaTMHWUYHOM NMCMy W Habpaja no abeuenHoM
pepocneay, Hasoaehu Hajnpe npeavmeHa ayTopa, 6e3 Hymepauumje.

[eTtarbHO ynyTCTBO O HayMHy nonuca pedpepeHun, ca npuMmeprma, Aato je Ha
CTpaHuuum cajta Yrnymemeo 3a Xapsapdcku npupy4Huk 3a cmusi. MNotpebHo je aa ce nonunc
nuTepaType Ha Kpajy YnaHka ypaau y cknagy ca NnoMeHyTUM ynyTCTBOM.

HectaHpgapaHo, HEMOTNyHO N HegocnedHO HaBofewe nuTepaTtype y cuctemmnmMa
BpeAHOBaHa 4Yaconuca cMaTpa ce JOBOIbHMM pasfiorom 3a ocrnopaBane Hay4Hor ctatyca
Yyaconuca.

Cnctem ACUCTEHT y cBpXxy KOHTpOME MpaBWMHOM UchMca nucTe pedepeHum
KopucTu cneuujanHy anatky RefFormatter: koHTpona obnukoBara pedepeHum y cknagy
ca XapBapACKUM MPUPYYHMKOM 3a CTU.

UsjaBa o ayTopcTBY

[Nopen unaHka goctaerba ce M3jasa 0 aymopcmey Yy KOjoj ayTopyu HaBOAE CBOj
nojeguHayYHn ONPUHOC Y M3paam ynaHka. Takofe, y Toj usjasu noTtephyjy Aa cy unaHak
ypagunu y cknagy ca [losusoM u ymymcmeoM aymopuma v M3jasom o emuykom
rocmynaky Yacornuca.

CBu pagoBu Noanexy CTPYYHOj peLeH3unju.

Cnucak peueHseHata BojHoOmexHUYKO2 ernacHUKa MoXe ce BUAETU Ha CTpaHuLm
cajta Criucak peueHseHama. [lpouec peLeH3upara 00jallkbeH je Ha cTpaHuum
cajta PeuyeH3eHmcKu nocmynak.

YpeaHuwTBo

Appeca pegakuuje:

BOjHOTEXHMYKM rNacHuK

Berska Jlykuha Kypjaka 33

11042 Beorpap

e-mail: vojnotehnicki.glasnik@mod.gov.rs.

Ten: BojHn 40-260 (011/3603-260), 066/8700-123
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NPUMALWUEHUE N UHCTPYKUKUA ONA ABTOPOB O NOPAOKE
NOAroTOBKU CTATbU

MHCTpyKUMs Ans aBTOpOB O MoOpsAke MOArOTOBKM CTaTbM K onybnukoBaHuioo B
XypHane «BoeHHo-mexHu4Yeckuli eecmHuk» paspabotaHa cornacHo PernmameHTy o
KaTeropusaummn n paHXMpoBaHUN HayYHbIX XypHanos MuHucTepcTBa o6pasoBaHus, Hayku
N TexHonornyeckoro passutuss Pecny6nukm Cepbusa («CnyxbeHn rnacHuk PCy», Ne
159/20). TlMpumeHeHne aTOro PernmameHTa cnocobCTBYeT MNOBBILWEHUIO KayecTBa
0TeYeCTBEHHbIX XypHarnoB 1 ux 6oree NofmHOMY BOBMEYEHMWIO B MEXAYHAPOAHYI0 CUCTEMY
obmMeHa Hay4HoW nHdopmaumen.

BoeHHo-mexHu4eckuli eecmHuk (Vojnotehnicki glasnik / Military Technical
Courier), BTr.Mo.ynp.cpb, www.vtg.mod.gov.rs/index-ru.html, ISSN 0042-8469 -
neyatHoe wu3paHue, e-ISSN 2217-4753 - online, UDK 623+355/359, DOI:
10.5937/VojnotehnickiGlasnik; https://doi.org/10.5937/VojnotehnickiGlasnik, sBnsetca
peLeH3NpyeMbIM HayYHbIM XypPHanom.

CobcTBEHHUKM  XKypHana: MuHucTepcTBOo 00OpoHbl M BoopyxkeHble  cunbl
Pecny6nuku Cpbus.

W3paTtenb xypHana: YHuBepcuteT o6opoHsl B . Benrpag (BoeHHasi akagemus).

[porpammHas opueHTauus XypHana OCHOBaHa Ha eXerogHow Kateropusauuu
XypHana, KoTopasa npon3BoaAuUTCA COOTBETCTBYHLLMM OTpacrneBbiM MUHUCTEPCTBOM, B
3aBMCUMOCTM OT obGnactTu wuccrnegoBaHuid, a Takke Ha ero WHOEKCMpOoBaHNUN B
MeXayHapoAHbIX HaAyKOMEeTPpU4YeCKUX 6asax JaHHbIX.

XypHan oxsaTbiBaeT Hay4yHble M MpodeccuoHanbHble cdepbl B pamkax y4ebHo-
Hay4yHoON 06nacTn ecTeCTBEHHO-MaTeMaTM4YECKUX HayK, a Takke B pamkax y4yebHo-
Hay4HoN 06NacTn TeXHMKO-TEXHONOrMYECKNX HayK, 0cCobeHHO B 06riacTm 060pPOHHbIX
HayKk M TexHomoruu. B xypHane nybnukyloTcs TeopeTudeckMe W npakTuyeckue
OOCTWXEHUS, KOTOpble CMNoCcoBCTBYIOT MOBBIWEHWUIO KBanudukaumm npegcraButenen
cepbcKoro, permoHanbHOro 1 MexayHapoAHOro akagemmnyeckoro coobulectsa, 0cobeHHO
cnyxawmx MuHnctepcts O6opoHbI 1 BoopyéHHbIx cun. B xxypHane nybnukytotcs ctatbu
CO cooTBeTCTByOLWMMN ob3opamn 06 aHanUTUYecKuMxX, 3SKCMEePUMEHTamnbHbIX U
NPUKNagHbIX WCCRedoBaHWsAX, a Takke O YMCNEHHOM MOAEeNMPOBaHWK, OXBaTbiBas
pasnuyHble AncunnnuHel. MyGnrkyemMble matepuansl OTAMYATCSA BbICOKMM KaYeCTBOM U
akTyanbHOCTbO. OHWM HanMcaHbl HayYHbIM, HO MOHATHBIM W AOCTYMHBLIM A5 LWMPOKOro
Kpyra umTaTenew s3bikoM. [pyBeTCTBYIOTCA BCe cTaTby, coobliyatolime 06 opuriHanbHbIX
TEopeTUYECKNX N/MNN NPaKTUYECKUX UCCNEAOBaHUSAX UMW pacLUMPEHHbIE BEPCUN paHee
onybnukoBaHHbIX cTaTel, NpeAcTaBneHHbIX Ha kKoHdepeHumsax. CtaTbn Ansa nyénukaumm
oTbMpaloTcAa nyTemMm [OBOMHOTO CIEMoro peLeH3MpoBaHUsl, KOTOpOe rapaHTupyet
OPWUIMHaNbHOCTb, akTyanbHOCTb W ygobounMTaemocTb. Llenb cocToutT He TOMbkO B
noaAepXKaHnn  BbICOKOTO kayecTBa nybnukyembix cTatei, HO u B obecneveHun
CBOEBPEMEHHOTO, TLWaTeNbHOro 1 COOTBETCTBYHOLLErO NpoLecca peLeH3npoBaHus.

PepakunoHHas nonutuka xxypHana « BoeHHO-mexHu4ecKul 8eCmHUK» OCHOBaHa Ha
pekomeHaaumsx KomuteTa no atuke Hay4Hbix nybnukaumin (COPE Core Practices), 06wwmx
npuyHUMNax npo3payHoCcTM WM nydllen npaktuke msgatensckon gestenoHoctn COPE,
DOAJ, OASPA u WAME, a TakKke Ha nydvwen nNpakTUke Hay4yHO-U3OaTenbCeKon
peqarenbHocTn. XKypHan «BoeHHo-mexHu4deckull eecmHuk» saBnsietca dneHom COPE
(KomuteT no atuke HayuyHbix nyonukaumi) co 2 mast 2018 roga u uneHom OASPA
(Accoumaums Hay4HbIX u3gaTenen oTkpbIToro goctyna) ¢ 27 Hosi6psa 2015 roga.
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MUWHNCTEPCTBOM Hayku, TEXHOMOrMYecKoro pasBuUTUA W MHHOBauui Pecnybnuvku
Cepbus ytBepxaeHa 13 gekabps 2024 r. kaTeropusaums xypHana «BoeHHo-mexHu4Yeckull
secmHuk» 3a 2024 roa:

— O6nacTb KOMNbIOTEPHbIE HAYKU:
BeAYLLMI XXypHan rocygapCcTBEHHOro 3HayeHus (M51),

— O6nacTb 3NEeKTPOHUKM, TENTEKOMMYHUKaLMA U MHOPMALIMOHHBLIX TEXHONOTUNA:
BeAYLUMI XXypHan rocyaapcTBeHHoro aHaverus (M51),

— O6bnacTb MaLWMHOCTPOEHMUS:
BeAYLLMI XXypHan rocygapCcTBEHHOro 3HayeHus (M51),

— O6nactb MaTepuanoB U XMMNYECKON TEXHONOTUN:
HaLUMOHanbHbIN XypHan MexayHapoaHoro 3Havenusi (M24).

C vHdopmMaLmen oTHoOCUTENbHO kaTeropusauum 3a 2024 rog MOXHO O3HAKOMUTLCS
Ha CTpaHuue canTa «BoeHHO-mexHU4YecKo20 secmHuka» Kamezaopusayusi BecmHuka.

Bonee nogpoGHyt0o WHGOPMaUMIO MOXHO HaWTM Ha canTe MwuHUCTepcTBa
06pas3oBaHns, Hayku U TeXHonornyeckoro passutust Pecnybnukm Cepbus.

C uHdopmaumen o kateropusaLmm MOXHO O3HakOMUTbCSA U Ha cante KOBCOH
(KoHcopumym 6ubnmotek Pecnybnukn Cepbusi no Bonpocam o6beavHEHUS 3aKymnoK).

Kateropusaumsa BecTHuka npoBegeHa cormacHo PernmameHTy o kateropusauuun u
pPaHXMpPOBaHWM  Hay4HbIX XypHanoB MwuHucTepcTBa 00pa3oBaHWsi, Hayku U
TexHonornyeckoro pa3sutnst Pecnyonukmn Cepbus («Cnyx6enun rmacHuk PCx», Ne 159/20)

XKypHan cootBeTcTBYeT cTaHgaptam CepOCKoro MHOEKCa Hay4yHOro LMTUPOBaHUS
(CUWHpekc/SCIndeks) - HaykomeTpuyeckon 6a3bl  AaHHbIX HayYHbIX KypHanoB
Pecnybnukn Cepbusi, HayuHo-mHdOpmaumoHHoro cuctema Redalyc, a TaKkke
Poccuiickoro nigekca Hay4yHoro umtupoBanust (PUHLL). XKypHan noctosHHO nogBepraetcs
MOHWTOPUHIY W OLEHMBAETCS KONMYECTBEHHBIMWM HAayKOMETPUYECKUMMU MoKasaTensamu
OTpaXaloLWUMM ero Hay4Hy LEHHOCTb.

C vHdopmaumen 06 MHOEKCMPOBAHUN MOXHO O3HAKOMWUTLCS Ha CTpaHuue cawnTa
XypHana UHlekcuposaHue BecmHuka.

«BoeHHO-mexHuyeckuli ~ 8eCmMHUK»  OTHOCUTENbHO  CBOEr0  COAEepKaHus
npeaocTaBnsieT Nofb3oBaTeNssM BO3MOXHOCTb OTKpbiToro goctyna (DIAMOND OPEN
ACCESS) 1 nonoxeHusimm o6 aBTOpckUx npasax, yTBepxaeHHbIMM Creative Commons
(CC BY). C nHcTpykumei 06 aBTOPCKMX NpaBax MOXHO 03HAaKOMUTLCS Ha CTpaHuLe canTa
XypHana Aemopckue ripasa u rnosumuka caMmoapxuguposaHusi.

Pykonucn ctaTteinn HanpaBnsoTCs B pefakumio XXypHana ¢ ucrnonb3oBaHneM online
cuctembl ASSISTANT, 3anyLieHHon LieHTpom nogaepxu passmutust 00pa3oBaHUS U HayKu
(UMNPOH). Pernctpauma B cucteme u odpopmrneHne npaB AOCTyna BbIMNOMHAETCS Mo
agpecy http://www.vtg.mod.gov.rs/index-ru.html, 4yepe3a ctpanuny ASSISTANT wunu
CLUMHAEKC (aseestant.ceon.rs/index.php/vtg). C MHCTPyKLMEN NO perncTpauun 1 npasam
[oCTyna MOXHO O3HaKoMuUTbCA MO appecy http://www.vtg.mod.gov.rs/index-ru.html, Ha
cTtpannue UHempykyus no ASSISTANT.

Bce aBTOpbl, NpegocTaBnsiolMeE CBOM pyKONMMCU AN nybnukauum B pepakumio
XypHana «BoeHHo-mexHu4YecKuli 8eCmHUK» [OIDKHbI MPONTWM  NpefBapuUTENbHYO
pernctpauuio B peectpe ORCID (Open Researcher and Contributor ID). 3Ta npouegypa
OCYLLECTBSIETCA B COOTBETCTBUM C MHCTPYKUMEW, pPa3MeLLeHHOM Ha CTpaHuue canTa
Peaucmpauyus e peecmpe ORCID 0ns npucgoeHus udeHmugukayuoHHo20 Kooda.

«BoeHHO-mexHu4eckuli 8eCmHuK» nyoGnuKyeT cTaTbl Ha aHrnmuickoM s3bike (Arial,
wpundT 11 pt, npoben Single). Mpouecc NOAroToBKW, HANNCaHUSI U PeAAKTUPOBaHUS CTaTby
JOSKEH OCYLUECTBAATLCA B COOTBETCTBUMM C  MpUHUMMAMM  Omuyecko2o Kodekca
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(http://www.vtg.mod.gov.rs/etichyeskiy-kodyeks.html). CtaTbsa gomkHa cogepxatb pestome
C KMIOYEeBbIMW  CrioBamu, BBeAeHVe (Uenb  WCCredoBaHus), OCHOBHYH — 4acTb
(cooTBeTCTBYIOWMI 0630p NPeACTaBUTENBHOIO NCCNeOBaHNA B AaHHOW obractu, YeTkoe
U3MOXEHNE Hay4yHOW HOBWU3HbI B NpPeACTaBMeHHOM WCCefoBaHUM, COOTBETCTBYHOLLYIO
TEOPETUYECKYD OCHOBY, OOWMH WIM HECKOMbKO MPUMEPOB [Ans OEMOHCTPUPOBaHUS W
obcyxaeHnss npeacTaBneHHbIX Te3UCOB), 3aKMOYEHWEe W CNMCOK nutepaTtypbl (6e3
HymMepaLuy 3arofioBKOB M noasaronioBkoB). O6beM cTaTbM He AOSKEH MpeBbIATb OAUH
aBTopckun nuct (16 ctpanuy, cdopmata A4 ¢ ogvHapHbLIM MHTEPBANioM, MakcuMym no 24
CTPaHuL, BKIOYas CCbIKU 1 NpunoxeHust). Ctatbst AormkHa ObiTb HAbpaHa Ha KoMMbITEPe
C UCMOonb30BaHMEM CreumanbHO MOArOTOBIIEHHOTO pefakuyen MakeTta, KOTOPbI MOXHO
ckayaTb Ha cTpaHuue canta lpasuna u obpasey, cocmaeeHusi cmamabu.
3aronoBok

3aronoBoK [OSMKEH OTpaxaTb TeMy cTaTbuM. B wmHTepecax XypHanma u aBTopa
HeobXxoaMMO UCMNONb30BaTb CIIOBA WM CIIOBOCOYETaHUs, yooOHble AN WHAEeKcauum u
novcka. Ecnu Takue cnoea He cogepxxatcsi B 3arofoBke, TO XenaTenbHo Ux Aob6aBuTb B
Nnoa3arofioBoK.

Tekywmin 3aronoBokK

TekywMin 3arofioBOK MUWIETCS B TUTYNe KaxAowW CTpaHuubl CTaTbM C LENbio
ynpoLLeHns npouecca naeHTudukaumm, B nepByto odepeb KOMU cTaTbeln B 3NeKTPOHHOM
Buae. 3aronoBoK coaepXuT B cebe hamunumio n MHMLMan MMeHu aBTopa (B cryyae ecnum
aBTOPOB HECKOMbKO, OCTanbHble 0603HavatTcs ¢ «et al.» unu «u gp.»), HaseaHue paboTbl
M XypHana (rod, TOM, BbINyCK, HavanbHas W 3aknioyMTenbHas cTpaHvua). 3aronosBok
cTaTbM 1 Ha3BaHUWe XypHana MoryT OblTb NpMBeAEHbI B COKPALLIEHHOM BUAE.

®PUNO aBTOpPa

MpuBogdaTca nonHas hamunmsa 1 NonHoe nMs (Bcex) aBTopoB.. XKenatenbHo, YTo6bl
6bINM yKka3aHbl MHULMAanNbl OTYeCTB aBTopoB. amunus 1 nms aBTopoB 13 Pecnybnvku
Cepbusi Bcerga nuwyTcs B OpurMHanbHOM Buae (C cepbCKMMU  AMakpUTUYECKUMn
3Hakamu), He3aBUCUMO OT SA3blka, Ha KOTOPOM HanucaHa paboTa.

HanmeHoBaHue yupexaeHusa aBTopa (addpunmaums)

MpuBogutca nonHoe (odpmumanbHOe) HavMEeHOBaHWE U MeCTOHaxoXAeHwe
yypexgeHusl, B KOTOpoM paboTaeT aBTOp, a Takke HaVMEHOBaHWe Yy4ypexaeHus, B
KOTOPOM aBTOp MPOBEN uccrnegosaHne. B cnyyae opraHvM3aumin Co CrOXHON CTPYKTYpOu
NPUBOANTCA MX Mepapxmdeckas conogYMHEHHOCTL (Hanp. BoeHHas akapemwus, kadenpa
BOEHHbIX 3MEKTPOHHbIX cucTem, r. benrpaa). Mo kpariHen mepe, ogHa 13 opraHu3auuin B
nepapxum AormKHa MMeTb CTaTyC ropuandeckoro nuua. B cnyyae ecnm ykasaHo HECKOMbKO
aBTOPOB, M €CINN HEKOTOPbIE 3 HUX paboTaloT B OAHOM YYPEXOEHUN, HY>KHO OTAENbHbIMU
0603HaYeHNAMN UNn KaknuM-nubo Apyrum cnocobom ykasaTb B KaKOM M3 NPUBEOEHHbIX
yypexaeHun paboTtaeT Kaxabli U3 aBTopoB. Addunuaumsa nueTcs HenocpeacTBEHHO
nocne ®M0 aBTopa. [JomMKHOCTb U CNeLuanbHOCTb MO AUMIIOMY He YKa3blBaloTCA.

KoHTakTHble AaHHble

OneKTPOHHbIN afpec aBTopa YyKa3blBalOTCH PsAOM C €ro0 MMEHEM Ha MepBoW
CTpaHuLbl CTaTbu.

KaTeropus (Tun) ctatbu

KaTeropusauusi crtaTbeii siBnsieTcs 00513aHHOCTbIO pefakuMm U umeeT ocoboe
3HadveHune. KaTteroputo ctatby MOryT npegnaratb peueH3eHTbl U YneHbl pedakuuu, T.e.
pepakTopbl pybpuK, HO OTBETCTBEHHOCTb 3a KaTeropus3aumilo HeceT WCKIYUTENbHO
rmaBHbIA pefakTop.

XypHan «BoeHHO-mexHu4YecKuli eCmMHUK» NyGNVKyeT Hay4YHble CTaTby.
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HayuHble cTtaTbu:

— OpWrMHamnbHas Hay4yHas cTatbs (paboTa, B KOTOpPOW NpPUBOASITCA paHee
HeonybnnkoBaHHble pe3ynbTaTbl COOCTBEHHBLIX MCCNEAOBAHWUA, MOJTYYEHHbIX Hay4YHbIM
MeToaoM);

— obsopHasi ctatbs (paboTa, cofepxallas OpUrMHanbHbIA, AeTanbHbIA U
KpUTUYeckuin ob3op uccrnepyemoit npobnembl unm obnactu, B KOTOPbLIA aBTOpP BHEC
onpeAenéHHbI Bknag, BUAMMbIA Ha OCHOBE aBToOLMTAT);

— KpaTkoe cooblieHue (opurMHanbHas HaydHasi paboTa nonHoro cgopmarta, Ho
MeHblUero o6bEMa Unu uMetoLLasi NpefBapuTerbHbIi Xxapakrep);

— Hay4Hasi KpuTMYeckasi CTaTbsl (AUCKYCCUSI-NONEMUKAa Ha ONpeaenéHHyYo HayYHyo
TEMY, OCHOBaHHas! UCKIMHOYUTESIBHO Ha Hay4YHOW apryMeHTauum) U Hay4Hblii KOMMEHTaPUIA.

OpaHako, B HEKOTOPLIX 00M1acTaX 3HaHWIA Hay4yHas paboTa B XXypHane MoOXeT MMeTb
dopmMy MOHOrpadn4EeCKoro UCCneaoBaHnst, a TaKkke KPUTUYECKOrO 0OCY)XKAEHUS HAayYHOTro
mMaTepuana (MCTOPMKO-apXMBHOTO, NeKcuKorpadmnyeckoro, bubnuorpadgpuyeckoro, o63opa
OaHHbIX M T.M.) — 4O CMX NOP HEU3BECTHOrO UMM HEAOCTATOYHO AOCTYMHOrO ANsi HayYHbIX
nccneposaHuii. PaboTbl, knaccuuumpoBaHHbie B Ka4eCTBE Hay4HbIX, JOSKHbI UMEThb, MO
MeHbLUeln Mepe, ABe NonoXuTenbHble peLeH3nn. B cnyyae ecnu B XypHane o6baABna0TCS
N NPUNOXEHUS, HE WMEIOLLME Hay4Hbl XapakTep, HayyHble CTaTbW AOMXHbl ObITb
CrpynnUpOBaHbl U YETKO BblAENEHbI B MEPBOM YaCcT HoOMepa.

Obbem KpaTknx coobLLeHNn cocTaBnsAeT 4-7 CTpaHuL, uccrnegoBaTenbCckie ctateh U
TeMaTnyeckne UCCrnefoBaHnsa ¢ NPobnemMHo-CMTYaUMoHHbIM aHanm3om — 10-14 cTpanuu,
ofHako obbem 0B630pHbLIX cTaTer MoxeT ObiTb Gonblie. OrpaHMyYeHUs No KONMYecTBy
CTPaHWL, He SABNSIOTCA CTPOrMMW, CriefoBaTenbHO MpU COOTBETCTBYIOLLEM OBOCHOBaHMK
npegoctaeneHHble paboTbl MOryT ObiTb AnNMHHEe unn Kopode. B cnyyae nopaun
paclMpeHHbIX BEpCcuit  paHee  OMNybnMKOBaHHbLIX [OOKNadoB, NPeAcTaBneHHbIX Ha
KOHdepeHUmK, pedakuma nposepuT ObINo MM 4obaBneHo 4OCTaTOMHO HOBbIX Matepuanos
Ana  Toro, 4tobbl CTaTbss COOTBETCTBOBANa CTaHgapTam >KypHana W YCIOBUSIM
peueHsnpoBaHus. [lobaBneHHbIn Matepuan AOMKeH ObiTb HOBbIM, HEOMNyGnMKOBaHHLIM
paHee. HoBble pe3ynbTaTbl NPUMBETCTBYIOTCH, HO He ABMAIOTCA 06si3aTeNbHbIM YCNoBUEM;
OfHaKO KroYeBble TE3WChl, NPUMEpPbI, pa3paboTkvu 1 Np. AOMKHbI ObiITb 6onee nogpobHo
npeacTasrieHbl B CTaTbe MO CPaBHEHMIO C NEPBUYHBIM AOKaA0M Ha KOHdepeLumu.

A3blk paboTbl

Cratba gormkHa ObITb HamMcaHa Ha aHrMACKOM s3blke. TeKCT AOKeH ObiTb B
TNVUHIBUCTUYECKOM W CTUINUCTUYECKOM CMbICNE YNopsgoyeH, cucremaTuanposaH, 6es
COKpalLeHU (3a WCKIMIYeHWeM CTaHgapTHbix). Bce dmanyeckme BenuuuHbLL JOMKHbBI
cooTBeTCcTBOBaTb MexayHapoaHon cucteme eamHuy namepenus — CU. OdepegHocTb
dopmyn 0603HavaeTCa NOPAAKOBLIMU HOMEPaMM, NPOCTaBASAEMbIMW C NMPaBON CTOPOHLI B
KpYrrbIX ckobkax.

Pestome

Pestome sBnsieTcs kpaTkuMm MHpopMaTMBHBEIM  0030pOM  coaepXKaHust cTaTbi,
obecneunBaOWMM ymTaTento ObICTPOTY M TOYHOCTb OLIEHKM €€ peneBaHTHocTu. B
MHTEpecax pedakuMnm W aBTOpPOB, 4TOObI pe3tloMe coaepxano TepMUHbI, 4acTo
ncnonb3yemMble AN UHOEKCUPOBaHUS U noucka ctatber. COCTaBHLIMU YacTAMU pestome
SABNSAIOTCS BBeAeHMe/Uenb MCCneqoBaHns, MeToAbl, pesynbTaTbl U BbiBOAbl. B pestome
DomkHo 6biTb 0T 100 go 250 cnoB, U OHO JOIMKHO HAXOAWUTCS MeXay TUTynamu (3aronoBok,
dUO aBTOPOB U Ap.) M KIMHOYEBLIMU CMOBaMW, 32 KOTOPbLIMU CIEAYET TEKCT CTaTby.
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KnioueBble cnoBa

KnioueBbiMM  crioBamu  SIBNSIOTCS  TEPMUHbI MM ¢ppasbl,  afgeKkBaTHO
NpeacTaBnsone CoaepkaHne ctaTbi, HeobXoaMMble ANS MHOEKCUPOBaHWUSA M Moucka.
KnioueBble crnoBa HeoGxogumo BblObMpaTb, onupasice NpuM 3TOM Ha  Kakon-nubo
MeXOYyHapOAHbI UCTOYHMK (perncTp, crnoeapb, Tesaypyc), Haubonee wucnonb3yembii
BHYTPM AaHHOW Hay4yHOW obnactu. YMcno KIo4veBbIX CIOB HE MOXET npesbiwath 10. B
MHTEepecax pefakumu 1 aBTOpoB, YTOObI YacToTa MX BCTPEYU B cTaTbe Obina Kak MOXHO
6onbluen. B ctatbe OHM NULLIYTCA HENOCPEACTBEHHO MOCIe pestome.

Mporpamma ASSISTANT npegoctaBnsieT BO3MOXHOCTb WCMOMNb30BaHUSA cepBuca
KWASS, aBTomaTtuyecku UKCUPYIOLLLErO KIoYeBble CroBa 13 MCTOYHUKOB/CnoBapen no
BbIOOpY aBTOpa/pepakTopa.

[ata nony4yeHuns ctaTbun

Hata, korga pepakuus nonyduna cratblo; AaTa, koraa pefakums OKOHYaTernbHO
NpuHsNa cTaTtblo K Nybnukaumm; a Takke gaTa, korga 6uinv npegocTaBneHsl Heobxoammble
MCNpaBneHns pykonucu, NPUBOAATCH B XPOHONOrMYECKOM Nopsake, Kak npaBuiio, B KOHLE
cTaTtbMm.

BbipaxeHue 6narogapHocTu

HaumeHoBaHune 1 HoMep MNpoekTa, T.e. Ha3BaHWe MporpamMmbl Grarogapsi KOTOpoW
cTaTbsi BO3HMKI1A, COBMECTHO C HAaVMEHOBaHUEM yupexaeHusi, koTopoe puHaHcUpoBarno
MPOEKT UMW MporpaMmy, NPUBOASTCS B OTAENbHOM MPUMEYaHWW, Kak npaBuio, BHU3Y
NepBOWi CTpaHuLbl CTaTbM.

MNpeabiaywme Bepcumn paboThbl

B cnyyae ecnu ctatbs B npeablaylleil Bepcuu Obina M3noxeHa YCTHO (nop
OOVHaKOBbIM WM MOXOXWM Has3BaHWEM, Hanpumep, B BUAe [JOKNaga Ha HayyHou
KOH(bepeHUMm), cBeieHUst 06 3TOM JOJIKHbI ObITb YKa3aHbl B OTAENbHOM NPUMeYaHnuu, kak
npaBuIio, BHW3Y NEpBOW CTpaHuubl cTaTbu. PaboTa, koTopas yxe Obina onybnukoBaHa B
KakoM-nMbo W3 XKypHanoB, He MOXeT OblTb HaneyataHa B «BoeHHO-MexXHUYeCcKoM
8€CMHUKE» HU NOM NOXOXUM Ha3BaHWEM, HU B USMEHEHHOM BUAE.

Hymepauus n HasBaHue Ta6nuy u rpacdukos

XKenatenbHo, 4ToObI HYMepaLuWs 1 HazBaHWe Tabnuu, 1 rpadmKoB ObINU NCNOMNHEHBI
Ha OBYX s13blkax (Ha A3blke OpUrMHana u Ha aHrnunckom). Tabnuubl NoANUCLIBAOTCS TaknuM
e cnocoboMm Kak M TeKCT M 0603Ha4alTCs NOPSAKOBLIM HOMEPOM C BEPXHEW CTOPOHbI.
doTorpacdhmm 1 pUCYHKM JOMKHBI ObITb MOHSATHBI, HAMMAAHLI U YO0OHbLI ANS penpoayKLun.
PucyHkn Heobxogmmo genatb B nporpammax Word unu Corel. doTorpadum n pucyHkm
HaZ0 NOCTaBWTb Ha XenaeMoe MecTo B TekcTe. [na co3gaHusa nsobpaxxeHun n rpadunkos
ncnornb3oBaHne YHKLUM CHUMKA C 3KkpaHa (CKpuHLLIOTa) He gonyckaeTcs. B camom TekcTe
cTaTbl pekoMeHayeTCcs NpuMeHeHne n3obpaxeHunit u rpadunkos, obpaboTaHHbIX TakUMM
KOMMbIOTEPHBIMU MporpamMmmamu, kak: Excel, Matlab, Origin, SigmaPlot n gp.

CcbInku (UMTUPOBaHNE) B TEKCTE

OdbopmneHmne CCbInok Ha UCTOYHUKM B paMKax CTaTbn AOMKHO ObiTb 0QHOO6PAa3HbIM.
«BoeHHO-mexHuYeckuli 8eCmMHUK» ANA  OOPMIIEHMS  CCbIMOK, LMTaT W crvcka
MCNonb30BaHHON nuTepaTypbl npumeHsieT apBapackyto cuctemy (Harvard Referencing
System, Harvard Style Manual). B Tekcte B ckobkax npuBogutcst hammnms LMtupyemoro
asTopa (Unu damunusa Nepeoro aBTopa, €CNy aBTOPOB HECKOMbKO), rof M3daHusa U no
HeobXxoaMMOCTN HoMep cTpanuubl. Hanpumep: (Petrovi¢, 2010, pp.10-20). PekomeHaaumm o
cnocobe UMTUPOBaHUSI pa3MeLleHbl Ha CTpaHuue canta MHCmpyKyusi Mo UCrob308aHUI0
lapsapdckozo cmuns. lMpn OMOPMNEHUN CCLINOK, UMTaT W CNMCKa MWCMONb30BaHHOW
nuTepatypbl  HEOBGXOAMMO  NPUAEPXMBATbCA  YCTAHOBMEHHbIX HopM. [lporpamma
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ASSISTANT npegoctaBnsieT npy LMTUPOBAHMM BO3MOXHOCTb WUCMONb30BaHMSA CepBuca
CiteMatcher, doukcupytoLLero nponyLleHHbIe LMTaTel B paboTe 1 B cnncke nutepaTypsbl.

MpumeyaHna (CHOCKHM)

lMpyMeyaHnst (CHOCKM) K TEKCTY YKasblBalTCS BHWU3Y CTPaHWLbl, K KOTOPOW OHU
oTHocATCA. lNMprMevaHns MoryT codepaTb MeHee BaKHble AeTanu, AOMNOMHUTENbHble
06bACHEeHUs], yka3aHMa 06 MCMOMb30BaHHBIX UCTOYHMKaX (Hamp. Hay4yHOM martepwuarne,
CnpaBOYHMKaXx), HO He MOryT GblTb 3aMEHOIN NPOLEeAypbl LUTUPOBAHNA NMTEPaTypbI.

INuTepatypa (pedepeHunn)

LinTnposaHHowm nuTepartypon OXBaTbIBaAOTCA, Kak npaswuno, Takve
Gubnvorpaduryeckne MCTOMHWKM Kak cTaTbW, MOHorpadum u T.n. Bca wncnonbsyemas
nutepatypa B Buae pedepeHuunii pasmeLLaeTcs B OTAEMNbHOM pasgene cratbu. HassaHus
nMTepaTypHbIX WCTOYHWMKOB HE MEepeBOAATCH Ha fA3blk paboTbl. «BOeHHO-mexHuYyeckul
8eCmMHUK» AN OPOpPMIIEHVss  CMUCKa  WCMOSIb30BAHHOW  MMTepaTtypbl  MpUMEHsieT
lapBapackyto cuctemy (Harvard Style Manual). B cnvcke nutepaTtypbl UCTOYHMKM
yKasblBaloTCs B andasBMTHOM Mopsiake dhamuniuin asTopoBs Unu pegakTopos. Pekomergaumm
0 crnocobe LMTUPOBaHWS pa3MeLLeHbl Ha CTpaHuue canta MHCmpyKuUs Mo UCMob308aHUI0
lapeapdckoeo cmuns. Tpn  OdOPMMEHMM ChlMCKa UCMONb30BaHHOW nuTepaTtypbl
HeobXoAuMO NpuaepXuBaTbCA YCTaHOBMEHHbIX HopM. [pu  odopmneHun cnucka
nutepatypbl nporpamma ASSISTANT npepoctaBnseT BO3MOXHOCTb MCMOMNb30BaHUA
cepsuca RefFormatter, ocywectBnstowero KOHTPONb 0POPMIIEHMS CMCKa nuTepaTypbl B
COOTBETCTBMM CO CTaHdapTamu [apBapgckoro ctuns. HecrtaHgapTHoe, HemnornHoe wu
HenocredoBaTenbHOe NpVBEAEeHNe NUTepaTypbl B CUCTEMaXxX OLIEHKU XypHamna cuuTaeTtcs
AOCTaTO4YHOMN NPUYMHON AN OCNapyMBaHUA HAY4HOTO CTaTyca XypHana.

ABTOpCKOe 3asiBneHue

ABTOpCKOE 3asiBNeHVe NpeaoCcTaBsieTcs BMECTE CO CTaTbel, B HEM aBTOPbI 3asiBNSAOT
0 CBOEM NYHOM BKNafe B HanucaHwe ctatbu. B 3asiBneHun aBTOpbl NOATBEPXKOAIOT, YTO
cTaTbsl HanucaHa B COOTBETCTBUM C [TpuanalweHuem u uHCmpyKyusimu Ornsi aemopos, a
Takke ¢ Kodekcom npogheccuoHasibHOU 3MUKU XypHara.

Bce pykonucu ctatei nognexat npod)eccMoHanLHOMY peLeH3MpPOBaHUIO.

CnncoK peueH3eHTOB XypHana «BoeHHO-mexHU4Yeckul 8ecmHUK» pasMeLléH Ha
cTpanuue canta Criucok peueH3eHmos. [pouecc peueH3npoBaHWs onucaH B pasgene
lNpasuna peuyeH3uposaHus.

Pepakuus
MoyToBbLIV agpec peaakuun:
«BOjHOTEXHMYKM rMacHUK»
yn. Benbka Jlykuua Kypsika 33, 11042 Benrpag, Pecnybnuka Cepbus
e-mail: vojnotehnicki.glasnik@mod.gov.rs,
Ten: +381 11 3603 260, +381 66 8700 123
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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),

— on the list of periodicals for materials and chemical technology,
category: national journal of international importance (M24).
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The approved lists of national periodicals for the year 2024 can be viewed on the
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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).
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Citation/Poccuincknin nHgekc HayyHoro umtupoBaHusa (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.
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All authors submitting a manuscript for publishing in the Military Technical Courier
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The Military Technical Courier  publishes articles in English,
using Arial and a font size of 11pt with Single Spacing.
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statement.html).
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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
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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
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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.

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
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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 S| 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.
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