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Abstract:

Introduction/purpose: The study of the theory of fuzzy sets was prompted
by the presence of uncertainty as an essential part of real-world prob-
lems, leading Zadeh to address the problem of indeterminacy. The no-
tion of fuzzy logic was introduced by Zadeh. Unlike traditional logic the-
ory, where an element either belongs to the set or does not, in fuzzy
logic, the affiliation of the element to the set is expressed as a number
from the interval [0, 1].

Methods: The theory of a fixed point in fuzzy metric spaces can be
viewed in different ways, one of which involves the use of fuzzy logic.
Fuzzy metric spaces, which are specific types of topological spaces
with pleasing "geometric” characteristics, possess a number of appeal-
ing properties and are commonly used in both pure and applied sci-
ences. Metric spaces and their various generalizations frequently occur
in computer science applications. For this reason, a new space called a
Pompeiu-Hausdorff fuzzy b-metric space is constructed in this paper.
Results: In this space, some new fixed point results are also formu-
lated and proven. Additionally, a general common fixed point theorem
for a pair of multi-valued mappings in Pompeiu-Hausdorff fuzzy b-metric
spaces is investigated. The findings obtained in fuzzy metric spaces,
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such as those discussed in the article of Shen, Y. et al. (2012. Fixed
point theorems in fuzzy metric spaces. Applied Mathematics Letters, 25,
pp.138-141), are generalized by the results in this paper, and additional
specific findings are produced and supported by examples.

Conclusions: The study of denotational semantics and their applications
in control theory using fuzzy b-metric spaces and Pompeiu-Hausdorff
fuzzy b-metric spaces will be an important next step.

Key words: fuzzy metric space, fuzzy b-metric space, t-norm, fixed point,
implicit relation.

Introduction and preliminaries

In 1975, Kramosil and Michalek (Kramosil & Michalek, 1975) proposed
the idea of a fuzzy distance between two elements of a nonempty set, using
the concepts of a fuzzy set and a ¢t-norm.

A binary operation T : [0,1] x [0,1] — [0,1] is a continuous ¢-norm if it
satisfies the following conditions: T is continuous, associative, and com-
mutative, T'(a,1) = a for all a € [0,1] and for all a, b, ¢,d € [0, 1] if a < c and
b < dthen T(a,b) <T(c,d).

The study of fixed point theory in metric spaces has a variety of appli-
cations in mathematics, particularly in solving differential equations. Many
authors have studied the new class of generalized metric spaces, known
as a b-metric space, introduced by Bakhtin (Bakhtin, 1989). For example,
see (Aghajani et al., 2014; Aydi et al., 2012; Bota et al., 2011; Czerwik,
1993; Dosenovi¢ et al., 2023; George & Veeramani, 1997; Makran et al.,
2023; Raki¢ et al., 2020).

The relationship between b-metric and fuzzy metric spaces is consid-
ered in (Hassanzadeh & Sedghi, 2018). Conversely, (Sedghi & Shobe,
2012) introduced the concept of a fuzzy b-metric space, substituting the
triangle inequality with a weaker one.

In this paper, a general common fixed point theorem for a pair of multi-
valued mappings in Pompeiu-Hausdorff fuzzy b-metric spaces is of interest
to be proven.

DEFINITION 1. (Sedghi & Shobe, 2012) A 3-tuple (X, M, T) is called a fuzzy
b—metric space if X is an arbitrary nonempty set, T' is a continuous t-norm,
and M is a fuzzy set on X x X x (0,00) satisfying the conditions for all
z,y,z € X, t,u > 0 and a given real number s > 1 :

(bl) M(x7y7t) >0,
20



(b2) M(x,y,t) =1 ifandonly if x =y,

(b3) M(z,y,t) = M(y,x,1t),

(ba) M (x,2,5(t +u)) =T (M (z,y,t), M(y, z,u)),
(bs) M(z,y,.): (0,00) — [0, 1] is continuous.

REMARK 1. In this paper we will further use a fuzzy b-metric space in
the sense of Definition 1 with the additional condition tli)m M(x,y,t) =

1.

Note that every fuzzy metric space is a fuzzy b—metric space with s = 1.
But the converse need not be true as is shown in the following example.

— ‘P

EXAMPLE 1. (Dahhouch et al., 2024) Let M(z,y,t) = e~ +, where p > 1
is a real number, and T'(a,b) = a.b for all a,b € [0,1]. Then (X, M,T)is a
fuzzy b-metric space with s = 2P~1,

DEFINITION 2. (Sedghi & Shobe, 2012, 2014)
Let (X, M,T) be a fuzzy b-metric space.
(i) A sequence (x,) converges to z if M (zy,x,t) — 1 asn — oo for
each t > 0. In this case, we write nlggo Ty = X.

(i) A sequence (z,,) is called a Cauchy sequence if for all ¢ € (0,1)
and t > 0, there exists no € N such that M (x,,, zy,,t) > 1 — ¢ for all
n,m > ng.

(iii) The fuzzy b-metric space (X, M, T) is said to be complete if every
Cauchy sequence is convergent.

(iv) A subset A C X is said to be closed if every sequence x,, € A such
that x,, — x we have z € A.

(v) Asubset A C X is said to be compact if every sequence x,, € A has
a convergent subsequence.

LEMMA 1. (Sedghi & Shobe, 2012, 2014)
In a fuzzy b—metric space (X, M, T)
(i) If a sequence (z,,) in X converges to z, then x is unique.
(i) Ifasequence (x,)in X converges to z, then itis a Cauchy sequence.

30
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Main results

In this section, a new space called a Pompeiu-Hausdorff fuzzy b-metric

space was constructed. Several examples were presented to illustrate the
properties of this space. In this framework, some new common fixed point
results were formulated and proven. The following was introduced as the
starting point:
Throughout this paper, C'(X) will denote the family of nonempty compact
subsets of X, and C'L(X) will denote the family of nonempty closed subsets
of X. Forall A, B € C(X) and for all t > 0, we define a function on C'(X) x
C(X) x (0,00) by

Hy (A, B,t) = min {;ggM(a,B,t),ggg M(A, b,t)},

where M (C,y,t) = sup M(z,y,t).
zeC

Then H), is called the Pompeiu-Hausdorff fuzzy b-metric induced by the
fuzzy b-metric M. The triplet (C(X), Hys,T) is called a Pompeiu-Hausdorff
fuzzy b-metric space.

We define also d,,(A, B,t) by

om(A, B,t) =inf{M(a,b,t), ac€ A be B}, t>0,
and it follows immediately from the definition of §,, that
om(A,B,t)=1 <= A=B={}and

M(a,b,t) > 6p (A, B,t) Yae A Ybe B, t>0.

Indeed: If A = B = {.}, then §;/(A, B,t) = dpr({a},{a},t) = M(a,a,t) =
1.

Now, if 0p7(A,B,t) = 1, ¥t > 0, thenVa € A, b € B, M(a,b,t) >
v (A, B,t) =1.

So, A=B={a}={b} ={}.

LEMMA 2. Let (X, M, T) be a fuzzy b-metric space with the constant s.
Then H)y is a fuzzy set on C(X) x C(X) x (0, 00) satisfying the conditions

(Hl) HM(Aant) > 0,

forall A,B,C € C(X), t,u > 0:
4D



(H2) Hy(A,B,t) =1ifandonly if A= B,

(Hg) HM (A C s(t+u)) > T(HM (A,B,t) ,HM(B,C,’U,)),
(Hy) Hy (A, B, ) : (0,00) — [0, 1] is continuous.

(Hs) hm Hy (A, B,t) =1 ifand only/f hm M(z,y,t) = 1.
Proof

(Hy) Let A, B € C(X), and show that Hy,(A, B,t) > 0, Vt > 0, one
obtains

Hy (A, B,t) = min{lnf M(a, B,t), gnlng(A,b,t)},
€

acA

= min { inf sup M(a,b,t), inf sup M(a,b t)}
a€ApeB beB qcA

Suppose that Hy,(A, B,t) = ing sup M (a,b,t), according to the character-
acApcB

ization of inf and sup, there exist a,, € A,b,, € B such that
lim M (an, bo,t) = Hur(A, Bt), Vit > 0.
Since A, B two compact, then (a,), (b,) admit respectively two subse-
quences also noted (ay,), (b,) such that a, - a € Aandb, — b € B
By Definition 1 (b4), one gets

t t
M ny Uns Z T(M ny Wy 5 >M yUny o5
(Gp,, by, t) < (a a 23) <ab 28))
t t t
Z T\ M anva'u% 7T M a, b7 482 7M b7 b'fl7 482 9

letting n — oo one obtains

mas > 1(ur (a (a5 1))

t
= M(a,b,482> >0, Vt>0

Similarly, if Hy;(A, B,t) = inf sup M(a,b,t), then Hy (A, B,t) > 0,

bEB qcA
vt > 0.
(H2) Let A,B € C(X), t > 0and show that Hy/(A, B,t) =1, < A= B.
If A = B, there exists Hy;(A, B,t) = Hy (A, A t) = ;relgM(a,A,t).

5D
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According to the characterization of inf, there exists a,, € A, such that
lim M(an, A, t) = Hy (A, A, t). Since A is a compact, then (a,,) admits a

n—oo

subsequence also noted (a,,), such that a,, — a € A. On the other hand,
there is

M(anaA7t) = sup M(an,x,t) > M(an,a,t),
€A

letting n — oo one obtains

Hy (A A L) = nlggo M(an, A, t) > lim M(an,a,t) = 1.

n—oo
So, Hy (A, A t) = 1.
Now, if Hy/(A, B,t) = 1, then
inf M(a,B,t)=1and inf M(A,b,t) =1
acA beB

Vaec A, M(a,B,t)=1andVbe B, M(A,b,t) =1,

Vae A, supM(a,b,t) =1and Vb e B, sup M(a,b,t) =1,
beB a€A

= VaeA, ElbneB:nli_{goM(a,bn,t)zl

and Vbe B, da, EAinh_{IOloM(amb,t) =1,

= Va€eA db,eB:b,—>acBandVbe B, da, €A: a, >beE A,
= A=0D.

ol

(Hs) Let A,B,C € C(X), t,u > 0and s > 1, show that
HM(A,C,S<t+u)) ZT(HM(A,B,t>,HM(B,C,U))

Suppose that Hy, (A, C, s(t 4+ u)) = ingM (a,C,s(t+u)).Firstone proves
ac
that Va € A, Vb € B, one has
M (a,C,s(t +u)) > T(M(a,b,t), M (b, C, u)).
Indeed, there is M (b, C,u) = sup M (b, ¢, u), then there exists ¢, € C such
ceC
that:

lim M (b, c,,u) = M(b,C,u). By Definition 1 (b4) one gets

n—oo

M(a,cp,s(t+u)) > T(M(a,b,t), M(b,cp,u)),

letting n — oo one has

<»



M (a,C,s(t +u))

v

ILm M (a, cn, s(t + u))

i T(M(0,b,0), M(b, 0, )

T(M(a,b,t), im M(b,c,,u))
n—oo

T(M(a,b,t), M(b,C,u)).

v

So,
M (a,C,s(t+u)) > T(M(a,b,t), M(b,C,u)). (1)
Now, by (1), one has

M (a,C,s(t+u)) T(M(a,b,t), M(b,C,u)),

T(M/(a, b,t),bin]fBM(b, C,u)), VbeB.
€

AVARAY,

Then
M (a,C,s(t+w)) > T(sup M(a,b, t),gn]gM(b, C,u)),
€

beB
= T(M(a,B,t),gng M(b,C,u)), Vae A.
€

This implies

Hy (A, C,s(t + u))

inf M (a,C, s(t + u))

ac

T(iggM(a’B’t)’égfg M(b,C,u))
T(HM(A,B,t),HM(B,C,U))

v

v

Because (ingM(a,B,t) > Hy (A, B,t) and gn]_f; M(b,C,u) >
ac S

HM(Bv Ca U))
Similarly, if Hys (A, C,s(t+u)) = in(ij (A, c,s(t+u)), then
ce

Hy (A, Cos(t+w)) > T(Hp(A, B, t), Hy (B, Cu)).
(Hy) Let A, B € C(X), show that Hy,(A, B,.) : (0,00) — [0, 1] is continu-

ous, let (¢,) a sequence of elements in (0, cc) which converges to ¢, then
one proves lim Hy(A, B,t,) = Hy (A, B,t).
n—oo

-
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By Definition 1 (b5), for all (a,b) € A x B, one gets

lim M(a,b,t,) = M(a,b,t), ie.,

n—oo

Ve>0 dngeN Vn>ng:

M(a,b,t) —e < M(a,b,ty,) < M(a,b,t)+¢,

= sup M(a,b,t) — e < sup M(a,b,t,) < sup M(a,b,t) + ¢,
beB beB beB

= M(a,B,t) —e < M(a,B,t,) < M(a, B,t) + ¢,

= inf M(a,B.t) —e < inf M(a.B.t,) < inf M(a,B.t)+¢. (2
inf (a,B,t) e < inf (a, ,n)_;gA (a,B,t) +e. (2)

Similarly, one finds

inf M(A,b,t)—e < inf M(A,b,t,) < inf M(A,b,t)+¢. (3)
beB beB beB

Thus, by (2) and (3), one can deduce
Hy (A, B,t) —e < Hy (A, B, ty) < Hy (A, B t) + €.

So, li_)rn Hy (A, B, t,) = Hy (A, B,t).

(Hs) Let A, B € C(X), t > 0 show that tli)m Hy (A, B,t) = 1ifand only
if tlim M(x,y,t) = 1.

—00

If A= {z} and B = {y}, one has

tlLIg)HM(A7Bat) =1 = tlilgoHM({x}v{y}?t) =1
= tlgi(r)loM(x,y,t) = 1.
Now, if tlim M(z,y,t) = 1. Suppose that Hy/(A, B,t) = inf sup M (a,b,t),
— 00

a€ApeB
according to the characterization of inf and sup, there exist a,, € A,b, € B

such that li_>m M(ap,byn,t) = Hy (A, B,t), Vt>0.Thus

Jim Fo(4,B,1) = fim (Jim M (b, )
— lim (lim M(an,bn,t)> _ 1.
n—00 \t—o0
Similarly, if Hy;(A, B,t) = inf sup M (a,b,t), then lim Hy/ (A, B,t) = 1.
beEB 4cA t—o0

(80



DEFINITION 3. Let U be the set of all continuous functions

Y(ty, ta,t3,t4) = [0,1]* — R such that:

(o) : % is nonincreasing in variable t; and nondecreasing in variables
to, t3, ta.

(1) :Vu,v € 10,1 Y(u,v,v,u) <0orp(u,v,u,v) <0 = v <u.

() :Yu e [0,1] Y(u,u,1,1) <0= u=1.

EXAMPLE 2. ¢)(t1, b, t3,ta) = 3ln (t2) — In (t1), with p > 1.

1 t1 1 to
EXAMPLE 3. ¢(t1,t2,t3,t4) = —— = -——=],0< A<
¢(17273,4> 1+t1 9 <1+t2 2)7 < <
EXAMPLE 4. 9 (t1,to,t3,t4) = B(t1) — AB(t2), with g : (0,1] — [0,00) and
B(1) = 0is a continuous function strictly decreasing, 0 < A < 1.

EXAMPLE 5. 1i(t1, 12, 13, 1) = B(t1) — AG(55 + ), with 81 (0,1] = [0, 00)
and 3(1) = 0 is a continuous function strictly decreasing, 0 < A < 1.

EXAMPLE 6. ) (t1,t2,13,t4) = (t1) — k(t)y(t2), with v = (0,1] — [0, 00),
~v(1) = 0 is a continuous function strictly decreasing and k is a function
from (0, c0) into (0,1).

DEFINITION 4. A function & : X — CL(X), where (X, M,T) is a fuzzy
b-metric space, called closed if for all sequences (x,,) and (y,,) of elements
from X and xz,y € X such that ILm Tp = T, ILm yn =y and y, € I(z,)

for every n € N, one has y € 3(x).

THEOREM 1. Let (X, M,T) be a complete fuzzy b-metric space with con-
stant s, it can be supposed that M is continuous with respect to one of its
variables. Let 3, R : X — C(X) be two closed maps and i) € ¥ such that

o ( Hu (S(@),R(y), 1), M (z,y,1), M ((x),2,t), M (R(y),y,t) ) <0. (4)

Then < and R have a common fixed point x € X.
Moreover, if © is absolutely fixed for & and R (which means that 3(x) =
{z} and R(x) = {z}), then the fixed point is unique.

For the proof of this theorem one needs two lemmas.

(oD
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LEMMA 3. In a fuzzy b-metric space (X, M,T), if the function M is continu-
ous with respect to one of its variable, then it is continuous with respect to
the other.

Proof

Suppose that M is continuous with respect to the first variable, and let
(yn) be a sequence of the elements of X such that (y,,) is b-convergent to
y € X. Then since M is symmetric one has for all x € X:

li_)rn M(x,yn,t) = le M(yp,x,t) = M(y,x,t) = M(x,y,t), t>0.
LEMMA 4. Let (X, M, T) be a fuzzy b-metric space and let A € C(X). If M
is continuous with respect to one of its variables, then for all x € X, there
exists yy € A such that

M(z,A,t) =sup M (z,y,t) = M(z,yo,t), t>0.

yeA

Proof

One has M (z, A,t) = sup M(x,y,t), so for every n € N*, ¢t > 0, there
yeA

exists z,, € A such that
1 1
M(z, A t) — — < M(z,zp,t) < M(x,A,t) < M(x, A t)+ —.
n n

Since A is compact, (z,) has a subsequence, also noted (z,), which is
b-convergent to yy € A. Therefore:

1
|M(z, xp,t) — M(z, A t)] < — — 0 when n — occ.
n

from where lim M(z,z,,t) = M(x, A,t), so since M is continuous, one

n—o0

deduces that
lim M(z,xz,,t) = M(x,yo,t),

n—oo
hence from the uniqueness of the limit in a fuzzy b-metric space, one has
M(x,yo,t) = M(x, A, t), t>0.
Proof of the Theorem
Let 29 € X, and x; € Sxg. Since z1 € Sz, one has

Hy (S, Rxp,t) = min{ inf M(x,Rxy,t), inf M(%xo,y,t)}

€Ty yeRT,

<



< inf M(z,Rzi,t)

€T
< M(x1,Rxq,t) = sup M(x1,y,t).
yeRT

Rz, is compact and M is continuous with respect to one of its variables,
so, according to Lemma 4, there exists z» € Rz such that

Hyp (Swo, Ry, t) < M(x1,12,t), t>0.
In the same manner, since z2 € Rz, one gets

Hyr (S, Rxy,t) < M(Swo,29,t) = sup M(z,x2,t).

IS ¥

Sz is compact and M is continuous with respect to one of its variables,
so, according to Lemma 4, there exists z3 € Sx, such that

Hy, (%%2,%331,15) §M($2,x3,t), t > 0.
In the same way, there exists x4 € Rz3 such that
Hyy (%.’L’Q,%.’L‘g,t) SM(.’L’g,.ﬁE’zl,t), t>0.

By recurrence, we construct a sequence (z,,) such that x9,, 11 € Sz2,, and
ZTonto € Rrony1 Which satisfies:

Hyy (Szop, Reop—1,t) < M(x2p41, Ton, t), (5)
and
Hy (S, Rropyi,t) < M(xop+1, Tant2,t). (6)
According to (4), with z = x2, and y = z2,,_1 one has

" ( Hr (Saon, Reop—1,t) , M (22, on—1,1t) , M (Swap, Tan, t), ) <0
M (Rzop—1, x2n—1,1) -

Since xzop,+1 € Sway, and o, € Rroy,—1, then
M (%xZH, L2n, t) > M (x2n+la TL2n,y t) s (7)
and

M (Rzop—1,xon—1,t) > M (225, Ton—1,1) . (8)

>
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By (5), (7), (8) and (¢¢) one has

M (I2n+17 L2n,s t) 7M (l‘2ny Ton—1, t) 9 M (:’UQTL-F].) Lo,y t) ) <
Y <0.
M (w20, T2n-1,1)

By (¢1), one has

M ($2n,$2n+1,t) <M ($2n71,$2n,t) , n c N, t> 0. (9)
In the same way, by (4) with z = x5, and y = z2,11, One gets

1/} ( HM (§x2n7%$2n+lut) 7M ($2n,x2n+17t) 7M (%x2m$2nat)) ) < 0
M (Rzon+1, Ton+1,t) -

Since Ton4+2 € ﬂ?xgm_l, then
M (Rxont1, Tant1,t) > M (Tan12, Tant1,t) . (10)

By (6), (7), (10) and (¢9) one has

" M (z2n+41, Tant2,t) s M (Ton, Tont1,t) s M (Ton41, Ton, t), > <0
M (x2n42, Ton+1,1t) -

By (¢1), one has

M ($2n,$2n+1,t) <M (:C2n+la $2n+2)t) ) n e Na t>0. (11)
According to (9) and (11), one has:
M (xp—1,2n,t) < M (xp, Tpi1,t), n e N* t > 0. (12)

Therefore, (M (x,, z,+1,t)) is a strictly increasing sequence of positive real
numbers in [0, 1].

One puts M,,(t) = M (2, zn41,t). Then, (M,(t)) is a strictly increasing
sequence.

So, there exists M (t) such that lim M, (t) = M(¢), t > 0.

n—oo

G



Suppose that 0 < M(t) < 1. According to (4), with x = x5, and y =
ZTon+1 ONE has

" ( Hp (Saon, Rropy1,t) , M (22, ont1,t) , M (Swap, x2n, ), ) <0
M (Rxop41, Tont1,t) -

By (6), (7), (10) and (¢y), one has

'(/) ( M($2n+17x2n+27t) ,M($2n7$2n+1,t) 7M(:B2n+17$2n7t)7 ) <0
M (zan+2, Tant1,t) -

= ( Mony1(t), Map(t), Moy (t), Mapi1(t) ) <O.
Since v is continuous function, letting n — oo one obtains
¢ (( M(t), M(t), M(t),M(t) ) <0.

By (¢1), one gets M(t) < M(t), a contradiction. Then M (t) = 1. Now,
we will prove that (z,,) is a Cauchy squence. Suppose that (x,) is not a
Cauchy sequence, then for all 0 < ¢ < 1, there exist two sub-sequences
(Zn(i)) @nd (z,,(;)) such that for each i € N, let n(i), m(i) € N satisfying
n(i) > m(i) > 4, such that

M (Zn33)s Tom(iy+1,t) <1 —€. (13)

Now, we choose 2n (i) corresponding to 2m(i)+1 such that it is the smallest
even integer with n(i) > m(i) and satisfies Inequality (13). Hence,

M (Zon(i)—1: Tam(i41:1) > 1 —¢ (14)
By (13), we get

1—¢

v

M (T2 (i), Tom(i)+1, t)

L t
T (M (9327%(2')’332”(@‘)—1’ 23) M <x2n(i)—17x2m(i)+la 25)) .

By (14), we have

v

t
1—e> M (x93 Tom@y41.t) = T <M <$2n(i)ax2n(i)—17 25) 1= 5)

T
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t
=T <M2n(i)l (25> 1= 5)

1—¢ Z lim M ($2n(i),$2m(i)+1,t) Z T(]., 1-— 8) =1-—=¢.

1—00

letting ¢ — oo we obtain

So
Hm M (2n3), Tom(iy+1,t) = 1 — €.

1— 00
By (4), W|th X = $2m(l) and Yy = ¢T2n(i),1, we get
" < Ht (Szam)s Reon@y—1:1) s M (Tam(i)> Tan(i)—1,t) > <0
M (ST (i), Tom(i) 1) » M (R ()1, Tan()—1, ) -
Since Tom(i)+1 S %$2m(i)a and ZTan(i) S %xQn(i)—h then
M (SZom(i)s Tam(i)s t) = M (Tam@) 1 Tam(i)s t) » (15)
and
M (RTopn ()15 Tan(i)—1,t) = M (Tan(iy: Tan()—1,1t) - (16)
By (15), (16) and (), we have

IN

" < Ht (Szamys Roony—1:1) s M (Tam(i)> Tan(iy—1,t) > 0.

M (me(i)+17x2m(i)7t) M (xQn(i)v'T%z(i)—lat)
Since x2m(i)+1 S %me(l) and $2n(z) € g&flan(i),l, then
Hup (STom(iy: Rony—1,t) < M (Tam(iy1, Ron()—1, 1)
= T (M (zom(i)+1, REan(i)—1,t) , 1)

_ T< M (Cﬁzm(i)ﬂa%ﬂ?zn(i)q,t), >
M (%9n(s), Ron(i) -1, 1)

IN

M ($2m(i)+1, Ton (i) 2t5) .
So
Hyy (%me(i), %mgn(i)_l,t) <M (xgm(i)ﬂ,mgn(i), 2ts) . (17)
By (17) and (¢), we get
M ($2n(i),$2m(i)+1,28t) , )

(0 ( T (MZm(i) (2%) , M (me(i)+17x2n(i)fla %)) )
MZm(z) (t) 7M2n(i)71 (t)

<0

G



M (xQn(i)> me(i)—f—la 25t) 7T (M2m(z) (QL) ) - E) ; ) <
s 0.
= ( Moy (t) s Mopgiy—1 (1) -

letting ¢ — oo, we obtain

Y(1-¢T(1,1-¢),1,1)<0
= ¢(l-e1-¢11)<0.
By (v2), we get 1 — e = 1, which is a contradiction.

Hence, (x,) is a Cauchy sequence in a complete fuzzy b-metric space.
So, there exists x € X such that ILm M (xy,z,t) = 1. Next, we show that

x € Sz N RNz, indeed, we have xo, € Rxo,_1 and xo,41 € Sy, n €N,
Since hm Top—1 = hm Top = hm Toptr1 = x, & and R are closed,

then z € Sx ﬂ Rz.
Unicity. Suppose that Sz = {z} and that there exists y € X is another
common fixed point of & and R, such that ®y = {y}. Then by (4), we have

7,[} HM (%x,?Ry,t),M(x,y,t),M(%x,m,t), <0
M (Ry,y,t) -

M(‘T’y’t)’M(‘/E?y7t)?M(:E’:L"t)’
- 1/}( M (y,y,t) )SO

= w( M (z,y,t), M (x,y,t),1,1 ) <.
By (v2) we get M (z,y,t) =1, then z = y.

THEOREM 2. Let (X, M, T) be a complete fuzzy b-metric space with the
constant s. Let S : X — CL(X) be a closed maps and ) € ¥ such that

¢( 6M (%(x)7%(y)at) 7M(xayat) ,M(%(m),x,t) 7M(%(y)7y7t> ) <0. (18)

Then < has a unique fixed point x € X.

Proof Let zy € X, define the sequence (z,,) of the elements from X
such that: z, 11 € Sz, for every n € N.

According to (18), with = z,,_; and y = z,, we have
Y ( ar (Sp—1, S, t) , M (Tp—1, 20, t) , M (Sp_1, Tn_1,t) , M (STp, Tn, t) )
<0.
Since z,, € Sx,—1 and z,+1 € Sz, We get

M(%xn—hxn—ht) > M(l’n,xn_l,t), M(%wn,xn,t) > M($n+1,l’n,t)

G
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and 0y (Szp—1,Sxp, t) < M (Tp, Tpyi,t).
By (¢9), we have
¢( M (xy, Tpi1,t) , M (2p—1, T, t) , M (Xp, Tp—1,t) , M (Tpi1, Tn, t) ) <0.
By (¢1), we have
M (zp—1,zpn,t) < M (zy, Tnt1,t), ne N t>0.

So, using the same argument as in Theorem 1, we deduce that z,, is a
Cauchy sequence and converges to z € X, the fixed point of 3.

Unicity. Suppose that there exists y € X is another fixed point of .
Then by (18), we have

ey Cx x
¢< 5M (J.’I},J:y,t),M(I‘,y,t),M(J%,m,t), ) S 0

by (1), we have

M (z,y,t), M (x,y,t), M (z,z,t),
¢( M (y,y,1) >§0
= 1/1( M (z,y,t), M (z,y,t),1,1 ) <0.

By (v2) we get M (z,y,t) =1, then z = y.
As a consequence of Theorem 2, if & = f is single-valued mapping,
then we obtain the following:

COROLLARY 1. Let (X, M,T) be a complete fuzzy b-metric space with the
constant s. Let f : X — X be a continuous mapping and ) € ¥ such that

O ( M (fzx, fy,t), M (x,y,t), M (fx,z,t), M (fy,y,t) ) <O.

Then f has a unique fixed point x € X.

EXAMPLE 7. Let X be the subset of R? defined by X = {A, B, C, D},
where A = (1,0,0), B = (0,1,0), C = (0,0,1) and D = (2,2,2). T(c,d) =
c.d for all ¢,d € [0,1] and (X, M, T) is a complete fuzzy b—metric space
such that:

—d(=z,y)

M(z,y,t)=e ¢ , zyeX,t>0,

where d(x,y) denotes the Euclidean distance of R3.

G



Let 3 : X — X be given by 3(A) = X(B) = 3(C) = A,3(D) = B.
Show that for all z,y € X

w( M (Sz, Sy, t), M (z,y,t) , M (Sz,z,t), M (Sy,y,t) ) < 0.
with ¢ as in Example 4, and §(t) = —In(t).

So S(M (S, Sy, 1)) = 0 < AB(M (x,y,1)), A
If z € {A,B,C}and y = D, we find

—va
M (Sz, Sy, t) = e

and M (z,y,t) = et
So, B(M (Sz,Sy, 1)) < AB(M (z,y,1)), A € (3, 1).

Now, all the hypotheses of Corollary 1 are satisfied and thus < has a
unique fixed point, which is z = A.

REMARK 2. From Corollary 1 and Example 6 we obtain Theorem 3.1 (Shen
et al., 2012) Let (X, M, x) be an M-complete fuzzy metric space and T" a
self-map of X and suppose that ¢ : [0,1] — [0, 1] satisfies the foregoing
properties (P1) and (P2). Furthermore, let k be a function from (0, c0) —
(0,1). Ifforany ¢t > 0, T satisfies the following condition: ¢ (M (Tz,Ty,t)) <
k(t)p(M(x,y,t)), where z,y € X and = # y, then T has a unique fixed
point.

Conclusion

In this paper, a new space called a Pompeiu-Hausdorff fuzzy b-metric
space is constructed. Some examples in this space are presented. Ad-
ditionally, some new fixed-point results in this space are formulated and
proven, which extends the results of (Shen et al., 2012), and the existence
and uniqueness of the common fixed point in such a space are demon-
strated.

The approach proposed may pave the way for new developments in
generalized metrical structures and fixed-point theory.
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Resumen:

Introduccién/objetivo: El estudio de la teoria de conjuntos difu-
S0S surgid a partir de la presencia de la incertidumbre como parte
esencial de los problemas del mundo real, lo que llevé a Zadeh
a abordar el problema de la indeterminacion. Zadeh introdujo el
concepto de Iégica difusa. A diferencia de la teoria logica tra-
dicional, en la que un elemento pertenece o no al conjunto, en
la I6gica difusa la afiliacion del elemento al conjunto se expresa
como un numero del intervalo [0, 1].

Métodos: La teoria de un punto fijo en espacios métricos difusos
puede verse de diferentes maneras, una de las cuales implica
el uso de la légica difusa. Los espacios métricos difusos, que
son tipos especificos de espacios topolégicos con caracteristi-
cas “geométricas” agradables, poseen una serie de propieda-
des atractivas y se utilizan comunmente tanto en ciencias puras
como aplicadas. Los espacios métricos y sus diversas gene-
ralizaciones ocurren con frecuencia en aplicaciones de ciencias
de la computacién. Por esta razdn, en este articulo se construye
un nuevo espacio llamado espacio b-métrico difuso de Pompeiu-
Hausdorff.
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Resultados: En este espacio, también se formulan y prueban al-
gunos nuevos resultados de punto fijo. Ademas, se investiga un
teorema de punto fijo comun general para un par de aplicacio-
nes multivaluadas en espacios b-métricos difusos de Pompeiu-
Hausdorff. Los hallazgos obtenidos en espacios métricos difu-
sos, como los discutidos en el articulo de Shen, Y. et al. (2012.
Fixed point theorems in fuzzy metric spaces. Applied Mathema-
tics Letters, 25, pp.138-141), se generalizan a partir de los resul-
tados de este documento, y se producen hallazgos especificos
adicionales que se respaldan con ejemplos.

Conclusion: El estudio de la semantica denotacional y sus apli-
caciones en la teoria de control utilizando espacios b-métricos
difusos y espacios b-meétricos difusos de Pompeiu-Hausdorff se-
ra un siguiente paso importante.

Palabras claves: espacio métrico difuso, espacio b-métrico difu-
so, norma t, punto fijo, relacion implicita.

MHOro3HayHble OTOOpaXKeHWs1 B HEYETKMX b-MeTprnyeckmx
npocTtpaHcTBax Tuna Nomneto-Xaycaopda n pesynesrar ¢
o6LLen HeNoABMKHOM TOYKOM

Hypeddur Makpan?, Cmosit H. PageHoBuy®

@ YuueepcuteT Moxammena MNpembepa, dakynsTeT eCTECTBEHHbIX
Hayk, kacpegpa matematuku, r. Yoxaa, Koponesctso Mapokko,
KOppecnoHAeHT

5 Benrpagckui YHUBEPCUTET, MaLLMHOCTPOUTENbHBIN hakynbTerT,
r. benrpap, Pecnybnuka Cepbus

PYBPUKA TPHTW: 27.25.17 MeTpudeckas Teopus yHKUUNA
B[O CTATbW: opurnHanbHas Hay4Hasi cTaTtbs

Pesrome:

BsedeHue/uenb: N3y4deHuro meopuu HeHemKuUx MHOXecme Crio-
cobcmeoesasno Hanu4due HeorpederieHHOCMU KaKk Heombemsie-
Mol Yacmu pearnbHbIX npobnem, ymo rpusgesio 3ade K pewie-
Huto npobnemb! HeorpederneHHocMU. WIMEHHO OH 88er1 MOHS-
mue HedyemkoU floe2uku. B omnu4yue om mpaduyuoHHouU noeuye-
cKol meopuu, 20e anemeHm fiubo npuHadnexxum MHOXecmey,
nubo Hem, 8 HeYemkKoU noauke NPUHalNeXXHOCMb afieMeHma K
MHOXecmay 8bipaxaemcsi Yuc/ioM u3 uHmepsana |0, 1].

Memodbi: Teoputo HeMnOd8UXXHOU MOYKU 8 HEHEMKUX Mempu-
YecKux npocmpaHcmeax MOXHO paccMmampueams rno-pa3HoMy.
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OO0uH u3 nodxodos ripedrioniazaem UCIMOMb308aHUE HEYEMKOU
Jno2uku. Hewemkue mempudyeckue rpocmpaHcmea Kak crieyu-
guyeckue murbl MOMNOI02UYECKUX MPOCMPaHCME C MPUSIMHbI-
Mu “2eomempuydeckumu” xapakmepucmukamu obnadarom psi-
Oom nipueniekamersbHbIX C80UCM8 U WUPOKO UCMOMb3YHMCs
Kak 8 yucmol, maK u e rnpuknadHou Hayke. Mempuueckue
rnpocmpaHcmea u ux pasnu4Hbie 0b6obuweHus Yacmo ecmpe-
yarmcs 8 MPUIIOXKEeHUSIX 8bl4UCIUMerbHbIX HayK. B cessu ¢
8bILWEUIIIOKEHHBIM 8 OaHHOU pabome cghopMuUpPOBaHO HOB0E
rpocmpaHcmeo, Ha3bieaeMoe HeYEMKUM b-Mempu4yeckUuM rpo-
cmpaHcmeom [Nomnero-Xaycdopgpa.

Pesynbmamsi: B amom npocmpaHcmee makxe c¢hopmynuposa-
HbI U OOKa3aHbl HEKOMOpPbIE HOBbIE Pe3yribmambl 0 HerMmod8UX-
Hol moyke. Momumo moeo, uccriedosaHa meopema 06 obuweli
Hernod8uXHOU moyke Orid rnapbl MHO203Ha4yHbIX 0mobpaxeHul
8 HedemKux b-mempuueckux rnpocmpaHcmeax muna [Tomnero-
Xaycdopgpa. Pesynbmambl, rofy4YeHHbIe 8 HeYemKUX Mempu-
YecKux rnpocmpaHcmeax, Kak, Harnpumep, me, Komopble 0b6Cyx-
Oanucb 8 cmamee llena u dp. (Shen, Y. et al. 2012. Fixed
point theorems in fuzzy metric spaces. Applied Mathematics
Letters, 25, pp.138-141), o6obwaromcs pe3ynsmamamu 0aHHO-
20 uccnedosaHusi, a 8 O0OroSIHEHUE MPUBOOSIMCS KOHKPEMHbIE
8b1800bI1, MOOKPENIEHHbIE rNpuMepamu.

Bbigo0bi:  Crniedyrouum 8a)KHbIM WasoM cmaHem Uu3y4YyeHue
OeHOMaUUOHHOU CeMaHMuKu U ee MPUMEHEHUsT 8 meopuu
yrpaeneHusi C UCrob308aHUEM HeYemKux b-Mmempuyeckux
pocmpaHcme U He4Yemkux b-Mempuyeckux pocmpaHcme
lMomneto-Xaycdoppa.

Knroueebie crioga: Heyemkoe Mempuyeckoe MpOoCmpaHCcmeo,
Heyemkoe b-mempuyecKkoe rpocmpaHcmeo, t-Hopma, hukcupo-
B8aHHasi moyKa, HesiBHoe OMHOWEHUe.

BuwesHayHa npecnunkaBaka pacnimHyTuX 6-MeTpUYKmX
npocTtopa Tuna lNomnejy-Xay3gopd v pesynTaT 3ajeqHunyke
HEeNnoKpeTHe Tadke

Hypedu+ MakpaHn?, CmojaH H. PapeHosuh®

2 Yuusepsutet ,Myxamen MNpemujep”,
MpupogHo-maTtemaTuykm dakynTet, Ogcek 3a MmaTemaTmky,
Oyjaoa, KparbesnHa Mapoko, ayTop 3a npenucky

6 YHusepauteT y beorpagy, MawwuHckn cakynTer,

Beorpaga, Penybnvka Cpbuja
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OBNACT: maTtemaTtunka
KATETOPWJA (TWM) YNAHKA: opurMHanHu Hay4Hu pag

Caxemak:

Yeod/uurn: lNpoydasare meopuje pacrnnuHymux ckyrnosa nood-
CmakHymo je Hecua2ypHowhy Kao CywmuHCKOM Upmom rpobsie-
Ma y peanHom ceemy, wmo je Haeesno 3adea Oa ce ro3abasu
npobnemom HeoOpeheHocmu u ygede rojam pacriuHyme sioau-
ke. 3a pasnuky 00 mpaduyuoHasiHe meopuje 5102uKe, y Kojoj
jedaH enemeHm npunada unu He npurnada HEKOM CKyny , y pa-
CNUHymoj nosuyu npunadHocm efieMeHma HEKOM CKyny u3pa-
)Kaea ce 6pojem u3 uHmepsana [0, 1].

Memode: Teopuja HenokpemHe madke y pacriuHymum me-
MpUYKUM 1IPOCMopUMa MOXe ce rnocMampamu Ha pasnuqume
Ha4uHe, 00 Kojux jedaH rModpasymesa Kopuwhere pacriuHy-
me niozuke. PacnnuHymu Mempuyku npocmopu, Kao crieyu-
uUYHU Munosu MoroAOWKUX Npocmopa ca npujamHuUM ,2eo-
mempujckum” Kapakmepucmukama, UMajy MHO20 UHmepecaHm-
HUX Kapakmepucmuka u 0bu4yHO ce Kopucme u y Yucmum Uy
npuMer-eHUM Haykama. Mempuyku npocmopu u Huxoee pa-
3uyume 2eHepanu3auyuje yecmo ce cpehy y npumeHama pa-
YyHapCKux Hayka. 3amo je y oeom pady KOHCmpyucaH HoO-
8U NPocmop HaseaH pacriuHymu 6-mMempuydKku npocmop muna
lMomnejy-Xay3dope.

Pesynmamu: Y oeom nipocmopy hopmMmyrnucaHu cy u Ookasa-
HU HeKU Hoeu pe3ynmamu HerokpemHe mayvake. [lpu mome
je ucnumaxa onwma meopema 3ajedHUYKe HeroKpemHe mad-
Ke 3a nap euwesHa4YHO2 rfpeciiukasara y pacrniuHymum 6-
mMempu4kuMm ripocmopuma muna llomnejy-Xaysdopgh. Hanasu
0obujeHu y pacriauHymum MemMpUYKUM npocmopuma, Kkao Wwmo
Cy OHU HaseleHU y YnaHKy LlleHa u capadHuka (Shen, Y. et al.
2012. Fixed point theorems in fuzzy metric spaces. Applied Mat-
hematics Letters, 25, pp.138-141), eeHepanu3oeaHu cy pe3ysi-
mamuma 0802 pada Koju rnipeseHmyje u dodamHe crieyuguyHe
Hanase rnomkpernsbeHe npumepuma.

Bakrbyyak: Cnedehu saxaH Kopak buhe npoydyasar-e deHoma-
UUOHE ceMaHmMUKe U HeHe NPUMeHe y meopuju yrpassbarba ro-
MORy pacnuHymux 6-memuykux npocmopa u pacrauHymux 6-
Mempuydkux npocmopa muna lNomnejy-Xay3dopap.

K!'by'-lHe peydu. pacrisiuHymu Mempu4Kku rnpocmop, pacriziuHymu
6—Mempquu rnpocmop, m-HopMa, HerioKpemmHda madka, uMrisiu-

yumeda penauuja.
(22
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Abstract:

Introduction/purpose: Wheeled armored combat vehicles are combat
systems that are increasingly present in modern armed conflicts, especially
in operations against asymmetric threats. The global wheeled armored
vehicle market is constantly growing, which reflects their application in a
wide range of missions and tasks of armed forces. The existence of
numerous models of these vehicles with different technical and exploitation
characteristics, along with the possibility of adaptation to specific needs,
further complicates the choice of the most suitable alternative. The paper
presents the case of solving the problem of selecting the most suitable
multi-purpose medium-class wheeled armored vehicle with a 4x4 drive
formula when choosing one of the four alternatives, using individual and
group multi-criteria decision-making methods.
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Methods: In the paper, the methods of multi-criteria decision making were
applied to solve problems in the field of complex combat systems selection.
Experts from the field of tactics with weapon systems have ranked the
alternatives following the defined criteria using the AHP (Analytic Hierarchy
Process) and the PROMETHEE Il (Preference Ranking Organization
Method for Enrichment Evaluations Il) methods. The results obtained by
individual decision making were subjected to the Condorcet method of
group decision making to make a final decision.

Result: Selection of the most suitable vehicle by the defined criteria.
Conclusion: Solving the problem involves taking into account the views of
military experts regarding the optimization of multiple criteria to provide the
best performance vehicle suitable for use in various missions. The choice
of a multi-purpose wheeled armored combat vehicle is a complex process
influenced by numerous factors that cannot be analyzed objectively without
the application of adequate mathematical models.

Keywords: armored combat vehicles, multi-criteria decision making,
AHP, PROMETHEE I, Condorcet method.

Introduction

Armored combat vehicles are special motor vehicles considered for
performing various tasks in the operations of armed forces. Their basic
characteristics are mobility, protection, and firepower (the ability to
transport personnel and cargo).

Today, there is a tendency for wheeled armored vehicles of all types
to dominate in equipping armed forces in the world, compared to tanks and
tracked infantry fighting vehicles, which are significantly more expensive
and more demanding in terms of maintenance. In support of this, the
constant growth of the world market of wheeled armored vehicles,
especially those belonging to the light and medium class, is evidenced,
with estimates that this trend will continue (Kurtay, 2024). Multi-purpose
armored combat vehicles with a 4x4 wheel drive formula are suitable for
carrying out various tasks, such as reconnaissance, territory control,
transport and support of infantry units, and fire support, but also for
command and control and medevac.

The choice of a wheeled armored combat vehicle is a challenge even
for experts in that field and requires a certain level of compromise in
requirements and respect for the specific needs of military or police units,
as well as for the spectrum of threats to which the vehicle and its users
may be exposed.

The paper presents one of possible models for the application of
various multi-criteria decision-making methods to provide support to
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decision makers in the preliminary selection of a 4x4 wheel drive armored
combat vehicle. For this purpose, two individual decision-making methods
are described and practically applied - AHP and PROMETHEE Il and the
Condorcet group decision-making method. It was noted that choosing
between vehicles with similar performance is complex when there are
conflicting criteria to consider.

The mentioned methods were applied in the case of solving a specific
problem - ranking and choosing the most optimal variant among the four
offered models of armored combat vehicle wheel drive 4x4: BOV M16
Milo§-2, Despot, Tatra 815-7 Patriot Il and Zetor-Gerlach. The mentioned
vehicles were chosen for two basic reasons: the availability of data on
technical and exploitation characteristics and similarity in essential
characteristics, whereby there is no intention of the author to single out a
specific vehicle as the absolute best. The offered vehicles belong to the
middle class of armored vehicles from 10 to 20 t and in certain aspects
have similar performance, which can make the choice even more difficult
for experts.

For the purposes of this research, military experts were hired. The use
of expert evaluation in the development of a multi-criteria decision-making
model proved to be necessary (Kizielewicz & Satabun, 2024; Puska et al,
2018). In this case, the experts defined three main criteria, namely:
mobility, protection, and the ability to transport personnel and cargo
(payload capacity), while firepower and command and control criteria were
omitted, bearing in mind that with all four offered alternatives there are
numerous options for equipping with different combat and other systems
depending on the need, which exceeds the scope of this research. Also,
the problem is viewed from the aspect of combat vehicle capabilities,
without considering the value aspect (purchase price, maintenance, etc.).
The ranking of the alternatives based on the defined criteria, which are
explained below, was carried out based on the subjective opinion of four
military experts in the field of tactics with weapons systems. Considering
the medium level of complexity of the problem and the chosen decision-
making methods, a model of the participation of a smaller number of
experts was chosen. In this research, performing a high level of expertise
in the field of wheeled armored unit tactics was essential for valid individual
decision making. The interview was conducted with a total of 12 Infantry
branch officers, and four of them met the set criteria regarding the
necessary professional experience and knowledge in wheeled armored
vehicles.

The first two experts performed the ranking using the AHP method,
while the third and the fourth applied the AHP-PROMETHEE Il model. The
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results obtained by the individual decision making of four experts were
subjected to the Condorcet method of group decision making, to make a
final decision.

The AHP method was chosen because it requires the active
participation of military experts for adequate comparison by pairs and
determining the weight of the criteria, and because it provides good results
for the given number of criteria. Also, based on the analyzed literature, the
AHP method is useful for structuring the problem of choosing vehicles and
combat systems. On the other hand, the PROMETHEE Il method is very
easy to use by experts and provides additional precision by defining the
preference parameters on each criterion. The Condorcet method was
chosen because it is more representative than models of simple majority
voting in group decision making, as it takes into account all possible
comparisons of the ranks of alternatives obtained by experts through
individual decision making.

The analysis of the literature leads to the conclusion that multi-criteria
decision-making methods have been applied in many areas of military
activity, individually or in a variant of the combination of two or more
methods, to make the best use of their capabilities in support of finding an
optimal solution to the problem. In the field of combat system selection,
there is a large number of scientific works in which the subject methods
were used: Kurtay (2024) applies the Fuzzy EDAS method for the selection
of an armored vehicle; Genc (2015) applies the ELECTRE Il and
PROMETHE Il methods, while Gazibey et al. (2015) apply the DEMATEL
method for criteria analysis and tank selection; Radovanovi¢ et al. (2023)
ranks Unmanned Combat Air Vehicle for military needs using multiple
methods (DIBR, FUCOM, LMAW, and EDAS); StarCevic et al. (2019) apply
the AHP-DEA model to the selection of military vehicles for use in
multinational operations; Te8i¢ & Marinkovi¢ (2023) perform the selection
of complex combat systems using several methods and aggregators; Jokic
et al. (2024) apply the DEX method to select the optimal caliber for an
automatic rifle; Radovanovi¢ et al. (2019) apply the AHP method, and
Pamucar & Dimitrijevi¢ (2021) the TOPSIS and MABAC methods for the
selection of anti-armor missile systems; Santos et al. (2021) apply the AHP
method in the selection of a warship; Sun et al. (2013) apply the Fuzzy-
AHP method, and Furch & Svasta (2022) integrate a number of multi-
criteria decision-making methods for the selection of unmanned ground
platforms; Radovanovi¢ et al. (2024) select an assault rifle using the
LMAW - gray EDAS hybrid model. In the study of the UN working group,
the AHP method was used to rank the importance of the capabilities of
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armored personnel carriers and wheeled and tracked vehicles (UN
Department of Operational Support, 2023).

The analyzed literature unequivocally indicates that the authors are
interested in the application of various mathematical methods when
choosing complex combat systems.

The work is conceived in several parts. In the next part, a description
of armored combat vehicles was given. Furthermore, the methods used in
the creation of the model were presented, in order to finally give a detailed
description of the criteria and a presentation of the results obtained
through the application of the model.

Basic characteristics of armored vehicles

The development of armored combat vehicles took place following the
reached level of technological progress in the world and changes in the
physiognomy of armed conflicts, constantly adapting to new threats. The
first armored vehicles were used during the First World War in the form of
transporters with light armor protection and were intended for the transport
of infantry units to support tanks on the battlefield (Radeti¢, 2001).
Regarding the vehicle type, originally half-tracked combat vehicles were
used while later tracked vehicles were dominant, and wheeled vehicles
were rarely used. After the Second World War, the intensive development
of infantry fighting vehicles began to ensure a higher speed of maneuver
of infantry units, at the same time providing better armor protection and
firepower. After the period of the Cold War, a more intensive development
of wheeled armored combat vehicles of all types began, under new -
asymmetric threats and in the conditions of increasingly frequent conflicts
in the urban environment (Kurtay, 2024). Such a situation required the use
of vehicles of smaller dimensions and high maneuverability, but also with
adequate protection, suitable for carrying out tasks such as
reconnaissance, territory control, operations of special military and police
forces, and for conflicts of lower intensity.

The key capabilities of armored vehicles are traditionally contained in
the so-called "iron triangle" which implies mobility, protection, and
firepower (Dean, 2024). In addition to the mentioned universal
characteristics, for wheeled armored combat vehicles that are essentially
intended to carry out the transport of combat formations and assets to the
desired location, the ability to transport personnel and cargo, i.e. the
vehicle's carrying capacity, is very important, and the efficiency of this type
of vehicle is often considered through three main characteristics: mobility,
protection and payload capacity (Giurgiu et al, 2023).
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In a 2023 United Nations task force study, an expanded list of criteria
for the classification of armored fighting vehicles (APVs) was proposed
and included protection, mobility, firepower, payload capacity, and
command and control systems. Also, the necessity of considering new
capabilities by the requirements of the modern combat environment, such
as survivability, adaptability, connectivity, surveillance, threat detection,
identification in combat, etc., has been increasingly discussed recently
(Giurgiu et al, 2023). The essence of such tendencies is to ensure a high
degree of situational awareness on the battlefield to quickly react in terms
of eliminating or avoiding the threat.

Mobility is very important for the efficiency of vehicle use in different
terrain conditions, but also from the aspect of force protection, thanks to
the reduced exposure of the vehicle to potential threats. Mobility largely
depends on the combat weight of the vehicle, because it affects the
acceleration, i.e., the agility of the vehicle in combat, as well as the power
of the engine and the suspension system (Muzdeka, 2012). As the mass
of the vehicle directly affects the maneuverability of the vehicle, there must
be a balance concerning armored protection and transport capacity
(Kamel, 2017). On the other hand, the number of crew members and the
mass of additional cargo are related to the self-protection capability.
Namely, the greater mass with which it is possible to load the vehicle is an
indicator of the possibility of implementing different weapons systems -
greater firepower and for acting on different targets (anti-armor means, for
acting on targets in the airspace, etc.), but also a larger number of combat-
formation members, which protects the vehicle itself in battle, among other
things. Also, in terms of additional protection, the greater carrying capacity
of the vehicle provides the possibility of using various modular elements
for the protection of the vehicle for protection against light anti-armor
systems of less penetration (Dean & Cazalet, 2024).

In terms of firepower, modern wheeled armored combat vehicles are
not far behind other combat vehicles and can be equipped with different
combat stations with light and heavy machine guns, cannons of caliber up
to 30 mm, but also with secondary weapons such as anti-armor systems,
grenade launchers, light anti-aircraft systems, etc.

From the above, it can be concluded that there is a high degree of
interdependence among the characteristics, and it is necessary to have an
adequate balance to achieve greater efficiency in combat. This is
especially important in terms of the use of multi-purpose vehicles. In order
to choose the most optimal variant of the vehicle, it is necessary to first
decompose the main criteria into an optimal number of sub-criteria, and
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then carry out their evaluation to ensure a compromise in the level of the
vehicle's capabilities, according to the specific requirements of use.

Description of the methods

The work used the AHP and PROMETHEE Il methods of individual
multi-criteria decision making and the Condorcet method of group multi-
criteria decision making. The presentation of the model is given in Figure
1. As it can be seen from the figure, the model has four phases. In the first
phase, criteria and sub-criteria specific to the presented problem are
defined. Through the second phase, the experts compare the criteria, and
after that, the weight coefficients of the criteria are calculated for each
expert. The obtained values represent the input to the third phase of the
model where the ranking of the alternatives is performed using the AHP
and PROMETHEE Il methods. Finally, in the fourth stage, the final values
for the ranking of the alternatives are obtained by applying the Condorcet
method. A brief description of the applied methods in the model is given in
the following sections.

All Experts
Survey and
Interview

Phase 1: Defining
criteria

Phase 2. Comparison
of criteria and
calculation of weight
coefficients of criteri

All Experts
( AHP )

Two Experts ~ }--------------

Phase 3.1 Selection of
the best alternative
using the AHP metho

Phase 3.2 Selection of
the best alternative
using the
PROMETHEE meth‘

Phase 4. Defining the

Two Experts

(- Condorcet Method
alternatives |

Figure 1 — Flowchart of the AHP - PROMETHEE - Condorcet model
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Description of the Analytic Hierarchy Process (AHP)
Method

The Analytical Hierarchical Process Method was developed by Saaty
(1980) and it is based on a pairwise comparison of decision elements
(criteria, sub-criteria, and alternatives). For pairwise comparisons, the
values given in the scale of mutual importance in Table 1 are applied.

Table 1 — Saaty's scale of relative importance (Saaty, 2008)

Definition Intensity of Importance
Equal importance 1

Moderate importance 3

Strong importance 5

Very strong importance 7

Extreme importance 9

Intermediate values 2,4,6,8

Reciprocal values of the above numbers 1/2,1/3, ... 1/9

If the activities are very close 1.1-1.9

The basic features of the AHP method are the ability to work with
numerical and non-numerical data (Elraaid et al, 2024), the ability to
determine the weights of the criteria, and the assessment of consistency,
i.e., checking the quality of the given assessments.

The procedure for applying the AHP method includes several steps.
The first step involves defining the problem that needs to be solved and
presenting it through the structuring of the hierarchy of goals, criteria, sub-
criteria, and possible alternatives (Saaty, 2008). This step is the most
demanding for experts, but it is also the most creative (Kovacevic et al,
2024; Biswas et al, 2025). In addition to the knowledge about the problem
being investigated, experts must also be familiar with the way of applying
the Saaty scale when making comparisons.

The second step of the method is the formation of a set of matrices
for the mutual comparison of all criteria (sub-criteria) by pairs and defining
their weights.

The next step is to calculate the consistency ratio (CR), the value of
which must be less than 0.1 to be acceptable. The consistency ratio is
calculated according to the formula:

_a
CR—RI (1)
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where Cl is the consistency index and RI is the randomness index
(Random Index - RI).

The random index (RI) is determined empirically and depends on the
number of criteria, i.e., on the dimensions of the assessment matrix - n
(Table 2).

Table 2 — Random indices according to Saaty (Saaty, 1988)

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 112 124 132 141 145 149

The consistency index is calculated according to the formula:
€l = 2max" 2)

n-1
Amax is the eigenvalue calculated for each criterion by the formula:

AW
Amax = VZ‘: (3)

where A is the criteria comparison matrix, and w is the eigenvector for the
criteria, i.e., the degree of confidence in the criteria (weight of the criteria).

The comparison matrix A is multiplied by a vector by multiplying w
(corresponding to a particular criterion) by the value of each cell in the
same row, and the resulting products are summed. The procedure is
repeated for all rows in the matrix. Finally, if the obtained CR consistency
ratio is less than 0.1, the matrix is consistent, and the alternatives are
compared according to each criterion. A ratio value greater than 0.1
indicates that the criteria comparison matrix is inconsistent and that it is
necessary for the participants to correct their assessments in solving a
specific problem or to structure the hierarchy of the problem in another way
(or formulate questions differently when comparing elements).

Then the weighted sum is calculated, which is obtained by multiplying
the matrix of alternatives with the eigenvector w. By comparing them, a
conclusion is reached about the most favorable variant and it is possible
to rank them. A higher value of the difficult sum for a certain alternative
indicates that it is more favorable.

Description of the PROMETHEE Il method

The PROMETHEE method is a prominent multi-criteria decision-
making method that evaluates alternatives depending on the preferences
of decision makers (Brans & Mareschal, 2005; Oubahman & Duleba,
2021). Many authors highlight the simplicity of its application as the main
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advantage of this method compared to others, as well as the possibility of
solving complex problems in conditions where the criteria are mutually
opposed (Oubahman & Duleba, 2021; Taherdoost & Madanchian, 2023).
The PROMETHEE | method was created in 1984 (Brans et al, 1984), while
the PROMETHEE Il method was first presented in the work of Brans &
Vicke (1985), and since then it has been used in a large number of
research related decision making cases. Also, later, new modifications of
the PROMETHE method - PROMETHEE Ill, IV, V, as well as the GAIA
graphic representation of the optimal solution were developed.

Here, a brief overview of the PROMETHEE Il method will be given,
bearing in mind that it provides a complete comparison and ranking of
alternatives, unlike PROMETHEE | which allows only a partial comparison
of alternatives. It can be used for single-criteria and multi-criteria decision
analysis.

This method requires defining a preference function for the mutual
comparison of alternatives, as well as the parameters of that function. The
parameters of the preference function are the indifference parameter (m)
which indicates up to which limit of the difference between two alternatives
according to a certain criterion there is no preference, and the preference
parameter (n) which indicates that above a certain difference in value
between the two alternatives there are certain preferences (Suknovic et al,
2021). Thus, the preference function identifies the existence and then
describes the value of the difference between the two alternatives, which
goes from 0 to 1 for each criterion.

Six general types of preference functions can be used to express a
preference, namely: simple type; "U" type, "V" type, stepped type, linear
type, and Gaussian type (Brans et al, 1986). Which of the mentioned
functions will be used primarily depends on the characteristics of each of
the criteria (Oubahman & Duleba, 2021). The linear type of preference is
general and is most often applied in practice because it can cover the
largest number of problems (Suknovi¢ et al, 2021). Table 3 describes the
types of functions that will be applied in the paper.

The first step in the application of the PROMETHEE method is the
calculation of preferences by pairs for all criteria, using the appropriate
preference function and the type of extremization
(minimization/maximization). Previously, by applying some of the
methods, weights are determined for each criterion because
PROMETHEE does not have a mechanism for determining weights.

The second step involves multiplying the received preferences of the
pairs of alternatives with the corresponding weights of the criteria while in
the third step the weighted sum of preferences is calculated.
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Table 3 — Description of the PROMETHEE method function types (Brans et al, 1986;
Brans & Mareschal, 2005)

Graph function Definition Parameters
Py I type (ordinary):
I p(d) = 1, d > 0 (strict preference)
p(d) = 0,d < 0 (indifference)

0 > d
P Il type (,U"):
o I p(d) =1, d > m (strict preference)

! p(d) = 0,d < 0 (indifference) m

1l type (,V*):

p(d) = 1, d = n (strict preference)

p(d) = d/n, 0 < d < n (weak preference) n
p(d) =0, d < 0 (indifference)

P V type (linear):

p(d) = 1, d = n (strict preference)
p(d) = (d-m)/(n-m), m< d < n (weak
preference)

p(d) = 0,d < m (indifference)

In the fourth step, the positive, negative, and net flow of alternatives
are determined (Suknovi¢ et al, 2021). A positive flow indicates how
preferred an alternative is on average compared to other alternatives,
while a negative flow indicates how preferred other alternatives are
compared to the observed one. A net flow (T) can be represented
mathematically as the difference between the positive flow (T*) and the
negative flow (T?): T=T"-T-.

The overall ranking of alternatives is based on the highest net flow
value.

Description of the Condorcet method

The Condorcet method is among the most prominent and oldest
methods of group decision making. In practice, it was most often applied
in the political election process, but also in other areas, such as product
procurement. It is specific in that it requires mutual comparison of
alternatives by pairs to determine how many times a certain alternative
was ranked better than the others (Suknovic¢ et al, 2021). By applying that
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simple rule, the Condorcet method ensures that the choice of a certain
alternative is based on the opinion of the majority of people participating
in the decision. It can be applied in its original form or in combination with
the Borda method (Herrero & Villar, 2021) and other methods (Green-
Armytage, 2011; Brandt et al, 2021).

The procedure for applying this method implies the formation of a
matrix of the order of alternatives. Alternatives are compared in pairs and
the number of times one alternative dominates over the other among all
decision makers is entered in the appropriate cell of the matrix. Then the
value of the vector W is calculated by adding all the dominances in one
row of the matrix for the first alternative and then for the others. The most
acceptable alternative is the one that has the highest value of the vector
W.

However, the Condorcet method also has its limitations, i.e., it does
not always allow to determine the best alternative. This situation in which
alternatives are offered in the same rank is called the "Condorcet paradox"
(Suknovic¢ et al, 2021). One of possible solutions implies that one of the
decision makers reconsiders and changes the order of alternatives, but in
that case the equality of decision-making participants is violated (Tomczak
et al, 2019).

In this case, group decision making will be carried out based on the
decisions of four military experts, which were made independently, without
influencing each other.

Description of the alternatives and the criteria

The process of multi-criteria decision making using the presented
model was carried out in the case of a preliminary selection of one of four
alternatives according to three main criteria and several sub-criteria within
them.

For alternatives, four models of multi-purpose armored wheel drive
4x4 models were selected: (A1) BOV M16 Milos 2; (A2) Despot; (A3) Tatra
815-7 Patriot Il and (A4) ATV Zetor Gerlach, between which the optimal
solution was chosen. For that purpose, data on technical and operational
characteristics, available on the official websites of their manufacturers
(Table 4), were collected.

All the listed alternatives (Figure 2) have a similar purpose, ie., they
are suitable for carrying out military and police tasks, such as
reconnaissance, territory control, transportation and support of special
units, command, fire support, medical evacuation, etc.
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Table 4 — Basic technical and operational characteristics of the vehicles

Vehicle model - Alternatives

Data t
ata type Mios-2  Despot  Patriotll 28"

Gerlach
Maximum engine power (kW) 252 240 300 240
Vehicle specific power (kW/t) 14 171 16.7 16.5
Maximum speed (km/h) 100 120 110 117
Maximum climb (%) 60 50 45 60
Maximum side slope (%) 30 30 32 57
Vertical obstacle (m) 0.5 0.5 0.5 0.5
Trench width (m) 0.8 0.8 0.9 1
Water obstacle depth (m) 0.9 1.1 1.2 1.2
Total mass (t) 18 14 18 14.5
Load capacity (t) 2.5 3 4.5 23
Number of crew members 2+8 2+8 2+6 2+4
Autonomy of movement (km) 600 700 700 600
Ballistic protection level (STANAG 3 2 2 3
4569)
Mine protection level (STANAG 4569) 2a/26 2al/26 2al/26 3a/36

QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

Figure 2 — Alternatives: a. Milo$-2 (Yugoimport, 2024), b. Despot (TRB, 2024), c. Patriot Il
(Excaliburarmy, 2024), d. Zetor Gerlach (Zetorengineering, 2024)
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Based on the relevant scientific and professional literature and the
views of experts in the field of construction and use of wheeled armored
combat vehicles, and by the available data on the vehicles, the following
basic criteria were defined based on which the alternatives will be ranked:

Criterion 1 (K1): Mobility - represents the vehicle's ability to move
and maneuver in different terrain conditions. In this paper, it will be
considered through the following sub-criteria: vehicle specific power (K11),
autonomy of movement (K12), and passability (K13). The specific power of
the vehicle is the ratio of engine power to the total mass of the armored
combat vehicle and is expressed in kW/t. The value of this criterion directly
indicates the performance of the vehicle such as acceleration, maximum
speed, and agility, which is very important from the aspect of quick reaction
in various combat situations (Muzdeka, 2012). Autonomy of movement
implies the maximum distance that the vehicle can move with one filling of
the fuel tank and is important from the point of view of the so-called
operational mobility, i.e., planning logistical needs in operations. The
vehicle's passability implies the ability of an armored vehicle to overcome
a space with different characteristics (slope of the terrain), as well as
certain obstacles. Different parameters describe the vehicle's passability,
and in this case, it will be considered through the ability to overcome the
front and side slopes, vertical obstacles, trenches of a certain width, as
well as water obstacles of a certain depth (without prior preparation).

Criterion 2 (K2): Protection - refers to the resistance of the armored
vehicle to the effects of various types of weapons and the explosion of
mines and the possibility of protecting people and key equipment and
systems in the vehicle, and is expressed by a certain level of ballistic (K21)
and anti-mine protection (K22), most often according to the NATO standard
STANAG 4569. The level of protection for which the vehicle is certified
indicates specifically the type and caliber of the projectile/amount of
explosives that the vehicle's armor can withstand, as well as the type of
weapon/tools, the distance, and the angle at which the projectile was fired.

Criterion 3 (K3): Transport of people and cargo (payload capacity) -
represents the total number of people - members of military or police units
with complete combat equipment, for which adequate space is provided in
the front and rear part of the vehicle, as well as the mass of useful cargo
that can be loaded or additionally equip the vehicle with certain systems.

Ranking results

The first decision maker (DM1) will rank the combat vehicles using
the AHP method based on the hierarchy of criteria presented in Table 5.

&>

Zivkovi¢, M. et al, Application of the AHP and PROMETHEE Il individual decision-making methods and the Condorcet group

decision-making method in the selection of a multipurpose armored wheeled combat vehicle, pp.24-55



Table 5 —

Criteria and sub-criteria

Goal Criteria Sub-criteria

s Ki1  Specific power

[ .

5 Ki2 Cruising range

3 K Overcoming front

© 131 H

. radient

b4 Ky Mobility Obstacle T .
oy K . Ki32 Side slope overcoming
g X 13 crossing - -

5o capabilities Overcoming vertical '
29 K133 obstacle/Trench/Fording
55 capability

€2 Ballistic

S © K21 .

v O . protection

g K; Protection P

c o K Antimine

-% © 22 protection

2 K Number of crew

@ k., Payload 31 members

2 3 capacity Mass of

- K32

additional cargo
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By applying Saaty's scale (Table 1), DM1 performed a comparison of
the criteria/sub-criteria by branches of the hierarchy, whereby a total of 5
matrices were formed (Tables 6-10, under a), and then the matrices were
normalized and the value of the vector w was determined (Tables 6 -10,
under b).

Table 6 — Ranking of the main criteria in relation to the set goal

a) Ki K, K3 6) Ky K, K3 w CR
Ky 1 1.2 1.4 K; 0.393 0.386 0400 0.393
K, 083 1 1.1 K, 0.327 0322 0314 0.321
K; 071 091 1 K; 0280 0.292 0.286 0.286 0
) 255 311 350 b 1
Table 7 — Ranking of the sub-criteria concerning vehicle mobility
a) Kin Kz Kys 6) K11 K12 Kiz w CR
K1 1 3 1 K1 0429 0429 0429 0.429
K2 033 1 0.33 Kz 0.143  0.143 0.143 0.143
Kiz 1 3 1 Kz 0429 0429 0429 0429
z 233 7 2.33 z 1
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Table 8 — Ranking of the sub-criteria concerning vehicle passability

a) K31 Kizz  Kiss 6) K131 K132 Ki33 w CR
Kizg 1 1 15 Ky 0.375 0.375 0.375 0.375

Kizz 1 1 15 Kiz; 0375 0375 0375 0375
Kiz3 0.67 067 1 Kizz 0250 0.250 0.250 0.250

> 267 267 4 > 1

Table 9 — Ranking of the sub-criteria concerning the level of vehicle protection

a) Ka1 Ka2 6) K21 Ka2 w CR
Ky 1 14 K,; 0583 0.583 0.583

Koz  0.71 1 K,, 0417 0417 0417 0
) 1.71 2.40 z 1

Table 10 — Ranking of the sub-criteria concerning the payload capacities

a) K31 K32 6) K31 K32 w CR
K31 1 2 K;; 0.667 0.667 0.667

K3 0.5 1 K;, 0.333 0.333 0.333 0
) 1.5 3 z 1

The matrix consistency check (Tables 6, 7, 8, 9, and 10) was
performed using formulas (1), (2), and (3) and it was found that all values
of the CR consistency index are less than 0.1, i.e., the matrices are
consistent.

In this way, the relative weight values of the criteria and sub-criteria
were obtained, based on which the absolute weight values are calculated
by multiplying the relative weight of each sub-criterion with the weight
value of all super-criteria in the displayed hierarchy. The absolute values
of the weights for the subcriteria of the leaves of the tree hierarchy are
shown in Figure 3 (bold numbers in shaded boxes).

Mobility (K;) Protection (K3) Payload capacity (K3)
39W28% 32.1% 28.62%

K11 K1z K13 Ka1 K22 K31 K32
42.86% 14.29% 42.86% 58.33% 41.67% 66.67% 33.33%
(16.84%)  (5.61%) (16.83%) (18.73%) (13.38%)  (19.08%) (9.54%)

Ki31 K13z K133

37.5%  37.5% 25%
(6.31%) (6.31%)  (4.21%)

Figure 3 — Relative and absolute weights (in bold) of the criteria and sub-criteria
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The results of the comparison of the alternatives according to each
criterion of the hierarchy tree leaf (the criteria and sub-criteria which are
the last in the hierarchy tree) are shown in Tables 11-19.

Table 11 — Comparison of the alternatives according to the specific power

K, A1

A2 A3 A4 Average

Al 1

0.20 0.25 0.25 0.071

A2 5

1 1.5 1.6 0.393

A3 4

0.67 1 1.20 0.282

A4 4

0.63 0.83 1

0.254

) 14

249 358 4.05 1

Table 12 — Comparison of the alternatives according to the autonomy of movement

K, A1 A2 A3 A4 Average
Al 1 02 02 1 0.083
A2 5 1 1 5 0.417
A3 5 1 1 5 0.417
A4 1 02 02 1 0.083

> 12 240 240 12 1

Table 13 — Comparison of the alternatives according to overcoming the climb

K31 Al A2 A3 A4 Average
A1 1 5 7 1 0.421
A2 02 1 3 02 0.106
A3 0.14 033 1 0.14 0.052
A4 1 5 7 1 0.421

) 234 1133 18 234 1

Table 14 — Compatrison of the alternatives according to overcoming the side slope

Kizz A1 A2 A3 A4 Average
A1 1 1 0.83 0.13 0.087
A2 1 1 0.83 0.13 0.087
A3 12 12 1 0.13 0.100
A4 8 8 8 1 0.726

3 1.2 112 1067 138 1

=



Table 15 — Comparison of the alternatives according to the obstacles overcoming

Table 16 — Comparison of the alternatives according to the ballistic protection level

Kizz3 A1 A2 A3 A4 Average
A1 1 0.50 0.25 0.20 0.082
A2 2 1 0.50 0.33 0.156
A3 4 2 1 0.67 0.313
A4 5 3 1.50 1 0.449

) 12 650 325 220 1

Ky A1 A2 A3 A4 Average
Al 1 7 7 1 0.437
A2 0.14 1 1 0.14 0.062
A3 014 1 1 0.14 0.062
A4 1 7 7 1 0.438

> 229 16 16 229 1

Table 17 — Comparison of the alternatives according to the mine protection level

Ko, A1 A2 A3 A4 Average
Al 1 1 1 0.14 0.100
A2 1 1 1 0.14 0.100
A3 1 1 1 0.14 0.100
A4 7 7 7 1 0.700

3 10 10 10 1.43 1

Table 18 — Compatrison of alternatives according to the number of crew members

Table 19 — Comparison of the alternatives according to the mass of additional cargo

Kz, A1 A2 A3 A4 Average
Al 1 1 5 7 0.413
A2 1 1 5 7 0413
A3 020 020 1 5 0.128
A4 014 014 02 1 0.047

3 234 234 112 20 1

Kz, A1 A2 A3 A4 Average
A1 1 0.50 0.14 1.20  0.090
A2 2 1 0.20 3 0.178
A3 7 5 1 7 0.656
A4 0.83 0.33 0.14 1 0.076

> 10.83 6.83 1.49 122 1
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Finally, by inserting the mean values from the normalized matrices for
all alternatives according to each criterion of the hierarchy list (from Tables
11-19 under b) into the new matrix (Table 20) and multiplying with the
absolute weights, the weighted sum value and the final ranking of the
alternatives are obtained (Table 21).

Table 20 — Normalized decision-making table

K11 K1z K131 K132 K133 Ka1 K2z K31 K3z
A1 0.071 0.083 0421 0.087 0.082 0437 0.100 0413 0.090
A2 0.393 0417 0.106 0.087 0.156 0.062 0.100 0.413 0.178
A3 0.282 0417 0.052 0.100 0.313 0.062 0.100 0.128 0.656
A4 0.254 0.083 0421 0.726 0.449 0438 0.700 0.047 0.076
w 0.168 0.056 0.063 0.063 0.042 0.187 0.134 0.191 0.095

Table 21 — Ranking of the alternatives

Alternatives  Weighted sum Rank

A1 0.2347 2
A2 0.2291 3
A3 0.2056 4
A4 0.3306 1

Based on the analysis performed by DM1, the following ranking of the
alternatives was obtained: A4, A1, A2, and A3. The most favorable
alternative is A4, and the least favorable is A3, with alternatives A1 and A2
having similar values of the weighted sum.

The second decision maker (DM2) applies the AHP method, in the
same way as DM1, whereby the value of the absolute weights of the main
criteria is obtained as follows: mobility 35.29%, protection 35.29%, and
carrying capacity 29.41%. Table 22 shows the normalized decision matrix,
and Table 23 shows the ranking of the alternatives.

Table 22 — Normalized decision-making table

K11 K12 Ki31 Ki32 Ki33 K21 K22 K31 K32

A1 0.071 0.083 0421 0.087 0.082 0437 0.100 0.413 0.090

A2 0.393 0.417 0.106 0.087 0.156 0.062 0.100 0.413 0.178

A3 0.282 0.417 0.052 0.100 0.313 0.062 0.100 0.128 0.656

A4 0.254 0.083 0421 0.726 0449 0438 0.700 0.047 0.076

w 0.137 0.060 0.055 0.055 0.046 0.206 0.147 0.166 0.128

i



Table 23 — Ranking of the alternatives

Alternatives  Weighted sum Rank

A1 0.2313 2
A2 0.2155 4
A3 0.2190 3
A4 0.3343 1

The decision maker (DM2) received the following ranking of the
alternatives: A4, A1, A3, and A2, where it is evident that in this case the
alternatives A1, A2 and A3 have close values of the difficult sum.

The third decision-maker (DM3) applies the AHP method to
determine the weights of the criteria and in that procedure the following
values of the absolute weights of the main criteria were obtained: mobility
36.45%, protection 33.24%, and carrying capacity 30.31%. It then applies
the PROMETHEE Il method in the final ranking of the alternatives. The
decision maker fills in Table 24, based on the available data on the
vehicles, in which he evaluates the value of the subcriterion K133 based on
the width of the trench and the depth of the water obstacle that the vehicle
can overcome, and the value of the anti-mine protection level is expressed
by a unique number, bearing in mind that the values a and b do not differ
(the level of explosion protection under the center of the armored body and
under the wheels of the combat vehicle is the same).

Table 24 — Data for vehicle selection

K11 Kiz  Kizr Kis K133 Ka1 K22 K31 K32
A1 14 600 60 30 0.8/0.9 3 2a/26 10 25
A2 171 700 50 30 0.8/1.1 2 2a/26 10 3
A3 16.7 700 45 32 0.9/1.2 2 2a/26 8 4.5
A4 16.5 600 60 57 1/1.2 3 3a/36 6 2.3

Then, for each criterion, the appropriate type of the preference
function (chosen from Table 3), the parameters of preference and
indifference, and the type of extremization were determined (Table 25).
The type of extremization is the same for all criteria because a higher value
is preferred.

After calculating the difference in the value of the criteria for all mutual
pairwise comparisons (Table 26), the preferences of the pairs of the
alternatives were obtained by applying the defined functions (Table 27).

=

Zivkovi¢, M. et al, Application of the AHP and PROMETHEE Il individual decision-making methods and the Condorcet group

decision-making method in the selection of a multipurpose armored wheeled combat vehicle, pp.24-55



Table 25 — Weights and the parameters of the preference functions

Kll KlZ K131 K132 K133 KZl KZZ K31 K32

w 0.158 0.063 0.051 0.051 0.042 0.205 0.128 0.227 0.076
Tip f-je lin. lin. lin. lin. lin. lin. lin. simpl. lin.

m 0.25 25 4 3 0.1 0.5 0.5 0 0.3

n 0.75 70 8 6 0.2 1 1 0 0.8
min/max max

Table 26 — Differences in the value of criteria by all pairs of the alternatives

I'<11 I'<12 I'<131 K132 K133 I'<21 KZZ I'<31 I'<32

A1A2  -31 -100 10 0 -0.1 1 0 0 -0.5
AMA3 2.7 -100 15 -2 -0.2 1 0 2 -2

A1A4 25 0 0 -27 -025 0 -1 4 0.2
A2A1 3.1 100 -10 0 0.1 -1 0 0 0.5
A2A3 04 0 5 -2 -0.1 0 0 2 -1.5
A2A4 0.6 100 -10 -27 -0.15 -1 -1 4 0.7
A3A1 2.7 100 -15 2 0.2 -1 0 -2 2

A3A2 04 0 -5 2 0.1 0 0 -2 1.5
A3A4 0.2 100 -15 -25 -0.05 -1 -1 2 2.2
A4A1 2.5 0 0 27 0.25 0 1 -4 -0.2
A4A2  -0.6 -100 10 27 0.15 1 1 -4 -0.7
A4A3 0.2 -100 15 25 0.05 1 1 -2 -2.2
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Table 27 — Preferences of the pairs of the alternatives according to all criteria
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By multiplying the preferences in Table 27 with the weights of the
criteria w, the so-called "weighted preferences" were obtained for each pair
of comparisons (A1A2, A1A3...), which are then entered into a weighted
preference matrix to calculate positive, negative and net flows (Table 28).

Table 28 — Matrix of the weighted preferences of the alternatives with the positive and
negative flow values

A1 A2 A3 A4 T+ T Rank
A1 * 0.2555  0.4828 0.2273 0.322 -0.016 3
A2 0.2959 * 0.2746 0.4759 0.349 0.087 1
A3 0.3384 0.0758 * 0.3656 0.260 -0.137 4
A4 0.3789 0.4555  0.4343 * 0.423 0.067 2
T 0.3380 0.2620  0.3970 0.3560 0.001

Based on the value of the net flow, DM3 established the following
order of alternatives: A2, A4, A1, and A3, where it is noticeable that the
difference between the value of the net flows of the first-ranked alternative
A2 and the second-ranked alternative A4 is insignificant. Therefore, the
alternatives A2 and A4 are almost equally good in this case.

The fourth decision maker (DM4) applies the same model as the
previous one. When evaluating the criteria using the AHP method, the
following weight values of the main criteria were obtained: mobility -
36.29%, protection 27.85%, and transport of people and cargo - 35.86%,
which indicates that DM4 favors the mobility and transport capabilities of
vehicles, in relation to protection. By applying the PROMETHEE Il method,
DM4 performs the final ranking of alternatives. Due to the limitations of this
work and the procedure already described, the tables with the values of
the criteria weights, the parameters and the types of the preference
function are presented as well as the matrix of the weighted preferences
with the flow values (Tables 29 and 30).

Table 29 — Weights and the parameters of the preference functions

K11 KlZ K131 K132 K133 K21 KZZ K31 KSZ

w 0.141 0.062 0.061 0.047 0.053 0.162 0.116 0.239 0.120
function lin. lin. lin. lin. lin. LU LU LU lin.
m 1 40 6 4 0.1 0.5 0.5 1 0.2

n 2 80 12 8 0.2 0 0 0 0.7
min/max max
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Table 30 — Matrix of the weighted preferences of the alternatives with the positive and
negative flow values

A1 A2 A3 A4 T+ T Rank
A1 * 0.2031 0.4624 0.2390 0.302 -0.033 3
A2 0.2739 * 0.2390 0.4202 0.311 0.073 1
A3 0.3750 0.1195 * 0.4202  0.305 -0.057 4
A4 0.3564 0.3923 0.3860 * 0.378 0.018 2
T 0.3350 0.2380 0.3620  0.3600 0.001

Based on the analysis performed by DM4, the same ranking of the
alternatives was obtained as in the previous case.

Application of the Condorcet method

The ranking results obtained by individual decision-making methods
by four decision makers are entered in Table 31 in order to determine the
optimal solution using the Condorcet method under the conditions of group
decision making.

Table 31 — Result of the group decision making

Ranking of alternatives by each . Vektor
- Matrix
decision maker w
Rank DM1 DM2 DM3 DM4 Alternatives A1 A2 A3 A4 3
1 A4 A4 A2 A2 A1 * 2 4 0 6
2 A1 A1 A4 A4 A2 2 * 3 2 7
3 A2 A3 A1l A1l A3 O 1 * 0 1
4 A3 A2 A3 A3 A4 4 2 4 * 10

In the table, a matrix was formed for the purpose of mutual
comparison of the alternatives by pairs and determining how much one
alternative dominated in all individual rankings in relation to the other. Then
the value of the vector W is calculated by adding the values of all
dominances in one row of the matrix, for the alternative A1, and then for
the others.

By applying the Condorcet method, it was found that the most
acceptable alternative is A4 (the highest value of the vector W=10), and
the most unfavorable is A3 (the lowest value of the vector W=1). The
alternatives A1 and A2 are of similar value.
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Conclusion

The application of multi-criteria decision-making methods is
indispensable when deciding between a number of alternatives and when
the entire spectrum of characteristics of a complex combat system is taken
into account. This is especially pronounced when striving to achieve a
balance between the criteria that belong to the so-called "iron triangle" of
the multipurpose combat armored vehicle. The paper presents a model of
the application of the AHP and PROMETHEE |l methods on the specific
case of ranking four alternatives according to nine criteria/sub-criteria, in
two cases using the AHP method and in two cases using the AHP-
PROMETHEE Il model. Group decision making aimed at the final selection
of the most favorable alternative was carried out using the Condorcet
method.

In the results of the evaluation of the criteria by military experts,
uniformity is evident in determining the weights of the main criteria,
whereby in three cases priority was given to vehicle performance, i.e.,
vehicle mobility, and in one case the mobility and protection criteria were
equal. In the first two cases, in which priority was clearly expressed on the
criteria of mobility and force protection, the first ranked alternative was A4,
i.e., the Zetor Gerlach vehicle. In the third case, in which the value of the
transport capacity criterion was slightly lower compared to the mobility
criterion, and in the fourth case, in which the highest degree of uniformity
of all three criteria was present, a different result was obtained, the first-
ranked alternative was A2, i.e., the Despot vehicle. Finally, by applying the
Condorcet method, it was found that the most favorable alternative is A4.

The obtained results indicate that the final ranking of the alternatives
depends significantly on the experts' clear vision of the solution to the
problem, expressed primarily through the evaluation of criteria using the
AHP method. Bearing in mind that the subsequent comparison depends a
lot on specific, clearly measurable differences in characteristics from
alternative to alternative. This certainly supports the claim that for the
purposes of use in modern combat operations, high-performance vehicles
are needed in terms of agility, the ability to maneuver in a limited space
and passability. The subject methods can be effectively applied for the
ranking of armored vehicles by defining different scenarios that can be
presented through an adequate ratio of the values of the key criteria.

The defined criteria can serve as one of the models for the preliminary
ranking of vehicles of this type because they require data that is generally
available. Normally, the value aspect has an important influence on the
final decision and therefore there must be an adequate balance between
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capabilities, procurement price, and costs throughout the vehicle's entire
lifecycle.

Proper hierarchical structuring of problems on multiple levels ensures
simpler evaluation of elements and helps experts to achieve consistency,
i.e., to be consistent in grading. In order to express small differences
between the elements of the comparison, the experts used very small
values of relative importance from the Saaty scale.

Multi-criteria individual and group decision-making methods are an
effective tool that can contribute to making objective decisions when
choosing a specific combat system; therefore, it is necessary to know the
possibilities of each of the methods in order to fully exploit their
possibilities.

Further research steps should be focused on incorporating the
consideration of value aspects and the application of Fuzzy logic into the
selection of wheeled armored vehicles in the conditions of uncertainties
and various scenarios.
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Resumen:

Introduccién/objetivo: Los vehiculos blindados de combate sobre ruedas
son sistemas de combate cada vez mas presentes en los conflictos
armados modernos, especialmente en operaciones contra amenazas
asimétricas. El mercado mundial de vehiculos blindados sobre ruedas esta
en constante crecimiento, lo que refleja su aplicacién en una amplia gama
de misiones y tareas de las fuerzas armadas. La existencia de numerosos
modelos de estos vehiculos con diferentes caracteristicas técnicas y de
rendimiento, junto con la posibilidad de adaptacion a necesidades
especificas, complica aun mas la eleccion de la alternativa mas adecuada.
El articulo presenta el caso de solucion del problema de seleccion del
vehiculo blindado sobre ruedas de clase media polivalente mas adecuado
con una férmula de traccion 4x4 al elegir una de las cuatro alternativas,
utilizando métodos de toma de decisiones multicriterio individuales y
grupales.

Métodos: En el presente trabajo se han aplicado los métodos de toma de
decisiones multicriterio para resolver problemas en el ambito de la
seleccion de sistemas de combate complejos. Expertos en el campo tactico
con sistemas de armas han clasificado las alternativas siguiendo los
criterios definidos utilizando los métodos AHP (Analytic Hierarchy Process)
y PROMETHEE Il (Preference Ranking Organization Method for

<>



Enrichment Evaluations Il). Los resultados obtenidos mediante la toma de
decisiones individual se sometieron al método Condorcet de toma de
decisiones grupal para tomar una decision final.

Resultados: Seleccion del vehiculo mas adecuado segun los criterios
definidos.

Conclusién: Solucionar el problema involucra tomar en consideracionn las
opiniones de los expertos militares en cuanto a la optimizacion de mdltiples
criterios para ofrecer el vehiculo de mejor rendimiento adecuado para su
uso en diversas misiones. La eleccion de un vehiculo blindado de combate
sobre ruedas polivalente es un proceso complejo en el que influyen
numerosos factores que no pueden analizarse objetivamente sin la
aplicacion de modelos matematicos adecuados.

Palabras claves: vehiculos blindados de combate, toma de decisiones
multicriterio, AHP, PROMETHEE Il, método Condorcet.

MprmeHeHne nHanBmnayanbHbIX METOA0B NPUHATUS pelueHnii AHP u
PROMETHEE ll, a Takke rpynnoBoro Metoga NpUHATUS peLleHnin
Condorcet npu Beibope MHorouenesoro 60eBoro KonecHoro
BpoHeTpaHcnopTepa

Muwa [. YXnuBkoBu4?, KoppecnoHgeHT, Japko V. BoxaHuy®,

Murnus M. CykHosu4S, Gopuc B. Jenunbaiumny®

2 YHuBepcuTeT 060poHbI B . benrpaza, BoeHHas akagemus, kacdeapa
TaKTUKKN C cucTemamm Boopyxus, r. benrpag, Pecnybnuka Cepbus

6 Benrpaackuii yHMBepcuTeT, hakynbTET OPraHM3aLMOHHbIX Hayk,
kadeapa opraHusauum 6usHec-cuctem, r. benrpaa, Pecny6nuka Cepbus

PYBPUKA TPHTW: 27.47.19 ViccnepgoBaHue onepawun,
28.17.31 MogenvnpoBaHue NpoLeccoB yrnpasfieHus,
73.47.12 OpraHusaums ynpaBneHus u
aBTOMAaTM3NPOBaHHbIE CUCTEMbI YNpaBneHus
TpaHCNopTOM,
78.21.53 ViccnepoBaHua v pa3paboTku B obnactm
appeKTMBHOCTM, HagexXHOCTU 1 6oeBoro
UCMONb30BaHNSA BOOPY>KEHUSA U BOEHHOW TEXHUKM
BWO CTATbW: opurmHanbHasa Hay4Has cTaTbs

Pe3some:

BeedeHue/uenb: boesble KomecHbie bGpoHempaHcriopmepbl — 3mMo
boesble cucmembi, KOmMOpble 8Ce yawe UCMo/b3yrmcs 8
COBPEMEHHbIX 800PYXEHHbIX KOHGh/IUKMax, 0CObeHHO & orepayusix
npomue acuMMempuyHbix yepo3. Mupoeoli pbIHOK KOMECHbIX
6pOHUPOBaHHbIX MaluUH MOCMOSHHO pacmem, Ymo ompaxaemcs Ha
ux MPUMEHEHUU 8 WUPOKOM crieKmpe muccull u 3adayqy 800PYKEHHbIX
curn. CywecmeosaHue MHO204YUCIEHHbIX modenel amux
mpaHcropmHbIX cpedcme C  Pas/iuyHbIMU  MEeXHUYeCKUMU U
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3KCryamayuoHHbIMU Xxapakmepucmukamu Hapsidy ¢ 803MOXHOCMbHO
adanmauyuu K KOHKPEMHbIM [ompebHoCmsaM yCroXHsem 8blbop
Haubosiee coomeemcmeyrouwel anbmepHamugbl. B daHHOU cmambe
npedcmasneH npumep peuweHus 3adadu ebibopa Haubornee
nodxodsweli MHoeoueneeol KosiecHoli OpOHUPOBaHHOU MallUHbI
cpedHezo Kracca ¢ opmynol npugoda 4x4 npu ebibope 0OHOU u3
yembipex anbmepHamue C UCrofb308aHUeM UHOUBUOyarbHbIX U
2pynnoebIX MHO20KpUMepUasibHbIX MeMOoO08 MPUHSIMUST peweHud.

Memodnbi: B OdaHHoU cmamebe MPUMEHSNUCH Memoob!
MHO20KpumepuasabHo20 MPUHAMUS peweHuli 8 peweHuu 3aday 8
obnacmu ebibopa crioxHbIx boeebix cucmem. Okcriepmbi 8 obrnacmu
MakmuKku U CUuCmeM B800PYXEHUS OUeHusanu arbmepHamuebl 8
coomeemcmeuu ¢ orpedenieHHbIMU KpumepusiMu, UCrornb3ysi Memoohb!
AHP (Analytic Hierarchy Process) u PROMETHEE Il (Preference
Ranking Organization Method for Enrichment Evaluations Il).
Pesynbmamsbi, nonyyeHHbie 8 xo0e uHOUBUOyarbHO20 MPUHAMUS
peweHul, 6binu obpabomaHbl MemoOOM epyrrnoeoao MPUHIMUS
peweruli Condorcet 0nsi NPUHAMUST OKOHYamesibHO20 PeUEHUs.

Pesynbmamebi:  bbin  cdenaH eblbop Haubosnee nodxodsuweao
mpaHcrnopmHo20 cpedcmea o ymeepK0eHHbIM KpUMmepusim.

Bbiod: PeuweHue npobrems! ripednonazaem yyem MHEHUU B0EHHbIX
3KCrepmos OMHOCUMesbHO onMmuMuU3ayuu MHoXecmea Kpumepues 07151
obecriedeHuUs1 HaUMy4WUX Xxapakmepucmuk mpaHCcropmHo20 cpedcmea,
ucronb3yemMoe0o 8 pasiudHbIX MUCCUsiX. Bbibop MHo2oueregol KorecHoU
b6poHUpPOBaHHOU 60e80U MawUHbI S6/1SIemCcsi CrI0OXHbIM MPOUECCOM, Ha
KOmopbIl 6rusirom MHO204UCTIEHHbIE (hakmopbl, He noddarowuecs
06BLEKMUBHOMY aHanusy bes MPUMEHEHUST rodxo0suiux
Mamemamuyeckux modesned.

Knroyesbie crnosa: boesbie 6poHempaHcnopmepsl,
MHO20KpumepuanbHoe npuHamue peweHuti, AHP, PROMETHEE I,
memod Condorcet.

MpumeHa meToda nHameugyanHor ognyymesawa AH u PROMETHEE I
1 MeTofe rpynHor oanyymeanwa Condorcet npu nsdopy
BULLEHAMEHCKOT OKMnonHor 6opbeHor Bo3nna Toykalla

Muwa [1. XXuskosuh?, ayTop 3a npenucky, [Japko WN. BoxaHuh®,
Munuja M. CykHosuh®, Bopuc B. Oennbawmht
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6 YuueepauteT y Beorpagy, ®akynteTt opraHM3aunoHnx Hayka,

Katenpa 3a opraHu3sauujy NocrnoBHUX CUCTEMA,
Beorpag, Penybnuka Cpbuja
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OBNACT: onepauunoHa uctpaxneara, BojHe Hayke
KATEFOPWJA (TWIM) YNAHKA: opuriHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: OkronHa 6opbeHa eo3una moykawu cy cee npucymHuju y
caspeMeHUM opyxaHUM CykobuMa, Hapo4yumo y oriepayujama rpomus
acumMempuyHuUx npemrsU. TpxXuwme oeux 8o3urna je y KOHCMaHMHOM
riopacmy y ceemy, wmo je 00pa3 HUX08e MPUMEHe y WUPOKOM CIIEKIMpy
Mucuja u 3aldamaka opyxaHux cHaza. [locmojare 6pojHUX Modena
OK/IOMHUX ~ 803ufla  moykawa  pa3nuyumux  MEeXHUYKUX U
eKcryioamayuoHux Kapakmepucmuka, ca mo2yhHowhy nipunaeohasar-a
crieyuguyHuM rnompebama, 0odamHO omexaea u3b0p Hajro2o0HuUje
anmepHamusee. Y pady je npedcmaserbeH crlydyaj pewasara rpobriema
usbopa Hajrno2odHuUjez eUWEHaMEHCKO2 OK/IOMHO2 803usia moukawa
cpedme knace u hopmyrne rnoz2oHa 4x4. UsabpaHa je jeOHa 00 yemupu
rnoHyheHe anmepHamuse, npumMeHom memoda uHAU8UdyarIHo2 U 2pyrnHo2
guwIEKpUMepUjyMCcKo2 00s1y4uearha.

Memode: lNpumerseHe cy Memode suliekpumepujyMckoz o0ryqusara
npu pewasarby npobnema u3 obriacmu crioxxeHUx 6opbeHux cucmema.
Exkcriepmu u3 obnacmu makmuke ca cucmeMuma Haopyxarba Ccy
npumeHom memoda AHP (Analytic Hierarchy Process) u PROMETHEE Il
(Preference Ranking Organization Method for Enrichment Evaluations Il)
u3BpwUnU paHeupare anmepHamuea y ckiady ca OeguHUCaHUM
Kpumepujymuma. Pe3ynmamu dobujeHu uHOusudyanHuUM o0ry4u8aH-em
rnodspaHymu cy Memodu epynHoe odsnyqusarka Condorcet padu
OOHOWEHa KoHa4yHe 00s1yKe O ONMUMAalTHOM peulersy.

Pesynmamu: W3abpaHo je HajorioeodHuje eo3urno y cknady ca
OegbuHUCaHUM Kpumepujymuma.

Sakrbyyak: Pewerbe npobriema rodpasymesa y3umarse y 063up cmasosa
80jHUX ekcriepama y roanedy onmumu3ayuje esulie Kpumepujyma padu
obesbehera 8o3una Hajborbux nepghopmaHcu rno2odHoe 3a yrnompeby y
pasnudumum Mucujama. M360p esuwieHaMeHCKoe OKJ/lornHoe 6opbeHoz
8o3usIa moyKalwa je KOMIIEKCaH rnpouec Ha Koju ymudy 6pojHuU ghakmopu
Koje Huje moeyhe aHanusupamu objekmueHo 6e3 npumeHe adekeamHuX
Mamemamudkux moderna.

KmbyyHe peyu: oknonHa 6opbeHa eo3una, ulleKpumepujyMcKo
odny4ueane, AHP, PROMETHEE Il, memod Condorcet.
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Abstract:

Introduction/purpose: Temperature and time-dependent effects such as
concrete shrinkage and creep significantly affect the behavior of steel-
concrete composite beams. Hence, taking into account the demands
brought by these additional effects is necessary. This necessity has
resulted in various theoretical and numerical research studies. This article
proposes an analytical tool capable of predicting a new redistribution of
stresses brought by the combined action of temperature and concrete
shrinkage in composite steel-concrete beams in partial shear connection.
In this work, the partial shear connection at the steel-concrete interface is
taken into account according to the degree of connection (N/Ny).

Methods: This involves reformulating the model proposed in 2024 by Rahal
et al analyzing the behavior of composite steel-concrete beams in full shear
connection under the effect of temperature and concrete shrinkage. In this
present study, the main contribution is the introduction of the effect of the
connection degree (N/N;) at the steel-concrete interface, thus leading to an
analytical model capable of predicting additional stresses brought by
shrinkage and temperature in composite steel-concrete beams in partial
shear connection.

Results: When referred to the model proposed in 2024 by Rahal et al, the
results from this current approach are satisfactory. They clearly show that
the degree of connection significantly affects the forces brought about by
the combined action of concrete shrinkage and temperature.

Conclusion: The results of the present approach and those of the existing
model developed by Rahal et al are in good agreement. They clearly show
the effect of concrete shrinkage and temperature as a function of the
connection degree N/N: on the behavior of composite steel-concrete
beams.

Key words: degree of connection (N/Ny), shrinkage, time, steel-concrete
interface.

Introduction

A composite steel-concrete beam consists of a steel beam on which
a reinforced concrete slab rests. The connection at the steel-concrete
interface is guaranteed by metallic elements called shear connectors (Dias
& Karam, 2021). They are usually headed studs.

The advantages presented by this structural system such as: good
seismic performance, speed and ease of construction, lightness, reduced
construction cost and better ductility allow it to be widely used in civil
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engineering (Bradford & Gilbert, 1992; Nie & Cai, 2003; Dias & Karam,
2021).

The behavior of steel-concrete composite beams is influenced by
various factors, in particular the cracking of concrete under negative
moment (Fan et al, 2010a, 2010b), the deformation capacity of shear
connectors (Bradford & Gilbert, 1991; Al-deen et al, 2011a, 2011b) as well
as the shrinkage and creep of the concrete slab (Amadio & Fragiacomo,
1997; Xiang et al, 2015). To this end, the justification of the resistance of
this type of beam requires a precise prediction as a function of time to
avoid possible cracking of concrete or exaggerated deflection (Kwak &
Seo, 2000).

The time-dependent analysis of the behavior of composite steel-
concrete beams has been the subject of much research. The first studies
carried out began in the early 1970s (Roll, 1971). In the case of full shear
connection at the steel-concrete interface, which ignores the relative slip
between the two materials, several calculation approaches have been
proposed (Souici et al, 2015; Partov & Kantchev, 2009, 2011, 2012, 2014;
Tehami & Ramdane, 2009; Rahal et al, 2012). In this type of assembly,
the long-term deflection will be obtained by analyzes of the cross section
(Gilbert, 1989). Actually, partial shear connection, for which the relative
slip at the steel-concrete interface must be taken into account, is widely
applied (Wen et al, 2024). This relative sliding reduces the resistance of
composite beams and considerably affects their behavior over time (Wen
et al, 2024).

In the case of the partial shear connection at the steel-concrete
interface, which takes into account the relative slip between the two
materials, several calculation approaches have been proposed (Gara et
al, 2010; Ranzi & Bradford, 2006; Sakr & Sakla, 2008; Newmark et al,
1951; Faella et al, 2010; Beghdad et al, 2017; Tarantino & Dezi, 1992).

Fire is a dangerous phenomenon for the safety of human lives
because the mechanical properties of a composite beam deteriorate when
exposed to a possible fire and consequently there may be the collapse of
the construction or one of its components (Dias & Karam, 2021). In order
to protect human lives, checking the resistance of a composite steel-
concrete beam in a fire situation has become a necessity.

In the absence of external mechanical stress, concrete drying causes
progressive shortening over time; this is called concrete shrinkage (Rahal
et al, 2024). In addition, and due to a thermal gradient or temperature
variations, a statically determinate composite beam undergoes
deformations and displacements without the appearance of internal forces
(Rahal et al, 2024). Concrete shrinkage and temperature produce stresses
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that vary over time. Predicting the behavior of composite steel-concrete
beams under the simultaneous effect of shrinkage and concrete
temperature is extremely complex.

The calculation and design codes for composite steel-concrete beams
do not provide methods for accurately estimating deformations caused by
a shrinkage-temperature combination (Mark et al, 2010).

Due to the lack of dedicated analytical methods for justifying the
strength of steel-concrete composite beams taking both concrete
shrinkage and temperature, the calculation and design codes for steel-
concrete composite beams do not provide methods to estimate accurately
the deformations caused by the shrinkage-temperature combination (Mark
et al, 2010). Therefore, very simplified approaches based on approximate
values of shrinkage and thermal effect are leading to unreliable results
(Rahal et al, 2024). Faced with this insufficiency, the development and
implementation of new calculation procedures leading to good approaches
to correctly predict the effects of shrinkage and temperature has become
necessary.

In this context, we seek through this article to propose an analytical,
precise and simple approach in practical applications to predict the
behavior of composite steel-concrete beams. In this new proposal, we will
analyze the behavior of composite beams in partial shear connection at
the steel-concrete interface under the shrinkage-temperature combination.
This current contribution consists of enriching and expanding the model
proposed by Rahal et al. (2024) in which full shear connection was used.
In this approach the relative slip between the steel and the concrete was
taken into account according to the degree of connection (N/Nf) defined
by the European code Eurocode 4 (Hendy & Johnson, 2006). According
to Eurocode 4 (Hendy & Johnson, 2006), if full shear connection is used,
the connection degree is N/N; = 1. On the other hand, in the case of partial
shear connection, the connection degree is given as: 0.40 < N/N¢< 1.

Theoretical bases

The total strain ¢(t) that develops in an uncracked, axially loaded
concrete element is composed of four elementary strains (Kumar Mehta &
Monteiro, 2005; Gilbert, 1989; Gilbert & Ranzi, 2011; Favre et al, 1996). It
is evaluated as follows:

e(t)=¢eam(1)+6c(t)+ & (t)+er (1) (1)
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ge(t): the instantaneous strain,

ec(t): the strain of creep,

esn(t): the deformation of shrinkage, and
er(t): the thermal expansion.

In accordance with the irreversible theory of concrete (the rate of
creep theory), the total deformation of an uncracked and axially loaded
concrete specimen can be obtained by the expression below (Kumar
Mehta & Monteiro, 2005; Gilbert, 1989; Gilbert & Ranzi, 2011; Favre et al,
1996):

de(1,7) 1 dac(t)+ o, (1) +5sh(°°)

do EC(T,) do Ec(Tl) (0(00) (2)

¢: the shrinkage coefficient,

E.: the elastic modulus of concrete,

oc: the stress applying to the concrete slab,
141: the application time of the constraint, and
t: the calculation moment.

Formulation of the proposed method

This study applies to the analysis of the elastic behavior of simply
supported steel-concrete composite beams including both the shrinkage
of concrete, the temperature and the degree of connection (N/Ns) at the
steel-concrete interface.

In order to formulate the present analytical approach, we introduce
the degree of connection (N/Nf) at the steel-concrete interface into the
model proposed by Rahal et al. (2024). In this work, the figure (Figure 1)
shows different forces loading the mixed steel-concrete cross section.

These forces are:

AT: the thermal gradient = To-T1,

No: the normal force applied externally, and
Mo: the externally applied bending moment.
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Figure 1 — Internal forces in a composite steel-concrete beam subjected
to shrinkage and temperature (Rahal et al, 2024)
Thermal actions

Thermal actions can cause significant geometric changes in large
buildings. These loadings can be: elongation when the structure is
exposed to temperature or shortening when it is cooled (Gerhard, 1998;
Beer, 2010). When a beam is exposed to thermal changes AT, it
generates:

- thermal strains: et = a AT and

- thermal elongations: At =erL=a AT L,

where a is the coefficient of thermal expansion (°C™"), (= 1.2 x 10 for steel
and 1.0 x 10 for concrete),

L is the initial length of the bar, and

AT is the temperature variation (° C).

When a beam is subjected to thermal effects, the temperature
gradient AT develops a curvature and an axial deformation calculated
respectively by the following relationships (Egs. 3 and 4) (Gerhard, 1998;
Beer, 2010):

AT
X1 =0r—— 3)
h
er=ar AT% (4)
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In a composite steel-concrete beam, the bending moment acting on
the cross section is the result of the four elementary forces (Ms(t), Mq(t),
Ns(t) and N¢(t)) applying the steel beam and the concrete slab individually.
Hence, four equations are necessary to determine these four unknowns
(Szabo, 2006). These four equations are obtained by kinematic analysis

(two equations) and static analysis (two equations).

Static and kinematic study

From Figure 1, the static study will provide the following two equations

N, (1) —<acrc+zvc<r)>H 4 A]—C][lNi]l]

m m f

M, (t)= —AT(Z‘ +%]—MC (1)+[ N, (t)+at, Ja(1-k)

s c

with:

2
K=|| A _AC ) N
Am Im N)"

Mc(t): bending moment in the concrete slab due to creep,
Ms(t): bending moment in the steel beam,

N: number of shear connectors in partial shear connection,
Nc(t): normal force in the concrete slab due to creep,

Nt number of shear connectors in full shear connection,
Ns(t): normal effort in the steel section,

N/Nr: rate of shear connection in (%),

te: thickness of the slab,

Ac: area of the concrete slab,

Am: area of the composite beam,

As: area of the steel beam,

Im: moment of inertia of the composite beam,

oc: thermal expansion coefficient of concrete, and

as: thermal expansion coefficient of steel.

o

)

(6)



Kinematic analysis

In composite steel-concrete beams, the kinematic analysis results in
the condition at the steel-concrete interface (Tehami & Ramdane, 2009;
Partov & Kantchev, 2009, 2011, 2012, 2014; Rahal et al, 2012; Souici et
al, 2015; Beghdad et al, 2017; Rahal et al, 2024). According to this
characteristic, we can write the following two compatibility equations in
curvature (Eq. 7) and in deformation (Eq. 8):

RGO
Z(t)_ EC]C - ES]S

(7)

gc(t): Nc(t)_|_Mc(t) Cc: Ny(t) +Ms(t) Cs
EA EL ° EA EI

N N s s

(8)

ls: moment of inertia of the steel beam, and
le: moment of inertia of the concrete slab.

Curvature

In accordance with the irreversible law of concrete (the rate of creep
theory), the first condition (Eq.7) can be transformed into a differential
equation of the type of relation (Eq.2), so one can write:

_ 1 _ M. (1)
;((t)—ﬂ dM_ (t)+ M, (t).dp|= 1 (9)
1 AT [a, a.
Z(l‘):a nd(t)+Mc(t)d¢]:_ﬂ[h_v+ tc J'i‘
(10)
1 1
H c(t)+act(,}a(l—k)—ﬁMc(t)

s§8 s

G
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x(1)= ﬁ dﬂf{‘;t) (1-k)+AT

ac
t

LN gyt g -
ESIS d¢ s Ss
1 1 dM (1) 1 1 a
= — 4+ — -k ¢ c
#(1) (EI ESIJ( ) do (EI +ES1S] t,
LN Ly v ()(1-k)+
ES ]S d ¢ ES IS o EC IC ‘
Loar%e i oar® g
ECIC c ES]? h&'
(0)=[ 1+ oy LD [ L g
d nl do nl t
Loy ™)L () (1-k)+
nl, dp nl, °° ¢
ar%e Ao ap g
t. nl h

c S

oc: steel-concrete equivalence coefficient (n=Es/Ec).

o

+Mc(t)(1—k)+AT%

c c

11)

(12)

(13)



Deformation

In accordance with the irreversible law of concrete (the rate of creep
theory), the second condition (Eq.8) can be transformed into differential
equations of the type of relation (Eq.2), so one can write:

CC’

1
e(t) 54 dN,(t)+N,(t)dp]+ £ [aM (t)+M (t).de]
(14)
_dgsh(t):NS(t)_MS(t) ;
ESAS ES]S

By L B0 M2 T P

ECAC dw ECAC ECAC ‘
a.t, . C. (l—k)dMC(t)+ C. AT %e
EA, E.I dp E.I 1,
Co (k) (1) +-Coap e _deul)__at (15)
EC IC EC [C tC dw ES AS

at. 1 dN.() (k—1)+&AT&+ o arse
ESAS ESAS d(l)

E I t

s N s s s c

+

C, (l—k)dM"(t) C, a(l—k)dN"(t)— C, ot
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sTs S

CS a(’ CS
_+_

(l_k) dMC (t) _ Cs ch (t)
ES IS tc EY ]S d ¢ ES IX d ¢
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The two equations (Egs. 13 and 17) can be rewritten in the following
simplified form:

L, M, (¢)

1

+M (0)=-K, (18)

+4,
do do




A3 dMC (t)+A4 dNL (t)+A5 Mc (t) +A6 Nc (t) :EC 85}'—(0'»—[{2 (19)

Additional forces

The general solution of the two differential equations (Egs. 18 and 19)
will give the expressions we are looking for to estimate the additional
stresses brought about by the combined effect of concrete shrinkage and
temperature. They are of the following form:

Ne (1) = Crayz)eh? + Cr.ay )€™ + K, (20)
M. (t): Cl.al(ﬂ]).e’ll'(/’ +C2.a2(,12)e’12‘”+K2 (21)

In the equations (Egs. 18, 19, 20 and 21), the constants A1 to As K1
and K> are calculated according to: the geometric and physical
characteristics of the mixed cross section, the thermal expansion
coefficient of steel and concrete, the degree of connection (N/Nf) and the
temperatures To and T4. On the other hand, the two constants C1 and C»
are obtained using the boundary conditions.

Model validation

Our present formulation is validated by examining the composite
beam treated in Eurocode 4 (Hendy & Johnson, 2006).

bgf

[

ba xte" Y[

hy x /

b X twm

Figure 2 — Cross section characteristics
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This example was also used by Rahal et al. (2024) to validate their
model in the full shear connection. In this study, the shrinkage parameters
are calculated according to Eurocode 2 (European Standard, 2004). The
data to use is as follows:

bett = 3100 mm, tc = 250 mm, bg = 400 mm, tx = 20 mm, bg = 400 mm,
t, = 30 mm, hy = 1175 mm, t, = 12.5 mm. In this example, our beam is
supposed to be subjected at time t = 420 days to a flame such that: To =
140 °C and T1 =100 °C.

Results

The graphs of the figures (Figures 3 to 8) show the evolution as a
function of time and the degree of connection (N/Ns) of the additional forces
brought by the shrinkage of the concrete and the temperature and which
request a mixed section steel-concrete in partial shear connection.

300 - Existing model (Rahal et al, 2024)
275 Shrinkage + temperature N/Ne=1.0

250 B

225
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175

Present model
150 -

125 ]
100
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Normal force in concrete Nc(t)

. Time (days)
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Figure 3 — Evolution in time of the normal force
Nc(t) in the concrete slab
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Figure 4 — Evolution in time of the normal force
Nc(t) in the concrete slab
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Figure 5 — Evolution in time of the bending moment
Mec(t) in the concrete slab
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Figure 6 — Evolution in time of the bending moment
Mec(t) in the concrete slab
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Figure 7 — Evolution in time of the bending moment

Ms(t) in the steel beam
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Figure 8 — Evolution in time of the bending moment
Ms(t) in the steel beam

Conclusion

The present study focuses on the analysis of the effect of concrete
shrinkage on the behavior of composite steel-concrete beams in partial
shear connection exposed to temperature.

In this article, the main contribution lies in taking into account the
effect of the connection degree (N/Ns) at the steel-concrete interface. This
allows us to arrive at an analytical model capable of predicting the
additional stresses brought by shrinkage and temperature in composite
steel-concrete beams in partial shear connection. The present work is a
continuation of that proposed by Rahal et al. (2024). The interest of this
approach is to evaluate the new redistribution of constraints according to
the degree of connection (N/Ny).

Previous studies clearly show that the bending stiffness of composite
steel-concrete beams is reduced in the presence of sliding at the steel-
concrete interface. The results obtained by our present approach (Figures
3 to 8) are clearly consistent with this conclusion because the introduction
of sliding considerably changes the forces applying the steel beam and the
concrete slab under the combined action of concrete shrinkage and

temperature.
&1
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This research provides a simple and effective tool allowing the
estimation, at any instant, of the forces (N¢(t), Ns(t), Mc(t) and Ms(t)) which
develop on the steel beam and the concrete slab and consequently the
knowledge of the new redistribution of local stresses. If the beam is
exposed to cooling, the values of temperatures To and T1 must be
negative.

In perspective, future studies will be carried out on composite beams
including, at the same time, the effects of concrete creep and temperature.
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Resumen:

Introduccidén/objetivo: Los efectos dependientes de la temperatura y el
tiempo, como la contracciéon y la fluencia del concreto, afectan
significativamente el comportamiento de las vigas compuestas de acero y
concreto. Por lo tanto, es necesario tener en cuenta las demandas que
plantean estos efectos adicionales. Esta necesidad ha dado lugar a
diversos estudios de investigacion teéricos y numéricos. Este articulo
propone una herramienta analitca capaz de predecir una nueva
redistribucion de tensiones provocada por la accién combinada de la
temperatura y la contraccién del hormigén en vigas compuestas de acero
y hormigén en conexién de corte parcial. En este trabajo se tiene en cuenta
la conexién de corte parcial en la interfaz acero-hormigén segtn el grado
de conexion (N/Ny).
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Métodos: Se trata de reformular el modelo propuesto en 2024 por Rahal et
al analizando el comportamiento de vigas compuestas de acero y hormigon
en conexion de corte total bajo el efecto de la temperatura y la contraccion
del hormigén. En este presente estudio, la principal contribucién es la
introduccién del efecto del grado de conexiéon (N/Ny en la interfaz acero-
hormigén, lo que lleva a un modelo analitico capaz de predecir tensiones
adicionales provocadas por la contraccién y la temperatura en vigas
compuestas de acero y hormigén en conexion de corte parcialResultados:
Cuando se hace referencia al modelo propuesto en 2024 por Rahal et al,
los resultados de este enfoque actual son satisfactorios. Muestran
claramente que el grado de conexion afecta significativamente las fuerzas
provocadas por la accion combinada de la contraccion del hormigén y la
temperatura.

Conclusién: Los resultados del presente enfoque y los del modelo existente
desarrollado por Rahal et al concuerdan bien. Muestran claramente el
efecto de la contraccion del hormigén y la temperatura en funcién del grado
de conexion N/Nr sobre el comportamiento de vigas mixtas de acero y
hormigén.

Palabras claves: grado de conexion (N/Ny), retraccion, tiempo, interfaz
acero-hormigén

BrvsiHne ycagku, TemnepaTypbl u ctenenn cuennenusi (N/Nr) Ha
XapaKTEePUCTMKM CTaneGeToHHbIX KOMMNO3UTHbLIX 6anok
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6 YHMBEPCUTET ECTECTBEHHbIX HayK U TEXHOMOIUN,
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r. bewap, Amxupckas HapogHas [Jemokpatudeckasi Pecnybnuka

PYBPUKA TPHTW: 67.09.33 BeToHbl. XXene3obeToH. CTpouTenbHble
pacTBOpbI, CMECU, COCTaBbI
B[O CTATbW: opurmHanbHas HayyYHas ctaTbsl

Peswome:

BeedeHue/uenb: 3ghhekmbl, 3asucsawue om memrepamypbl U
8peMeHuU, makue kKak ycaOka 6emoHa u non3yyecms, CywecmeeHHO
enusitom Ha rogedeHue cmanebemoHHbIX KOMMIO3UMHbIX 6arioK.
CnedosameribHO, He06Xx00UMO y4Humbigamb mpebosaHus, c8s3aHHbIe
C amumu OOMoHUMESIbHBLIMU 3hghekmamu, Komopble S6rsiomcs
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npedmMemom MHO2UX MeoPemMuUYeCKUX U YUCIEHHbIX uccredosaHul. B
OaHHOU cmambe npedcmaessieH aHanumu4yeckul UHcmpymeHmapud,
obecneyusarouwuli  803MOXHOCMb MPO2HO3UPOB8aHUSI  HOB020
nepepacrnpedernieHusi Hagpy30K, 8bI38aHHbLIX COBMECMHbIM delicmeuem
memnepamypbl U ycadku 6emoHa 8 KOMMNo3UmHbIX cmanebemoHHbIX
bankax npu Yacmu4yHom cdsuzoeom coeduHeHuu. B uccrnedosaHuu
y4Yumsbigaemcsi 4acmu4yHoe c0s8u2080€e CoelQuHeHUe 8 uHmepghelice
cmarnb-6emoH 8 3agucumocmu om cmeneru cuerneHusi (N/Ny).

MemoOsi: B ces3uU c 8bILLEU3IIOXEHHbBIM Heobxooumo
omkoppekmupogame MoOesb, NPednoxeHHyr 8 2024 200y Paxanom u
coasmopamu onsi aHanusa rnosedeHust KOMIMO3UMmHbIX

cmanebemoHHbIX 6arnok rpu nosiHoM cd8u2080M CoeduHeHUU 100
go3delicmeaueM memrepamypbl U ycaOku b6emoHa. [naeHbIl eknad
0aHHO20 uccnedosaHUsl 3aKir4Yyaemcst 8 ydeme 8nusiHUs cmerneHu
cyenneHusi (N/Ny) 8 uHmepdgbelice cmarnb-6emoH, 4mo o3gorsisiem
co30amb aHaIuMu4yecKkyro Mooesib, CMOCOBHY pO2HO3Upo8amb
dornosiHUMernbHble Hagpy3Ku, 803HUKaowWUe 8 pe3ynbmame ycadku u
memnepamypbl 8 KOMMO3UMHbIX cmanebemoHHbIx 6ankax rnpu
yacmuy4yHoM cO8U2080M COEOUHEHUU.

Pesynbmamei: [aHHbIlG 1no0x00 Oan nydwue pesynbmambl 0
CpasHeHU ¢ MoOesnblo, rnpednoxeHHoU & 2024 200y Paxanom u
coasmopamu. OHU HedBYCMbICIEHHO [10Ka3bi8aom, 4mo CmerneHb
cuernneHusi CyuwecmeeHHO enusem Ha ycunus, 8bi3bleaeMble
cosmecmHbIM OelicmeuemM ycadku 6emoHa u memrepamypabi.

Bbigod: Pesynbmambi  Hacmosiuje20 odxo0a U pesyrbmamal
cywecmeyrowieli modenu, paspabomarHol Paxanom u coasmopamu, He
npomusopedam Opyza Opyey. OHU Haa/Ii0HO [1oKa3bigarom 6rlusHUe
ycaOku b6emoHa U memrepamypbl 8 3asucuMocmu Om cmerneHu
cuenneHust N/Nf Ha nogedeHuUe KOMMO3UMHbIX cmanebemoHHbIX b6ariok.

Kniouesbie criosa: cmeneHb cuenneHusi (N/Ny), ycadka, epewms,
uHmepgetic cmarsnb-6€mo-H.

YTuuaj ckynrbama, Temnepatype u creneHa cnpesara (N/Nf) Ha
roHallahe CnperHyTor Yenu4yHo-6eToHCKor Hocaya

Xanuma ABef?, ayTop 3a npenucky, Hacep Paxan?, Xayda bernap?,
Myxamed CapyH?, A60esnasus Conumn®, Capa 3artap®, Kaned benmaxagn?

2 YHuepautet ,Myctacda Ctambonu”, Oacek 3a rpaheBMHApPCTBO,
Mackapa, HapogHa [lemokpatcka Penybnuka Amkup

5 YHMBEP3NTET NPUPOOHUNX HayKa 1 TeXHomnoruje,
JlabopaTopuja 3a MalwmMHCKe CTPYKTYpe U CTabUIHOCT KOHCTpYyKUMje,
OpaH, HapogHa [lemokpatcka Penybnuka Amkup

® YHusepauteT ,Taxpu Moxamepq Bewap”, Ogersewe 3a apxutekTypy u
yp6aHusam, bewap, HapogHa [lemokpaTtcka Penybnvka Amxup

>
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OBJIACT: mexaHuka
KATEFOPWUJA (TWIM) YNAHKA: opuriHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: Temnepamypa u egpekmu 3asucHu 00 8pemMeHa, kao wmo cy
meyerwe U CKyrubare 6emoHa, 3HamHO ymu4dy Ha [oHalware
cripeeHymux Hocada o0 dYesnuka u 6emora. Cmoea je Heornxo0Ho y3emu y
063up 3axmese osux 00damHux eghekama Koju cy npedmem pasnuyumux
meopujcKUX U HYMEPUYKUX ucmpakusarsa. Y 08oj cmyduju ripednaxe ce
aHanumu4ku anam criocobaH da npedesudu Hosy rpepacriodesly HaroHa
rpoy3poKoeaHy KOMOUHOBaHUM Oerio8ar-eM memrepamype U CKyrnibara
bemoHa y cripeeHymum 4Yeru4yHo-6emoHCKUM Hocaduma y napuujariHom
cmuyyhem criojy. TakoRe, yauma ce y 063up napuujanHu cmudyhu crioj Ha
UHmMepghejcy Yenuk-6emor ripema cmereHy cripe3darsa (N/Ny).

Memode: [lpegbopmynucaH je moden koju cy Paxanm u capadHuyu
npednoxunu 2024. eoduHe aHanusupajyhu roHaware crpeaHymux
yenu4yHo-6emoHCKUX Hocaya y MyHOM cripe3arsy o0 ymuuyajem
memrepamype u cKyriibaka bemoHa. [nasHu OorpuHoc oge cmyduje
npedcmaerba yeohewe ymuuaja cmeneHa crpesama (N/Ny) Ha
uHmepagejcy yenuk-6emoH. Tume ce dona3u 0o aHanumuykoz moderna
criocobHoz Oa rnpedsudu OodamHa Harpe3ara ycried CKyribama U
memnepamype y CHpesHymuM 4YesiudHo-6emoHcKuM epedama Yy
napuyujanHom cmudyhem criojy.

Pesynmamu: Y o0Hocy Ha Moder Koju cy Paxas u capadHuyu rnpednoxusiu
2024. 2o00uHe, ucriocmasurio ce da cy pesynmamu rpucmyna us cmyoduje
3adoesosbasajyhu. OHU jacHO rokasyjy 0a cmereH cripe3ara 3HaqajHo
ymuye Ha cuse Hacmarie KoMbuHogaHuUM Oeriogar-eM CKyr/barba bemoHa
u memnepamype.

Sakrbyyak: Pe3ynmamu HaeeOeHoz npucmyrna 0obpo ce criaxy ca
pesynmamuma riocmojehea modena Koju cy pa3susnu Paxan u capadHUUU.
JacHo ce nokasyje ymuuaj ckyrmrbarba 6emoHa u memrnepamype y
¢yHKUUju cmeneHa crpe3ara (N/Ny) Ha noHawar-e cripeaHymux
yennu4yHo-6emMoOHCKUX Hocaya.

Kmbyuyne peuu: cmeneH crpesawa (N/Nj), ckynrbame, epeme,
UHMepghejc Yernuk-6emoH.
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Abstract:

Introduction/purpose: The application of virtual reality (VR) and simu-
lation technologies in military training offers cost-effective and versa-
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tile approach to training enhancement. However, prevalence of cyber-
sickness (CS), characterized by symptoms such as nausea, limits their
widespread use.

Methods: This study introduces objective parameters for the detection
of CS using three-channel electrogastrogram (EGG) recording from one
specific subject and assesses the independence and linear correlation
for appropriate channel selection. The paper employs a 3-level discrete
wavelet transformation (DWT) on the chosen channel to identify key pa-
rameters indicative of gastric disturbances. Furthermore, the paper in-
vestigates recovery from CS following VR and examines the application
of unsupervised machine learning (ML) for segmenting EGG into base-
line and CS, utilizing significant features previously identified.

Results and discussion: The analysis reveals no significant differences
across EGG channels and moderate to low linear correlation between
channel pairs. The feature selection demonstrates that the root mean
square of the amplitude as well as the maximum and mean values of the
power spectral density (PSD) calculated on all DWT coefficients, are ef-
fective for CS detection while the dominant EGG scale could not indicate
CS for any level of decomposition. Furthermore, recovery signs appear
approximately 8 minutes after the first VR experience supporting the idea
of conducting multiple sessions the same day i.e., intensive VR-based
training.

Conclusions: The unsupervised ML shows potential in identifying CS-
affected EGG signal segments with feature extraction based on DWT,
offering a novel approach for enhancing the prevention of CS occurrence
in VR-based military training and other VR-related environments.
Keywords: cybersickness, discrete wavelet transform, electrogastrogra-
phy (EGG), feature selection, machine learning, military training, power
spectral density, virtual reality.

Introduction

The application of simulation technologies in the training of military per-
sonnel has been around since the 1950s. In recent years due to the
rapid development of graphics, the application of virtual reality (VR) has
emerged as a promising approach in the army (Bruzzone & Massei, 2017;
Tecknotrove. 2023). The application of simulators in the military offers a
cost-effective, rapid, and versatile method for preparing personnel for a
wide range of scenarios including psychomotor training (e.g., shortening
reaction time), cognitive learning (e.g., solving tactical problems), and af-
fective learning (e.g., adapting the training process to the students’ abilities
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and interests) (Bruzzone & Massei, 2017; Vlaci¢ et al., 2020). However,
the widespread applicability of these advanced training tools is limited to
the prevalence of cybersickness (CS). The mismatch between visual and
vestibular sensors is commonly assumed to cause CS, while CS is char-
acterized by symptoms similar to motion sickness (MS), including nausea,
disorientation, and headache. Therefore, CS emerges as a significant bar-
rier to an immersive experience provided by simulation and VR technolo-
gies (Dennison et al., 2016; LaViola, 2000; Miljkovi¢ et al., 2019; Gruden
et al., 2021). Moreover, CS symptoms can manifest during or after ex-
posure to virtual environments, posing a particular concern for VR-based
training adoption. The recognition and mitigation of CS are of paramount
importance, especially in contexts where the physical and cognitive readi-
ness of military personnel is non-negotiable (NATO Science and Technol-
ogy Office. 2021).

Traditional methods for investigating CS have predominantly relied on
subjective reporting of symptoms through questionnaires (Tian et al., 2023;
Dennison et al., 2016; Gruden et al., 2021). Such a qualitative approach,
while providing insights, is fraught with limitations, including the potential
for subjectivity and bias (Dennison et al., 2016). Given that many CS symp-
toms, such as nausea, are associated with the smooth muscles of the stom-
ach, the electrogastrogram (EGG) emerges as a promising objective mea-
sure (Dennison et al., 2016; Tian et al., 2023; Miljkovi¢ et al., 2019; Popovic,
2021). EGG, capable of capturing changes in gastric myoelectrical activity,
offers a direct link to the physiological underpinnings of CS, bypassing the
subjectivity of self-reported measures and as a supplementary objective
measure to commonly used questionnaires. (Miljkovi¢ & Sodnik, 2023).

The exploration of EGG as a diagnostic tool for CS started a few
decades ago, with a growing potential. Traditional EGG analysis is focused
on changes in the EGG amplitude in both time and frequency domains. Ad-
ditionally, frequency shifts in power spectral density (PSD) towards specific
frequency bands indicative of gastric distress, such as bradygastria (slow
gastric waves) and tachygastria (rapid gastric waves) could be used as CS
indicators (Popovi¢, 2021; Dennison et al., 2016). These features have laid
the groundwork for understanding the physiological responses associated
with CS, yet the complexity of EGG signals calls for more sophisticated
analytical techniques to capture their assessment potential fully.
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Recent advances have introduced machine learning (ML) models as
a complement to the traditional statistical approaches for assessing the
changes in the EGG dynamics. Despite this, literature shows that investi-
gations focusing exclusively on the EGG features for CS detection through
ML are sparse (Yang et al., 2022). A few studies have experimented with
integrating ML models with the EGG features, but only in combination with
the features derived from multiple physiological and behavioral measure-
ments (e.g., EEG, electrocardiogram — ECG, posture, electrodermal activ-
ity — EDA, etc.) to estimate the levels of CS during the simulation or the
Simulator Sickness Questionnaire (SSQ) scores (Dennison et al., 2016,
2019; Keshavarz et al., 2022). However, these studies (Dennison et al.,
2016, 2019; Keshavarz et al., 2022) found that using the EGG features
alone did not yield significant results, highlighting a notable gap in the re-
search and showing a promising opportunity for future investigations with
demonstrated the potential of the EGG features. Jakus et al. (2022) suc-
cessfully employed ML models to detect the occurrence of nausea, one
of the primary symptoms of CS. This emerging evidence indicates that,
although the application of ML to EGG data for CS detection is still in its
early stages, it could be a promising approach to pair ML with innovative
feature engineering for extracting information of interest. The significant
challenge in applying ML to detect the onset of CS is due to the lack of reli-
able real-time labels required for supervised learning. Labeling is predom-
inantly conducted using questionnaires, which poses limitations for real-
time analysis. The SSQ, widely used as a gold standard for assessing CS,
is administered only before and after a VR experience (Miljkovi¢ & Sodnik,
2023; Merchant & Kirollos, 2022; Tian & Boulic, 2024). While effective in
determining whether CS occurred, the SSQ lacks the temporal resolution
required for training supervised models. To address this, the Fast Motion
Sickness Scale (FMS) has been introduced, as a good substitution due to
the high correlation to the SSQ (Keshavarz & Hecht, 2011), involving par-
ticipants self-reporting their CS levels at regular intervals, typically every
minute (Tian & Boulic, 2024; Merchant & Kirollos, 2022; Dennison et al.,
2016, 2019). Despite its higher temporal resolution, the FMS is subjective
and susceptible to bias, as participants may underreport symptoms to ap-
pear resilient or may delay acknowledging discomfort (Tian & Boulic, 2024;
Merchant & Kirollos, 2022). Considering these challenges, unsupervised
ML emerges as a promising approach for CS detection using the EGG sig-
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nals. By not relying on potentially unreliable or biased labels, unsupervised
methods can detect intrinsic patterns and variations in the data, providing
a more objective and accurate analysis of CS-related changes in gastric
activity (Miljkovi¢ & Sodnik, 2023; Tian & Boulic, 2024). Moreover, an ob-
jective method for assessing CS is crucial for enhancing the widespread
adoption of VR technologies, particularly in military training, where it en-
ables personnel to gain experience in controlled environments that closely
simulate realistic scenarios (Kuhl et al., 1995; Miljkovi¢ & Sodnik, 2023).

This paper proposes the use of discrete wavelet transformation (DWT),
a method well-suited for analyzing non-stationary signals with the ability to
analyze changes in both time and frequency without the necessity of com-
promise imposed by the short-time Fourier transform (STFT) including a
fixed window size leading to a trade-off between time and frequency reso-
lution, poorer localization for non-stationary signals, and less effective han-
dling of rapid signal changes. Wavelet-based features have already shown
promise in identifying disturbances in gastric activity in diabetic patients by
allowing for the decomposition of the EGG signal into components that can
be analyzed with great precision (Tokmakgi, 2007; Kara et al., 2005). To our
knowledge, this is the first paper dealing with CS detection using wavelet
transformation. Through this approach, we seek to contribute to the fields
of defense sciences and VR technologies, offering insights that could en-
hance the efficacy and safety of VR-based military training programs, as
well as other VR applications.

Aim of the study

This paper is an extension of the previous research (Popovi¢, 2021,
Miljkovi¢ et al., 2019; Miljkovi¢ & Sodnik, 2023) which investigated the ap-
plication of the EGG signals for CS detection. The focus of the paper is
on the EGG analysis from a single subject who experienced severe symp-
toms of nausea which led to the cessation of VR experience. The novelty of
the proposed method lies in the adoption of wavelet-based features, which
have already been utilized in the detection of disturbances in EGG signals
in subjects with diabetes (Tokmakgi, 2007; Kara et al., 2005). Also, our
methodology explores the indication of recovery from CS with EGG (here-
inafter stomach recovery) after VR experience and the possible application
of unsupervised ML models to segment signals into two groups (baseline
and CS). In this study, the following research questions are presented:
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1. Can we use wavelet-based features to detect the CS segments of
the EGG recording?

2. Concerning the fact that the three-channel EGG is available for
recording, can we use automatic detection of the most suitable chan-
nel?

3. Given the features observed in EGG, can a subject achieve recovery
following VR exposures in a relatively short break (10 minutes) as
proposed by Popovi¢ (2021) after experiencing CS?

4. Can an unsupervised ML model be used for the recognition of EGG
recording to the baseline and CS segments in the time domain?

Methods and materials

The summary of the proposed methodology is shown using a block di-
agram in Figure 1. The proposed pipeline begins with a statistical compar-
ison of the EGG channels to assess independence and linear correlation.
This is followed by the extraction of features which are subsequently ana-
lyzed to identify reliable indicators of CS segments and recovery segments
by applying appropriate methods for feature extraction and selection. In the
final step, unsupervised segmentation is utilized to divide the signal into two
distinct clusters (CS and recovery), facilitating a clearer understanding of
the data. The feature extraction step is implemented using MATLAB 2023b
(The Mathworks Inc., Natick, USA), while the remaining steps (including
channel comparison, feature selection, CS recovery, and unsupervised ML
segmentation) are implemented in Python 3.9 (Van Rossum & Drake, 1995)
using libraries numpy (Harris et al., 2020) and pandas (McKinney, 2010) for
data manipulation; matplotlib for visualization (Hunter, 2007); scipy for sig-
nal filtering and statistic tests (Virtanen et al., 2020); statsmodels (Seabold
& Perktold, 2010) for the correction of p-value for multiple comparisons,
and scikit-learn for unsupervised ML (Pedregosa et al., 2011).

Dataset and preprocessing

This case study is focused on one female subject who experienced
severe CS symptoms during VR exposure. The subject signed the In-
formed Consent in accordance with the Declaration of Helsinki. The study
is performed in compliance with the Code of Ethics for researchers and
the Guidelines for ethical conduct in research involving people issued by
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3-channel Bandwidth of interest Selected

EGG Processing EGG (1-10 cpm) CChann.el channel
omparison

Recovery
after VR
Selected
feature set Feature selection
Unsupervised
segmentation of
EGG

Figure 1 — Block diagram of the proposed methodology. cpom — cycle per minute

the University of Ljubljana. A detailed description of hardware and soft-
ware setup that is used in VR-related study is provided by (Miljkovi¢ et al.,
2019). The sampling frequency of the recorded signal is set to 2 Hz and
the gain is set to 1000. The recording process was segmented based on
the participant’s engagement with the VR equipment, encompassing a pre-
VR baseline segment of 8 minutes (B1), the first VR exposure of 4 minutes
(VR1), a 10-minute pause (B2), a second VR session (VR2) planned for 6
minutes and 20 seconds but terminated after 2 minutes due to the emer-
gence of severe CS symptoms, and a final 8-minute post-VR baseline (B3).
VR1 contains Rock Falls VR with an included roller coaster session last-
ing 4 min while VR2 contains a T-Rex Kingdom VR roller coaster session
lasting 6 min and 20 s. (Miljkovi¢ et al., 2019; Popovi¢, 2021; Meta. 2024)

These segments are delineated solely based on the timing of VR equip-
ment usage, which does not exclude the possibility of CS effects manifest-
ing outside VR periods. The signal is filtered using one 5" order bandpass
Butterworth filter to roughly extract the bandwidth of interest for the EGG
signal between 1 and 10 cpm (cycles per minute) respectively (Dennison
etal., 2016; Miljkovic et al., 2019). The filtering is conducted in both forward
and backward directions to achieve zero-phase filtering.

Channel comparison

The EGG is captured using three channels, as outlined in (Miljkovi¢
etal., 2019; Popovi¢, 2021; Gruden et al., 2021). The electrode for channel
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(ch) 1 is located above the stomach’s lesser curvature, an area character-
ized by a lower density of Cajal interstitial cells compared to the pacemaker
region adjacent to the greater curvature, where the electrode for ch3 is po-
sitioned. A common electrode is affixed along the line connecting the navel
to the sternum, 8 cm above the navel. Ch2 electrode is strategically placed
equidistant from ch1 and ch3, ensuring the angles between them are iden-
tical. To prevent potential breathing-induced artifacts, all three electrodes
are positioned 8-9 cm from the common electrode, carefully avoiding place-
ment over the ribs. The reference electrode is secured to the electrically
inactive tissue atop the iliac bone. (Popovic, 2021)

Initially, a Friedman chi-square test is conducted to assess the compa-
rability of samples across the three channels. In case the Friedman test
rejects the null hypothesis, a post-hoc analysis is performed utilizing the
Wilcoxon signed-rank test for pairwise signal comparisons. The calculated
p-values are adjusted for multiple comparisons using Bonferroni’'s correc-
tion method to mitigate the risk of Type | errors setting the threshold of
adjusted p-value on 0.05. Furthermore, to investigate the information that
each channel may provide, the correlation between channel pairs is ex-
plored using Pearson’s coefficient and scatterplots, aiming to deepen our
understanding of the inter-channel relationships in the presence of CS.

Feature selection

Our methodology adopts amplitude- and frequency-based features pro-
posed by the literature (Gruden et al., 2021; Miljkovi¢ et al., 2019; Tian
et al., 2023; Dennison et al., 2016), but instead of extracting frequency
bands using classical filtering or STFT, the use of DWT is proposed. The
detailed description of the features is provided in the subsection on Fea-
ture extraction. This substitution is particularly advantageous for its ability
to provide variable resolution across multiple scales, a feature not available
with the STFT which uses a fixed window size or with classical frequency
band filtering that lacks temporal resolution. This adaptive resolution of
DWT allows for smaller windows at higher frequencies to capture rapid
changes, and larger windows at lower frequencies to better resolve slower
waves. These capabilities make DWT highly suitable for the complex, non-
stationary characteristics of EGG signals in CS detection, offering a more
nuanced analysis by adapting to the varying dynamics of the signal. (Tok-

makgi, 2007; Kara et al., 2005)
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Discrete wavelet transformation

DWT is a mathematical tool utilized for the decomposition of signals
into a hierarchical structure of frequency bands, enabling detailed analy-
sis with localization in both time and frequency domains. It operates by
iteratively applying low-pass and high-pass filters to the samples, thereby
extracting its detail coefficients (from the highpass filter) and approximation
coefficients (from the lowpass filter) at each level of decomposition. The
decomposition process is visualized in Figure 2 where 2| stands for down-
sampling with factor 2 and cd? stands for the detail coefficient of the first
level decomposition.

M. —— highpass
highpass @ cd1

Figure 2 — Block diagram of discrete wavelet transform

The reason for downsampling the signal is to fulfill the sampling
theorem—which mandates that the sampling frequency should be at least
twice the highest frequency in the signal to prevent aliasing and since half
of the samples are removed, the effective sampling rate is reduced in half.
The process continues as many times as the levels of decomposition are
needed. The remaining coefficients, after the j number of decomposition,
are called approximation coefficients and their length as well as the length
of the last detail coefficients are 2j times the length of the original sig-
nal. The adaptability of the DWT coefficients, facilitated by the choice of
wavelet basis functions, allows for the optimization of signal representation,
making it particularly effective for analyzing signals with transient or non-
stationary characteristics. (Akansu & Haddad, 2001; Percival & Walden,
2006; Valens, 1999)
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Feature extraction

Our study is focused on one subject and in order to conduct appropriate
feature selection we augment our dataset by employing feature extraction
on multiple consecutive windows with a length of 60 s and 50% overlap
creating one data interval per window to capture the nuances and char-
acteristics on more stationary parts of the signal. This resulted in 59 data
intervals for the entire signal. The EGG signal is decomposed using the
‘db3’ Daubechies wavelet with three levels of decomposition which results
in three detailed coefficients (cd) and one approximation coefficient (ca)
(Tokmakgi, 2007). Based on the literature review, four types of features
have been identified as appropriate for the analysis:

* root means square (RMS) of the amplitude (Gruden et al., 2021;

Popovi¢ et al., 2019b),

» maximum of PSD (Gruden et al., 2021; Jakus et al., 2022),
* mean of PSD (Tokmakgi, 2007), and

» dominant scale.
The RMS is a standard metric for quantification of amplitude variations in
biomedical signals (Cacioppo et al., 2007). Studies (Popovi¢, 2021; Gru-
den et al., 2021; Jakus et al., 2022) have demonstrated that the onset of
CS is associated with increased gastric activity, characterized by an ele-
vated amplitude. The RMS is employed to quantify this amplitude increase,
facilitating the detection of CS onset. Additionally, it is used to monitor the
recovery of the amplitude to the baseline level, serving as an indicator of the
recovery. The maximum of PSD also referred to as the dominant power,
identifies the highest power concentrated at a specific rhythm (Popovi¢,
2021; Gruden et al., 2021). An increase in the signal amplitude and the
RMS during CS periods is expected to correspond with an increase in the
maximum of PSD, making it a good indicator in distinguishing between
normal and disturbed gastric rhythms. Similarly, the changes in PSD can
be effectively captured by calculating the mean of PSD. CS is associated
with rapid and unstable gastric rhythms (tachygastria) where the stomach
becomes atonic and lacks frequency stability (Kara et al., 2005). Conse-
quently, the PSD spectrum may become more dispersed, lacking a single
dominant peak (Gruden et al., 2021; Dennison et al., 2016; Popovi¢ et al.,
2019b). Therefore, an increase in overall spectral power should be ex-
pected, not just an increase in the dominant power. This highlights the
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complementary nature of the mean PSD to the maximum PSD. As fea-
tures of PSD, both the maximum and the mean PSD are anticipated to
reflect elevated power with the onset of CS and a return to nominal levels
as indicators of recovery, while the mean is more sensitive to changes in
PSD. In addition to magnitude-based measures, the dominant scale is pro-
posed as a feature in the assessment of EGG recordings. The dominant
scale, defined as the scale at which the power PSD of the wavelet coef-
ficients reaches its maximum, is proposed as the DWT counterpart to the
dominant frequency obtained using the STFT analysis. This feature aims
to locate the primary oscillation of smooth muscle cells by identifying the
argument of the maximum PSD at each level of decomposition, effectively
pinpointing the dominant rhythm on the subband. Since the dominant fre-
quency has established itself as a standard feature for detecting the onset
of CS, with stomach activity shifting from normal gastric rhythms to tachy-
gastric bands (Popovi¢, 2021; Gruden et al., 2021; Kim et al., 2005; Tian
et al., 2023), the dominant scale is hypothesized to show similar potential.
It is expected to increase with the onset of CS and return to normal levels
upon recovery.

These features are extracted from the preprocessed signal and all four
coefficients (three cds and one ca) resulting in a total of 20 features. By in-
corporating DWT in the feature extraction process, the emphasis is placed
onits inherent filter bank properties. This approach allows for the decompo-
sition of the original EGG signal into multiple frequency bands and enables
the tracking of changes indicative of CS. The PSD-based features are cal-
culated using MATLAB pwelch function with a 10-sample long Kaiser win-
dow with a 50% overlap and parameter beta of 2.5 which indicate stronger
attenuation of the side lobes. The flexible Kaiser window function is se-
lected as it can be adjusted to provide different transition widths (i.e., sharp-
ness) by choosing the appropriate parameter (beta) to set the trade-off be-
tween the main lobe width and the peak side lobe level (Kaiser & Schafer,
1980; Oppenheim, 2008; Lee & Kuo, 2001). Since a majority of other EGG-
related studies used the von Hann window function (Kara et al., 2005; Tian
et al., 2023; Tokmakgi, 2007), we compared the results for the application
of both the Kaiser and von Hann window. The MATLAB function pwelch is
used to estimate the PSD in the proposed implementation. The scaling fac-
tor inherent in DWT is accounted for by adjusting the signal sampling rate
at each level of decomposition. Starting from the original signal rate, the
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sampling rate is halved at each successive level: beginning at 2 Hz, then
1 Hz for the first level of decomposition, 0.5 Hz for the second level, and
0.25 Hz for the third level. This downsampling is a critical step in utilizing
DWT, as described by Percival & Walden (2006) and Valens (1999). The
dominant scale is determined as the argument of the maximum value of
PSD, reflecting the peak position within the spectral content. Adjusting the
sampling rate at each level ensures that the concept of scale is linked to the
frequency bands of the decomposed signal, effectively bridging these two
key aspects of wavelet analysis (Percival & Walden, 2006; Valens, 1999).

Identifying features appropriate for the detection of CS segments

In this phase of our research, the features from the EGG recordings that
could be indicative of CS are identified. The structure of our case study data
collection alternated between the baseline and VR segments, comprising
three baselines and two VR segments in total. Given the uncertainty re-
garding the subject’s recovery from the initial VR exposure (which will be
investigated later), our analysis for CS detection is deliberately confined to
B1 and VR1 segments. According to the timeline detailed in a protocol pro-
posed by Popovi¢ (2021), the initial baseline segment spanned 8 minutes,
followed by a 4-minute VR session. The feature extraction methodology in-
volved using overlapping windows to generate a single data interval, which
is then categorized into the corresponding segment (baseline or VR) based
on the majority of the windows duration.

To discern features that significantly differentiate between the B1 and
VR1 segments, the non-parametric Mann-Whitney U test is employed.
Given the nature of the problem, which involves comparing data intervals
before and after an event (the start of VR1), a statistical test designed for
repeated measurements would be more suitable. However, because the
number of data intervals in the two groups is not equal, the Mann-Whitney
test was initially used. To confirm these findings, the analysis also utilizes
the Wilcoxon signed-rank test, which is appropriate for repeated measures
(McKnight & Najab, 2010; Woolson, 2005), and equalizes the number of
samples by excluding the first few data intervals from B1 to match the num-
ber of intervals in VR1. This approach allowed us to validate the robustness
of our feature selection while addressing the constraints of unequal sam-
ple sizes. The Bonferroni correction is applied to adjust the p-values to
avoid Type | error and set a threshold for adjusted (adjusted) p-values at
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0.05. This statistical rigor ensures the reliability of our findings, highlight-
ing features with a genuine association with CS, thereby advancing our
understanding of its detection through EGG signals. Further steps of the
proposed pipeline are conducted using only statistically significant features
determined in this step.

EGG recovery after the VR experience

A notable methodological variation introduced by Popovi¢ (2021) in the
study design was the scheduling of both VR sessions on the same day, di-
verging from the approaches of Miljkovi¢ et al. (2019) and Tian et al. (2023),
which spaced the multiple with at least one day apart. Despite incorporat-
ing a 10-minute pause between the VR sessions, this adjustment prompts
an inquiry into whether the stomach smooth muscles fully recovered and
whether the data interval distribution during B2 mirrors that of B1. The com-
parative analysis is conducted by assessing each data interval from B2.
This involved assessing whether each feature fell within the 5" and 95"
quantiles of the distribution observed in B1. For a data interval to be con-
sidered as part of a distribution B1, it is determined that at least two-thirds
of its features must reside within the specified quantile range. Such an
analysis is pivotal for validating the consistency of the subject’s response
across sessions and for reinforcing the reliability of the data collected after
VR1.

Unsupervised segmentation of the EGG signal

This step in our methodology employs unsupervised ML for the seg-
mentation of data intervals into two clusters: baseline and VR. Due to the
study retrospective nature and the absence of real-time CS labels, unsu-
pervised learning was selected as an appropriate approach. This applica-
tion aims to complement the statistical analysis provided in the previous
step where the degree of recovery of each data interval is tested. Em-
ploying ML aims to explore whether data intervals across the three base-
line segments naturally group together and whether the data intervals from
both VR sessions exhibit similar patterns, potentially clustering them into a
single, unified group.

For this task, the KMeans model is selected, known for simplicity and
efficiency while assigning data in two clusters. The model decides based
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on the predefined number of centroids (in our case two: baseline and VR)
and iteratively assigning each interval to a specific centroid to minimize the
inertia, which is defined as the mean squared distance between each sam-
ple and its closest centroid. One of the drawbacks of the KMeans is the
sensitivity in the initialization of centroids, which is overcome using mul-
tiple initializations (setting n_init to a default value of 10) (Géron, 2022;
Pedregosa et al., 2011). This ensures that the algorithm is independently
initialized 10 times, with each run starting from a different set of initial cen-
troids. The final model is automatically selected based on the inertia, with
the KMeans class retaining the model with the lowest inertia after all 10
runs. (Géron, 2022; Pedregosa et al., 2011)

Results

The Friedman’s chi-square test reveals a significant difference between
the samples originating from three channels, yielding a chi-square value
of 9.30 and a p-value of approximately 0.01. The subsequent post-hoc
analysis, detailed in Table 1 and conducted using the Wilcoxon signed-
rank test indicates no significant differences between the samples across
multiple channels.

Table 1 — Results of the post-hoc test (Wilcoxon signed rank test) are conducted
after the Friedman test. The table shows the p-value, the adjusted p-value, and
whether the null hypothesis is rejected

Pairs of channels (ch) | p-value | adjusted p-value | Rejected null hypothesis
ch1 vs. ch2 0.076 0.229 False
ch2 vs. ch3 0.767 1.000 False
ch1vs. ch3 0.888 1.000 False

The relationship between the channels is further investigated using the
Pearson correlation coefficient and scatter plots of pairs of signals. The
Pearson correlation coefficients between channels are 0.63, 0.33, and 0.13
forch1vs. ch2, ch2vs. ch3, and ch1vs. ch3, respectively. The scatterplots
of pairs of signals are presented in Figure 3.

A crucial aspect of our methodology involves identifying features that
effectively distinguish between B1 and VR1 segments. The feature selec-
tion process is conducted in two scenarios. The first scenario used only
the features from ch1 due to its position, which is least prone to noise, as
suggested by Miljkovi¢ et al. (2019) and Popovic¢ et al. (2019b). In the sec-
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Figure 3 — Scatter plot of the pairs of the signal channels

ond scenario, combined features from ch1 and ch3 are used because ch3
has a low correlation with ch1 (0.13), indicating potential and additional
valuable information, even though the analysis using the Wilcoxon signed-
rank test showed no significant differences between the samples across
multiple channels. To achieve this, the Mann-Whitney test is employed for
feature selection, with the outcomes of this evaluation presented in Table
2. Additionally, the statistical analysis is performed on the features from
both ch1 and ch3 and the results are presented in Table 3. The features
demonstrating statistical significance, indicated by an adjusted p-value of
less than 0.05, are highlighted in bold. Moreover, the results of feature
selection using the Wilcoxon signed-rank test, conducted on the features
from ch1 alone, as well as the combination of ch1 and ch3, confirm the find-
ings of the Mann-Whitney test, with all features, except the features based
on the dominant scale, showing statistically significant differences between
B1 and VR1. Consequently, based on the results from Table 2 and Table
3, which indicate no significant difference in the selected features distin-
guishing between B1 and VR1 using either only features from ch1 or the
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combined use of ch1 and ch3, a further analysis was carried out using only
the features from ch1, as proposed by Miljkovi¢ et al. (2019) and Popovi¢
et al. (2019b).

Table 2 — Results of feature selection using statistical tests conducted on channel
1. The Table shows the feature name, the p-value, and the adjusted p-value. The
statistically significant features that could be used to discriminate between
baseline and VR are marked in bold.

Feature Decomposition level | p-value | Adjusted p-value

processed signal <0.001 0.007

cd1 <0.001 0.002

RMS amplitude value cd2 <0.001 0.002
cd3 <0.001 0.004

ca3 <0.001 0.010

processed signal <0.001 0.007

cd1 <0.001 0.001
Max value of PSD cd2 <0.001 <0.001
cd3 <0.001 <0.001

ca3 <0.001 0.002

processed signal <0.001 0.007

cd1 <0.001 0.001
Mean value of PSD cd2 <0.001 <0.001
cd3 <0.001 <0.001

ca3 <0.001 0.002

processed signal 1.000 1.000

cd1 0.138 1.000

Dominant Scale of PSD cd2 0.098 1.000
cd3 0.176 1.000

ca3 0.532 1.000

Through the analysis comparing each of the 19 data intervals from B2
against the distribution derived from B1, it is determined that only 5 data
intervals from B2 could be considered recovered. The recovery process
after VR1 is visually represented in Figure 4, where the data intervals with
recovered muscle cells are indicated with the orange color. Specifically,
the 6, 71, 17! 18" and 19" intervals from B2 show similarity with the
distribution of B1. Based on Figure 4, the 6t and 7t data intervals corre-
spond to time between 2 minutes and 30 s and 3 minutes and 30 s after
VR1 stopped. However, since the 6" and 7™ intervals are followed by in-
tervals that do not meet the recovery criteria (i.e. show similarity with the
distribution of B1) then the 6" and 7' intervals are considered transient or
outliers and are thus not indicative of a stable state. The 17" interval could
be considered the first which resembles the distribution of B1 and from the
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Table 3 — The results of feature selection using statistical tests conducted on
features integrated from channels 1 and 3. The Table shows the feature name,
p-value, and adjusted p-value. The statistically significant features that could be
used to discriminate between baseline and VR are marked in bold.

Feature Decomposition level | p-value | Adjusted p-value
processed signal <0.001 <0.001
cd1 <0.001 <0.001
RMS amplitude value cd2 <0.001 <0.001
cd3 <0.001 <0.001
ca3 <0.001 <0.001
processed signal <0.001 <0.001
cd1 <0.001 <0.001
Max value of PSD cd? <0.001 <0.001
cd3 <0.001 <0.001
ca3 <0.001 <0.001
processed signal <0.001 <0.001
cd1 <0.001 <0.001
Mean value of PSD cd? <0.001 <0.001
cd3 <0.001 <0.001
ca3 <0.001 <0.001
processed signal 1.000 1.000
cd1 0.072 1.000
Dominant Scale of PSD cd2 0.035 0.713
cd3 0.095 1.000
ca3 0.472 1.000

17" to the 19" data intervals it can be assumed that the muscle cells of
the stomach are recovered. Based on this finding, as well on Figure 4, it is
assumed that the recovery is completed 8 minutes after VR1 stopped.
The last step in our pipeline is unsupervised segmentation of the EGG
signal. The overlapped windows for the extraction of features resulted in
59 data intervals. The models divide 47 intervals in the first cluster and 12
intervals in the second cluster. The visual representation of the clustering
results is shown in Figure 5 using different colors. The majority cluster, con-
taining 47 data intervals, is not marked with color, while the intervals that
belong to the minority cluster are colored in orange. Since overlapping win-
dows are used, in cases where two consecutive and overlapped windows
are clustered in two different groups, it is considered to be the transition
between the states and that part of the signal is colored in wheat (light or-
ange). According to the clusterization results, 25% of VR1 are categorized
under the VR segment, while 50% of data intervals originating from VR2
are grouped as VR segments. Based on Figure 5, during VR1 the initial
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Figure 4 — Visual representation of the recovery process after the first VR
experience. The light brown color indicates the recovered data intervals, while
the blue color indicates the VR experience.

cluster identified as CS is likely due to movement artifacts from mounting
the VR headset or to the emotional response to VR (Cacioppo et al., 2007),
which were captured by the EGG signals and misclassified by the model.
Notably, the latter part of VR1 did not form a distinct CS cluster, possibly
because the CS symptoms were milder compared to the severe symptoms
experienced during VR2 that led to the session termination. These obser-
vations highlight the models sensitivity to both physiological artifacts, emo-
tional response and varying intensities of CS symptoms. These clusters
were identified through unsupervised learning applied to the EGG signals,
with no real-time feedback from the participants. The model segmented
the data solely based on the distribution within the feature set, uncovering
intrinsic patterns potentially associated with CS.
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Figure 5 — Visual representation of the results of clustering using the KMeans
model with appropriate segments. The data intervals belonging to the window
associated with the majority cluster are not colored, while the data intervals
associated with the minority cluster are colored in orange. The part of the signal
with transitions between two states is colored in wheat (light orange).

The results of the proposed methodology are compared between the
features extracted using both the Kaiser window, with its adjustable beta
parameter allowing for tailored transition widths, and the commonly used
von Hann window (Kara et al., 2005; Tian et al., 2023; Tokmakgi, 2007).
The comparative analysis demonstrated that the choice of windowing
method did not affect any of the study results or contributions. Specifically,
there were no differences in the number of significant features identified,
the recovery time following the VR exposure, or the clustering outcomes
of the data intervals using ML, regardless of which windowing method was
employed.

Discussion

The channel comparison analysis is important for subsequent steps in
methodology as statistically significant differences between the channels
suggest that each can offer unique and additive information apart from
the already used time delay between array recordings of the EGG signal
(O’Grady et al., 2010, 2018; Miljkovi¢ et al., 2023). Conversely, if no sig-
nificant differences are found, it may be possible to conduct the record-
ing process by reducing the number of channels used, thereby minimizing
the complexity of the setup through fewer wires and electrodes. Certainly,
this approach relies on dedicated protocols and signal processing. For
instance: to compare dominant frequencies in post-prandial and fasting
states one channel carries information of interest (Popovi¢ et al., 2019a;
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Popovi¢, 2021). However, to the best of our knowledge, this is the first
time to explore channel information content in terms of CS detection from
EGG signals. From the analysis of the results provided in Table 1, it can
be seen that even though the Friedman test shows a difference between
channels the post-hoc shows no significant difference during pairwise com-
parison. It can also be remarked that the lowest adjusted p-value (0.23) is
calculated by comparing ch1 and ch2, while for the other two comparisons,
the p-value shows a maximum value (1.00). Recording multiple channels
does not always provide new information, but investigating the linear rela-
tionship between channels seems more interesting. The strongest linear
correlation observed between ch1 and ch2 (0.63) points out to some level
of linear relationship, whereas the correlations between ch2 and ch3, and
ch1 and ch3, suggest minimum to no linear relationship. Contrary to these
numerical findings, the visual analysis presented in Figure 3 does not high-
light such pronounced differences between channel pairs as suggested by
the Pearson coefficients. Also, it can be noticed that all three coefficients
are positive which is explained by the direction of the recording vectors
described by (Popovi¢, 2021; Miljkovi¢ et al., 2019). Our analysis, which
primarily utilized ch1 for assessing CS, aligns with the support found in
the relevant literature (Miljkovi¢ et al., 2019). However, our examination
of statistical tests reveals no significant difference between the channels,
suggesting they may derive from the same distribution and thus not neces-
sitate additional processing. Despite this, ch1 has shown promising results
(Miljkovi¢ et al., 2019), affirming its retention for further analysis. Mean-
while, ch2, because of its moderate correlation with ch1 (0.63), does not
emerge as a strong candidate due to its similarity. On the contrary, ch3, dis-
playing a low correlation with ch1 (0.13), indicates a divergence that could
be beneficial. Thus, the feature selection is also performed on the features
combined from both ch1 and ch3 and presented in Table 3 and it could be
observed that the combined use of these channels not only supports but
also strengthens the outcomes achieved using ch1 alone. Since the results
of the test for independent measurements (Mann-Whitney) are shown in
Table 3, the analysis is repeated using the test for repeated measurements
(Wilcoxon signed-rank). As no difference in the selected features is found
when combining features derived from ch1 and ch3, further analysis is con-
ducted using only ch1, as suggested by Miljkovi¢ et al. (2019). Although
there is no unanimous recommendation for the selection of EGG channels,
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guided visual observation and manual corrections remain the gold standard
for evaluating EGG recordings (Jakus et al., 2022; Gruden et al., 2021;
Popovi¢ et al., 2019b). While multiple channels can enhance reliability and
provide additional information, selecting a single channel offers simplicity
in both hardware and processing pipelines. Therefore, ch1 is selected for
further analysis to align with previous research (Miljkovi¢ et al., 2019). A
more in-depth analysis of channel selection for CS detection, similar to that
proposed by Popovi¢ et al. (2019), should be considered in future studies.

During the identification of the features effective for CS detection, our
analysis exclusively compares data from B1 and VR1. This comparison
strategy ensures that the B1 features are free from any influence of pre-
vious VR sessions, confirming that the stomach smooth muscles are in
a completely recovered state. It also guarantees that the responses ob-
served during the initial VR exposure are solely due to that particular VR
experience, without interference from past exposures. The use of an am-
plitude seems a good choice as based on the literature the amplitude vari-
ations could be used as a short-term indicator of CS (Gruden et al., 2021)
and the use of RMS on all decomposition levels proves to be a suitable CS
marker. Likewise, in the frequency domain, the normal electrical rhythm of
stomach smooth muscles, typically ranging between 2 cpm and 4 cpm, pro-
vides a baseline against which deviations can be measured. Disruptions
in this rhythm manifest as either slow gastric waves - bradygastria (1-2
cpm) or rapid gastric waves - tachygastria (4-10 cpm), with each offering
distinct markers for CS. The published literature confirms that extracting
PSD on frequency bands that correspond to bradygastria and tachygas-
tria and monitoring their changes in time could be used to detect changes
in EGG that originated from the onset of CS (Miljkovi¢ et al., 2019; Tian
et al., 2023; Dennison et al., 2016). However, statistical analysis reveals
that all features extracted from PSD, except the dominant scale, across all
wavelet coefficients, serve as a reliable indicator for CS in our study. This
finding diverges from the existing literature (Gruden et al., 2021; Miljkovi¢
et al., 2019; Tian et al., 2023; Popovic¢ et al., 2019b), where the dominant
frequency is strongly correlated with CS. Since the dominant scale is in-
spired by this well-established metric, it is expected to be a strong indicator
of CS onset, showing that further research is necessary. Conversely, all
other examined features demonstrate significant statistical differences (p-
value < 0.010) between the B1 and VR1 samples. This uniform significance
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across all wavelet coefficients for the remaining features suggests that ex-
ploring more decomposition levels could be a promising direction for future
research. Consequently, the features related to the dominant scale are ex-
cluded from subsequent analyses, with the focus shifting to those features
that show statistical significance.

As explained in both methodology and the discussion regarding feature
selection, the changes in the protocol which included multiple VR experi-
ences on the same day raise a question of whether the smooth muscles of
the stomach had enough time to recover from CS and not corrupt further
experiment. The results indicate that 5 data intervals of B2 meet the condi-
tions and can be considered to be the part of B1 distribution. The majority
of the B2 segment is considered to be still corrupted by the disturbances
and it can be only assumed that the stomach recovery was completed ap-
proximation 8 minutes after VR1 cessation. This also indicates a good
assumption when conducting feature selection only on B1 and VR1 and
that selection involving remaining segments could compromise findings.
Although these findings suggest that there is a necessity for longer pauses
than 10 minutes to assess if recovery is indeed completed after 8 minutes
or if it is mandatory to have longer pauses as proposed by Miljkovic et al.
(2019) and Tian et al. (2023) further research on a larger group of subjects
with the same protocol is required, including multiple VR experiences in the
same day, but longer pauses within to confirm our claims.

The final step in our methodology is the development of an ML model
to discern between two predefined clusters (baseline and VR), due to the
absence of labels. Considering that accurately labeling CS symptoms in
real-time is challenging due to the lack of reliable methods for real-time
detection, unsupervised learning is advocated as a step toward objective
estimation of CS symptoms. Assessments typically rely on pre- and post-
experience questionnaires like the SSQ, which do not provide the tempo-
ral resolution necessary for precise labeling during EGG recording (Tian
& Boulic, 2024; Merchant & Kirollos, 2022). While self-reporting scales
such as the Fast Motion Sickness Scale (FMS) have been proposed (Den-
nison et al., 2016, 2019; Merchant & Kirollos, 2022; Tian & Boulic, 2024),
these methods are subjective and can introduce bias, as frequent interrup-
tions may disrupt participants’ concentration and potentially influence the
onset of CS. Considering these limitations, the potential of unsupervised
ML emerges as a significant advantage. Unsupervised approaches can
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detect intrinsic patterns and variations in EGG signals without relying on
potentially unreliable or biased labels, offering a more objective and accu-
rate analysis of CS-related changes in gastric activity. The KMeans model
is used to group data intervals in two clusters. From Figure 5 it can be
seen that the VR1 segment is considered to be baseline or transient where
only one data interval at the beginning of VR1 is grouped as actual VR. In
the case of VR2, it can be observed that data intervals belong to VR with
transient and CS intervals. The weak link observed between the clusters
and VR segments can be attributed to initial assumptions regarding the re-
lationship between CS and VR exposure that require reevaluation. Firstly,
it is assumed that the data intervals extracted from the EGG signals would
naturally cluster into two distinct groups: baseline and CS. However, our
findings suggest that CS manifests in a more nuanced and gradual manner,
lacking clear-cut boundaries the states. Future research should explore the
possibility of using more than two clusters with the idea of extracting mul-
tiple levels of CS or the utilization of different unsupervised models (such
as Density-Based Spatial Clustering of Applications with Noise - DBSCAN)
which does not predefine the number of clusters (Géron, 2022). Secondly,
it is assumed that CS symptoms would be confined to the duration of VR
exposure. Contrary to this assumption, studies have shown that CS symp-
toms can take several minutes to develop after the onset of VR exposure
(e.g., approximately 3 minutes during video-watching tasks) and can persist
long after the VR experience has ended, sometimes lasting up to several
days depending on the individual’s susceptibility (Isu et al., 2014; Tian et al.,
2023). In our study, it is observed that the feature set distribution from B2
began to resemble B1 only eight minutes after the VR1 session concluded.
This delay underscores the extended impact of CS beyond the VR ses-
sion itself, suggesting that CS is not strictly bounded by VR experience.
Nevertheless, this step shows promising and interesting results regarding
stomach recovery and automatic CS detection in EGG signals.

In examining the MLs role in CS detection, the literature review high-
lights two approaches: the utilization of EEG features as a sole indica-
tor, and the multimodal approach consisting of a combination of features
extracted from physiological and behavioral signals including ECG, EGG,
posture, EDA, etc. (Yang et al., 2022; Keshavarz et al., 2022). A com-
mon objective in these studies is the prediction of CS severity, typically
determined through the SSQ (before and/or after the simulation) or ver-

101

. pp.79-114

Tanaskovi¢, |. et al., Electrogastrogram-based detection of cybersickness with the application of wavelet transformation and..



Eﬁ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

bal estimations of symptoms during the simulation. While EGG features
have not been widely recognized as standalone indicators for CS or nau-
sea, recent studies integrating EGG in multimodal ML models have yielded
substantial accuracy. Keshavarz et al. (2022) developed a multimodal ML
model for real-time estimation of visually induced MS (which is a synonym
for CS) and the classification of subjects whether they experience sickness
or not during the simulation. This approach uses EGG features as an in-
dicator but concludes that EGG features alone showed only a weak link
with the majority of CS measurements. Similarly, Dennison et al. (2019)
shows that a model based only on EGG achieved an accuracy of 48% for
multiclass classification of symptoms during the simulation, but in combi-
nation with different features achieved an accuracy of 95%. In our opinion,
nausea as one of the most specific symptoms of CS is inherently linked
to the smooth muscles of the stomach, which EGG directly captures. This
connection underpins our hypothesis that EGG data harbors valuable in-
sights into nausea and CS manifestations. Supporting this notion is the
study conducted by Jakus et al. (2022), which reports an 88% accuracy
rate in nausea detection, proving the premise that with innovative and cre-
ative feature engineering, EGG can indeed serve as a reliable source of
information for CS assessment. All available ML-based research reports
used label information about CS and trained their model in a supervised
manner with reliable evaluation metrics. Conversely, an unsupervised ML
approach is employed for segmentation and the direct comparison with the
established literature could not be performed due to the lack of evaluation
metrics. Future research should not only expand the participant pool but
also enable a robust comparative analysis with our work and validate the
findings.

Contribution of the study

Our study, which focuses on a single participant and employed an inno-
vative protocol using EGG recordings to explore CS during VR sessions,
yields insights into the initial research questions:

1. Itis found that traditional and wavelet-based features effectively indi-
cate CS segments within the signal. However, features related to the
dominant scale do not demonstrate significant differences, neither in
the signal nor in the wavelet coefficients.
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2. Statistical tests reveal no significant differences across channels.

Additionally, the Pearson correlation coefficients indicate a medium
linear correlation between ch1 and ch2, while the remaining two co-
efficients achieve low to no linear correlation.

3. The unsupervised ML model shows promising results in detecting the

segments of the signal affected by the CS.

An additional contribution of our study is the finding that the choice be-
tween the Kaiser and von Hann window functions did not significantly im-
pact the identification of significant features, the recovery patterns following
VR1, or the segmentation outcomes in CS detection using machine learn-
ing methods.

Limitations of the study

We recognize the following limitations and propose directions for future
research:

1.

Although this study offers valuable preliminary findings, it is based on
a single case study which may limit the generalizability of our findings
due to potential individual differences in anatomical, physiological,
or psychological characteristics. Future research with a larger study
group is necessary to confirm these findings, enabling robust statis-
tical analyses that can clarify trends and minimize the possibility of
misleading results caused by individual variability.

. Wavelet-based features are proved to be important parameters in

the detection of CS and further exploration of different wavelets apart
from Daubechies and different levels of decomposition may be con-
sidered for future research.

This paper only investigates linear correlations between different
channels of EGG, but appropriate analysis to reveal potential non-
linear relations could be explored in the future.

. The extension of the feature set (e.g., entropy, crest factor as well as

max, mean, and min values of each DWT coefficient) Miljkovic et al.
(2019); Jakus et al. (2022); Tokmakgi (2007) could be investigated
for CS detection.

The weak link between the clusters and VR segments (25% for VR1
and 50% for VR2) suggests that data intervals could not be natu-
rally clustered into two distinct groups (baseline and CS), as well as
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that CS symptoms would be confined to the duration of VR expo-
sure, highlighting the need for improved evaluation of clustering and
determination of cluster number in future research.

6. The more compelling comparative analysis of unsupervised models,
including ones without the predefined number of clusters such as
DBSCAN, could be included in future work as well as different ap-
propriate metrics for clusterization analysis.

7. The duration of the segments used in this study is relatively short.
It should be noted that for EGG measurements it is typically recom-
mended to measure 15 minutes or more (Stern et al., 1987; Parkman
et al., 2003). On the other hand, our approach enables quasi-real-
time analysis, which is not feasible with protocols that involve rela-
tively long signal measurements. In support of our approach, the de-
tection of sickness onset can be performed almost immediately with
the application of amplitude threshold in the time domain (Gruden
et al., 2021).

8. This research only explored two window functions (Kaiser and von
Hann), and future studies should expand the investigation by exam-
ining how different window function selections influence the feature
extraction process in EGG signal analysis.

Conclusion

Our investigation into CS through EGG recordings during VR sessions,
despite being conducted with a single participant and employing a non-
traditional protocol, has yielded significant insights. The statistical analyses
reveal no significant differences between channels, suggesting uniformity
in the EGG signal response to CS across different recordings. Meanwhile,
the correlation analysis reveals a moderate linear correlation (0.63) be-
tween ch1 and ch2, whereas the other two pairs exhibit low to negligible
linear correlation. It is found that the RMS of the EGG amplitude, the maxi-
mum value of PSD, and the mean value of PSD across all DWT coefficients
could be used for the detection of CS resulting in 15 significant features.
The observations of stomach recovery are evident 8 minutes after the VR
experience confirming no necessity for longer pauses between VR experi-
ences. Lastly, the application of an unsupervised ML model demonstrates
potential in identifying CS-affected signal segments, indicating a fruitful di-
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rection for future research involving a broader exploration of unsupervised
ML techniques in this context.
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Resumen:

Introduccién/objetivo: La aplicacion de tecnologias de realidad
virtual (RV) y simulacién en el entrenamiento militar ofrece un
enfoque rentable y versatil para mejorar el entrenamiento. Sin
embargo, la prevalencia de la ciberenfermedad (CS), caracteri-
zada por sinfomas como néauseas, limita su uso generalizado.

Métodos: Este estudio introduce parametros objetivos para la
deteccién de CS utilizando el registro de electrogastrograma
(EGG) de tres canales de un sujeto especifico y evalua la in-
dependencia y correlacion lineal para la seleccion apropiada del
canal. El articulo emplea una transformacion wavelet discreta
de 3 niveles (DWT) en el canal elegido para identificar parame-
tros clave indicativos de trastornos gastricos. Ademas, el articu-
lo investiga la recuperacion de CS después de VR y examina la
aplicacion de aprendizaje automatico (ML) no supervisado para
segmentar EGG en linea base y CS, utilizando caracteristicas
significativas identificadas previamente.

Resultados: El anélisis no revela diferencias significativas entre
los canales EGG y una correlacién lineal moderada a baja en-
tre pares de canales. La seleccion de caracteristicas demuestra
que la raiz cuadrada media de la amplitud, asi como los valores
maximos y medios de la densidad espectral de potencia (PSD)
calculados en todos los coeficientes DWT son efectivos para la
deteccion de CS, mientras que la escala EGG dominante no pu-
do indicar CS para ningun nivel de descomposicién. Ademas,
los signos de recuperacion aparecen aproximadamente 8 minu-
tos después de la primera experiencia de VR, lo que respalda
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la idea de realizar multiples sesiones el mismo dia, es decir, un
entrenamiento intensivo basado en VR.

Conclusion: EI ML no supervisado muestra potencial en la iden-
tificacion de segmentos de sefiales EGG afectados por CS con
extraccion de caracteristicas basada en DWT, ofreciendo un en-
foque novedoso para mejorar la prevencién de la aparicion de
CS en el entrenamiento militar basado en VR y otros entornos
relacionados con VR.

Palabras claves: ciberenfermedad, transformada wavelet dis-
creta, electrogastrografia (EGG), seleccién de caracteristicas,
aprendizaje automatico, entrenamiento militar, densidad espec-
tral de potencia, realidad virtual.
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Pesrome:

Beederue/uyens: lNpumeHeHue supmyarsnsHoUl peansHocmu (BP)
U cumynamopos obecriedusaem 3KOHOMUYHbLIU U UHMyumue-
HO MOHAMHbIU nodxod k 6oeeoli nodzomoseke. OOHaKoO u3-3a
MOWwHOMbI, 803HUKarowel 8 npouecce ydeHul Ha CUMYSMo-
pe (cumnmombi mowHomsi — CT), ogpaHu4usaem ux e bosnee
WUPOKOM rpUMeHeHUU.

MemoOdni: B daHHoM uccriedoeaHuu rpedcmassieHbl 06bekmue-
Hbie napamempbl 0bHapyxeHusi CT ¢ ucnonb308aHUEM MpPeEXKa-
HarnbHoU anekmpoaacmpoepammsi (3IT), 3anucaHHOU y 00HO20
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pecrnoHOeHma, a makxe oueHeHa He3asucuMocmb U fUHelHasi
Koppensyus O coomeemcmeytowe2o 8bibopa 00HO20 KaHarna.
B cmambe k ebibpaHHoMy kaHarny Ol npumeHsiniocb duckpem-
Hoe gelisriem-npeobpasosaHue (LBl1) c mpemsi yposHsiMU C ye-
IO 8bISIBNEHUS KITH0HEBbIX 0COBeHHOCMel, yKasbigaroWUux Ha
OucpyHKkyuto xeryOka. Momumo mozo, 8 xode uccredosaHusi
oyeHusasnock soccmaHoerneHue rocne CM, 8bl38aHHbIX UCMOIb-
308aHuUemM BP, u aHanu3upoeasiocb rnpuMeHeHUe HEKOHMPOIIU-
pyemo20 mawiuHHoz2o obydeHusi (MO) dnsi ceameHmauuu Ol Ha
ba3o08bili ceameHm u ceameHm 80 gpemsi CT, ucronb3ysi 8axHbie
0co0beHHOCMU, 8bISIBIIEHHbIE paHee.

Pesynbmamel: [posedeHHbIlU aHanu3 He 8biS8usT CyWecmeeH-
HbIX pasnuyul mexdy mpems kaHanamu ST, OdHako bbina ebl-
s1erieHa fuHeliHas Koppenayusi (om ymepeHHOU K HU3KOU) MexX-
Oy napamu KaHarnos. Bbibop npusHakos deMOHcmpupyem, 4mo
cpedHekeadpamuyHoOe 3HayeHue amrnumyobl, a makxe Mak-
cumarsibHoe U cpelHee 3Ha4deHUsi criekmparsrbHOU MIomHocmu
mowHocmu (Cl1IM), paccdyumaHHbie no ecem KoaghgbuyueHmam
[ABI1, agbcbekmueHbl dnsi obHapyxxeHuss CT, 8 mo epemsi Kak
domuHupyrowas wkana Ol He moxem ykasbieamb CT HU Ha
00HOM yposHe Oekomrosuyuu. [lomumo moeo, npu3Haku eoc-
CmaHoB/1eHUs MPOSBIAIOMCS NMPUMEPHO Yepe3 8 MuHym rnocirie
repe8o2o ucnonbL308aHuUsi sUpMyarbHOU pearbHOCMU, 4mo noo-
meepxdaem udeto 0 rnposedeHUU HECKObLKUX ceaHcos obyye-
HUs1 8 00UH U mom Xe OeHb, M.e. UHMEHCUBHbIE y4eHUs 8 cpede
supmyarsbHOU peaslbHOCMU 803MOXHbI.

Bbig00s!1: lNpumeHeHue HekoHmponupyemozo MO moxem udeH-
mucgbuyuposame ceameHmsl AT eo epems CT ¢ useneyeHu-
em yHKUul Ha ocHoeaHuu [BI1, npednazasi HO8bIl M00X00 K
npedomepaweHuto CT e 6oeeol nodzomoeke 8 cpede supmy-
anbHoU peanbHOCMU, a makxe 8 dpyaux cpedax, C8si3aHHbIX C
mexHosozauel BP.

Knrowesble criosa:  kubepbonesHb, OuckpemHoe eelisriem-
rnpeobpasosaHue, anekmpoaacmpozpaghusi (3IT), ebibop npu-
3HaKo8, MawuHHOe O0by4eHue, B80eHHasi Mod20moeKa, CrieK-
mparnbHas MIoOmHOCMb MOWHOCMU, eupmyarnbHasi peasb-
HOCMb.
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OBJIACT: enekTpoHuka, MH(OPMaLMOHe TeXHoMoruje
KATEFOPWJA (TUIM) YUNAHKA: opuruHanHu Hay4Hu pag

Caxxemak:

Yeood/uurs: lNpumeHa supmyenHe peanHocmu (BP) u cumyna-
mopa npyxa ucrnaamue U UHmyumueaH rnpucmyri 80jHOj 0byyu.
Mehymum, moayhHocm riojase My4YHUHe, Koja je usa3saHa Kopu-
wherem cumynamopa (cumrnmoma my4yHuHe — CM), ogpaHuya-
8a HUX08Y LWIUPY MPUMEHY.

Memode: Oso ucmpaxusare yeodu objekmusHe rnapamempe
3a O0emekuyujy CM, kopuwherem mpokaHarnHoe efiekmpoea-
cmpoepama (EIT) cHuM/beHoz Ha jeOHOM ucrnumaxuky, u rpo-
Ueryje He3agUCHOCM U JIUHeapHy Kopernayujy 3a oOzoeapajyhu
u3bop jedHoe kaHana. lMpumerseHa je duckpemHa mpaHcgop-
mayuja manacuhuma ([TT) ca mpu Hugoa Ha uzabpaHu EIlT ka-
Harn, kako bu ce udeHmucgbukoegarsna Kiby4yHa obernexja Koja yka-
3yjy Ha nopemehaj pada xenyua. [loped moea, esanyupaH je
oropaeak HakoH CM, Hacmao ycned kopuwhera BP, a aHanu-
3upaHa je u rnpumeHa MawuHckoa yyera (MY) 6e3 Hadznedara
3a ceameHmauujy EINT Ha 0CHOBHU ceaMeHmM U ceaMeHm MOoKOM
CM, kopuwherem npemxodHo udeHmughukosaHux obernexja 00
3Havaja.

Pesynmamu u duckycuja: AHanusa rokasyje 0a Hema 3Hayaj-
Hux pa3anuka usmehy mpu EIlT kaHana, kao u ymepeHy 00 HUCKY
JNluHeapHy Kopenauyujy usmeRy naposa kaHana. M136op obenex-
ja cyeepuwe da ce npumMeHoM cpelre KgadpamHe apedHocmu
amnnumyde, Kao U MakcuMarsiHe U npocevyHe 8pedHOCMU CrieK-
mparsnHe eycmuHe cHaze (CIC), uspadyHame Ha ceum JTT koe-
uyujeHmuma, ycriewHo demekmyje CM, Aok npumeHa Aomu-
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HaHmHe ckane EIT Huje ykasana Ha npucycmeo CM Hu 3a je-
OaH Hueso dekommnoauyuje. Noped moea, nokasaHo je da ce 3Ha-
yu oropaska rojassbyjy npubnuxHo 8 MUHyma HakoH ripeo2 BP
ucKkycmea, wmo ykasyje Ha mo Oa ce suwe BP cecuja moxe
criposecmu ucmoe 0aHa, 0OHOCHO Oa je uHmeH3ueHa BP obyka
moeyha.

Bakrbyyak: [lMpumeHa MY 6e3 Hadznedama uma romeHyujan
y udeHmucbukayuju EINT ceameHama mokom CM y3 usdeajarbe
obenexja sacHogaHux Ha [TT, Hydehu Hosu ripucmyin y rnpeseH-
yuju nojase CM y 8ojHoj 06yuu 3acHoeaHoj Ha BP, kao u dpyasum
obnracmuma noseszaHum ca BP mexHonozaujom.

KrbyyHe pedu: cumnmomu MyqHuHe, duckpemHa mpaHcgopma-
yuja manacuhuma, enekmpoeaacmpoepadghuja, odabup obenex-
ja, MawuHcKo y4ere, 8ojHa 0byKa, criekmparsiHa 2ycmuHa CHa-
2e, supmyernHa peanHocm.
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Abstract:

Introduction/purpose: In this research, the influence of different turbulence
models on the aerodynamic drag prediction of a generic spin-stabilized
projectile was analyzed. The turbulence models chosen for investigation
were one-equation Spalart-Allmaras, two-equation models Standard k-e,
Realizable k-¢, Standard k-w and SST k-w. The special sniper projectile
M118 was selected for the study.

Methods: The flows around the projectile were numerically simulated using
RANS equations intergrated into ANSYS Fluent software with different
turbulence models. The numerical simulation was carried out at various
Mach numbers to study the effect of turbulence models on the projectile
aerodynamic drag prediction. The computational results were compared to
the available experimental data to evaluate the ability of the turbulence
models.

Results: The research results have shown that the turbulence models
significantly affect the numerical simulation results. The Spalart-Allmaras
turbulence model performs better than other models in the subsonic flow
regime. The Standard k-, Realizable k-¢ and SST k-w models perform
better than other models in the supersonic flow regime.

Conclusion: Computational Fluid Dynamics is a powerful tool to analyze the
aerodynamics of flying bodies. By appropriately selecting turbulence
models, the flow around flying bodies can be accurately investigated. In the
case of generic ogive-cylinder-boattail projectiles, on the one hand, the
Spalart-Allmaras model is suitable for subsonic flow, and the Standard k-¢,
Realizable k-¢€ and SST k-w models are recommended for the supersonic
flight regime, on the other hand.

Key words: turbulence models, Ansys Fluent, spin-stabilized projectiles,
subsonic flow, supersonic flight regime.
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Introduction

RANS equations have been widely used in aerospace and defense
industry for years. They are solved together with a turbulence model
describing the turbulence behavior of the flow. Selecting an appropriate
turbulence model is crucial in aerodynamic analysis of flying bodies.

Generally speaking, aerodynamics has provided various models to
describe the turbulent behavior of the flow around a body. Each model has
its own strengths and shortcomings and has been proven to be effective
in different applications. No turbulence model is universally suitable for all
turbulent flows. Researchers have selected turbulence models based on
their own knowledge and experience.

In the field of weapon design, various turbulence models have been
successfully used so far to analyze flows around projectiles. Xu et al.
(2022) adopted the Spalart-Alimaras turbulence model to investigate the
aerodynamic characteristics of a 57mm projectile with a drag controlling
device. Demir et al. (2024 ) analyzed the drag reduction of modified bullets
using the Spalart-Allmaras turbulence model. The Standard k-¢ turbulence
model was applied by Silton at the Army Research Laboratory to conduct
Navier-Stokes computations for a 0.50 cal. projectile (Silton, 2002). Many
other authors have also implemented the Standard k-¢ turbulence model
to study flows around various flying bodies (Muthukumaran et al, 2013;
Gholap et al, 2022; Bui et al, 2024; Nguyen et al, 2024). Hao et al. (2024)
used the Realizable k-¢ turbulence model to carry out the aerodynamic
characterization of bullet heads with different arcuate curves. Ferfouri et
al. (2023) adopted the Realizable k-¢ turbulence model for predicting the
aerodynamic drag coefficient of the M107 155mm projectile. The
Realizable k-¢ turbulence model was also applied by Silton to perform
numerical computation for spinning projectiles from subsonic to supersonic
speeds (Silton, 2005, 2011). Meanwhile, Hamel & Gagnon (2011)
implemented the Standard k-w turbulence model for a parametric study
on a 155mm artillery shell equipped with a roll-decoupled course
correction fuze. The SST k-w model has also been used in multiple
research studies. Luo et al. (2024) adopted the SST k-w model to study
the aerodynamic characteristics of a tail-stabilized projectile with the
asymmetrical diversion groove. The SST k-w turbulence model was
applied by Jiajan et al. (2015) to investigate the effect of boattail junction
shaping on the aerodynamic drag and stability of supersonic spin-
stabilized rounds. Sertkaya et al. (2022) used the SST k-w turbulence
model for computing the aerodynamic coefficients of 155 mm ammunition.
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In order to select an appropriate turbulence model for a specific flow,
one has to know the performance characteristics of each model. A
comparative study on the prediction of the aerodynamic characteristics of
four aircraft with different turbulence models performed by Jang et al.
(2018) has shown that the skin friction drag predicted with the SST k-¢ is
the smallest, while the k- € model predicts the largest skin friction drag for
all configurations. Somashekar & Immanuel Selwyn Raj investigated the
effect of six turbulence models, namely, the Spalart-Allmaras, the
Standard k-¢, the k-e RNG, the Realizable k-¢, the Standard k-w, and the
SST k-w, on the prediction of the aerodynamic characteristics of a mini-
unmanned aerial vehicle. They have drawn a conclusion that these six
turbulence models have the same general behavior with some differences
in the coefficients of lift and drag, and the Spalart-Allmaras model is the
most efficient model to describe the turbulence of the subsonic flow around
a mini-UAV in terms of the deviation of the coefficients of lift and drag
values and the calculation time (Somashekar & Immanuel Selwyn Raj,
2021). Julian et al. (2023) carried out a study on the effect of the Spalart -
Allmaras, the Standard k-¢ and the Standard k-w turbulence models on
the aerodynamic performance of the NACA 4415 airfoil. However, in the
field of projectile design, to the best of the author's knowledge, there is still
no published work dedicated to the comparative analysis of the
performance of different turbulence models in studying flows around a
spin-stabilized projectile.

Therefore, inspired by the above literature review conclusion, the
main objective of this research is to study the comparative performance of
five widely used turbulence models, namely, the Spalart-Allmaras, the
Standard k-¢, the Realizable k-¢, the Standard k-w and Menter's SST k-w
turbulence models, in prediction of the aerodynamic drag coefficient of a
spin-stabilized projectile for better understanding the turbulence models'
ability to predict the drag acting on a generic projectile stabilized by
spinning. The M118 projectile is chosen for the present study because its
aerodynamic data obtained experimentally has been published in the open
literature and can be used for validating the simulation results.

Mathematical model

Governing equations

The continuous flow around a projectile is described by the 3D Navier-
Stokes conservation equations as follows:
The conservation of the mass:
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ot Ox
The conservation of the momentum:
) Olpuu, or..
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The conservation of the energy:
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where p is the air density, u; is the i-th component of the velocity vector,
x; is the i-th component of the position vector, p is the air pressure, e is
the specific internal energy, and h is the specific enthalpy, g, is the j-th
component of the heat flux vector, and o is the stress tensor.

The Navier-Stokes equations are resolved using the RANS method
coupled with one of the following turbulence models.

Spalart-Allmaras model

The one-equation Spalart-Allmaras turbulence model was originally
presented in 1992 and has been widely used in aerospace and defence
industry (Spalart & Allmaras, 1992). Its transport equation is as follows:

%(p‘;) + %(pﬁui) -

. 2\ (4)
:Gv"'i i{(ﬂt"'p‘;)ﬁ}"'cbzp(aa_v] —Y, +S;
X

o, | Ox; Ox; ;

where v is the eddy viscosity, 4, is the turbulent viscosity coefficient, C,,
is a constant, G, is the production term, Y is the destruction term, and
S, is the user-defined source term.

The turbulent viscosity coefficient y, is determined as follows:
3

~ v
/ut:pvjrvl’ .fvl: 3Z 3 X=""> (5)
y4 +C“1 1%

The production term G, is given by:
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1+ xf,

where C,, and Kk are constants, d is the distance from the wall, f,, and

- v
GVZCprSV,S:S'FWf;Z,f;z: - (6)

/., are damping functions, and S is a scalar measure of the deformation
tensor and is determined as follows:

ou, Ou,
S =,/2Q, 2 Q, = (ax ax’} (7)
J

The destruction term is calculated as follows:

~\2 6 V6
Y, = Clpfw() 1, = g[”cﬁj ®)
g+C

whereg=r+C _(r®=r), rzé,and 9
g wZ( ) $i2d? ©)
C,. C,, and C , are constants. The values of the model constants were

wl?

prowded by Spalart and Allmaras (Spalart & Allmaras, 1992).

Standard k- model

The k-¢ turbulence model was proposed by Launder & Spalding
(1974). It enables to take into account turbulent eddy viscosity using kinetic
energy k and dissipation rate €. These parameters are defined by:

8(pk)+u8(pk)+va(pk)+wa(pk) _0 y+i ok N
ot ox oy 0z ox ox (10)

Ok
_9 ,u+i ok +i y+ﬂt ok + P, — pe,
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ope) _ ape) | alpe) | Ape) O { VAL

+
ot ox oy 0z ox o, ) Ox

2 (11)
:i y+i o +i ,u+’u o + B.C,, pngg—
oy o, )0y | oz oy & “k k

where the function Py is defined as:
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where k is the kinetic energy, ¢ is the dissipation rate, Ej; represents the
component of the rate of deformation, and p; represents the eddy viscosity.
Cy., C2, 0k and o. are constant numbers: Cs.= 1.44, Co.= 1.92, 0x =1.00
and o.= 1.30.
The turbulent viscosity coefficient y; is calculated using the equation

below:

2 (13)

:‘ut = pC[u o

&

where the parameter C, is a constant number, C, = 0.0845.

Realizable k-€ model

The Realizable k-¢ is a modification to the Standard k-¢ turbulence
model to enhance its performance. It was first presented by Shih et al.
(1994). The transport equations for k and ¢ of this model are given as
follows:

0 0
—(pk)+—|pku )=
o PF) axj(p )
(14)
0 ok
=8—K,u+ija—}er+Gh—pg—YM+Sk
x; o, )Ox;
0 0
—(pe)+—Ipeu,)=
o P°) axj(p “)
5 5 , (15)
y7; & & &
=—I|| u+—+|—|+pCSe-pC,—=—+C,,—C, .G, + S
8xj{('u O'gjﬁj} pl p 2k+ vE 1gk 3¢b &
where Clzmax{0.43,is}, n=S£, §=,/28,S,:G, is the turbulence
n+ &

kinetic energy due to the mean velocity gradients; G, is the turbulence
kinetic energy due to the buoyancy; Y,, is the contribution of the fluctuating
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dilatation on compressible turbulence to the overall dissipation rate; S,

and S, are the user-defined source terms; and C,, C,
constants of the model (Shih et al, 1994).

Standard k-w model

The Standard k-w model is a two-equation turbulence model
developed by Wilcox and first introduced in 1998 (Wilcox, 1998). It is based
on the turbulent kinetic energy k and the specific dissipation rate w. The
transport equations for k and w are as follows:

and C;, are

&

0 0 0 Ok
—(pk)+—(pku,)=—| T, — |+ G, =Y, +S 16
8t(p )+8x,.('0 ”I) axj( kaxj}"' L T (16)
0 0 0 ow
9 9 pou)=-T 221G v +5 17
Lo Lpon) - r. 2 e r s,

where G, is the turbulence kinetic energy due to the mean velocity

gradients; G, is the generation of w; I', and I'  are respectively the
effective diffusivity of k and w; Y, and Y,, are respectively the dissipations
of k and w due to the turbulence; and §, and S, are the user-defined
source terms.

I', and I' | are defined as follows:

To=p+te r =ps e (18)
o, o

«

where o, and o, are respectively the turbulent Prandtl numbers for k and

w, and the turbulent viscosity is determined through the following
expression:

« pk
w=a = (19)
0]
The turbulence kinetic energy G, is calculated as:
—— Ou,
G, =—puu, — (20)
T ox

The quantity G, is defined as:
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Gw:a%Gk 1)

where a and a* are the closure coefficients of the model (Wilcox, 1998).
The dissipations Y, and Y,, are determined as follows:

Yo =pB [ ko, Y, =pB f o (22)
The values of the model constants are: 0,1=1.176, 0w,1= 2.0, Ok,2
=1.0, 0w,2=1.168, fi1=0.075, $i2=0.0828, B*=0.09, k = 0.41.

Shear Stress Transport (SST) k-w model

The SST k-w turbulence model was introduced by Menter (1994). It
is a two-equation eddy-viscosity model which has been used for a wide
variety of aerodynamic applications. This turbulence model blends the k-¢
and the k-w models to combine their advantages. The two transport
equations are defined as follows:

0 0 0 ok

—(pk)+—(pku,)=—| T, — |+ G, =Y +S 23
0 0 0 ow
< 2 (pou)=-21 %+G ~-v,+D, +S 24
at(pa))_'_axl (pa)ul) axj( [ 8ij+ w w+ a)+ 2] ( )

Here D, is the the cross-diffusion term.
The turbulent viscosity coefficient u; is computed as follows:

pka,

My = (25)

- max [0, SF, |

where a; is a constant of the turbulence model, S is the strain rate
magnitude, and F2 is a blending function.
In the SST k-w model, the turbulent Prandtl numbers ox and o, are
defined as:
B 1 B 1 (26)
TR _1-F %R 1-FR
+—7L +—7L

Oir1 O o

w1

O-w,Z

where F; is a blending function and o,,, o,,, 0

ol?
constants.
The parameters G, and G, are defined as:

and o, ,are
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G, = min(G,.10pf ko), G, =G, 27)
U[

where ﬂ* is a constant the value of which is 0.09, v, =k / .

The cross-diffusion term D, is determined as follows:
D, =2(1-F,)po,,~ 252 (28)
“w éxj 8xj
The values of the constants in the SST k-w model are as the same
as of the constants in the Standard k-w model.

Projectile geometry

The 7.62mm M118 sniper projectile has been widely used and its
aerodynamics has been studied experimentally (McCoy, 1988). Therefore,
this projectile will be used for the evaluation of the turbulence models. The
M118 projectile configuration reproduced from published work (McCoy,
1988) is presented in Figure 1 (all measurements are in mm). The total
length of the bullet is 32.76mm. The bullet bearing cylinder diameter is
7.82mm. The bullet secant ogive nose is 16.89mm in length with a 55mm
radius. Additionally, the 9.30-degree filleted boattail is 5.78mm of length
and the meplat diameter is 1.40mm. The projectile 3D model created using
Inventor 2021 software (Figure 2) is imported into Ansys Fluent for the
subsequent numerical simulation.

18.76 N
) \_\\

= Ay -1

sl -l ] - %

— 3

_’-""J_Fd—x- ;;;
7
16.89 578

32.76

Figure 1 — M118 projectile dimensions (in mm)
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Figure 2 — 3D geometry model of the M118 projectile

Computational approach

Computational domain

The numerical simulation of the flow around the projectile was
performed using the Ansys Fluent package (Matsson, 2023). A
rectangular computational domain is adopted in this research as
illustrated in Figure 3. The computational domain has to be large
enough to capture the complex features of the flow around the
projectile. Hence, in this study, the dimensions of the computational
domain are set to a length of 50L, a height of 10L, and a width of 10L.
Here L is the total length of the projectile (L = 32.76mm).

Solver setup and boundary conditions

The simulation employed the pressure-based solver and the finite
volume method with the second order of accuracy for pressure, density,
momentum, and turbulent kinetic energy. The Coupled algorithm was
adopted in this study. The air is considered the ideal gas. The air
viscosity model is the three component Sutherland model. The
computational domain was set with the following boundary conditions:
inlet, outlet, and wall. For the inlet flow, static pressure, static
temperature and velocity were defined. The static pressure was set for
the outlet flow. The wall was established as non-slip. The atmosphere
parameters were set as follows: pp= 101325Pa and T, = 288,16K. The
convergence criterion was set to 103 to the residuals of the solution.
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Figure 3 — Computational domain

Results and discussion

The numerical determination of the aerodynamic drag coefficient of
the M118 projectile was performed at subsonic and supersonic speeds
using five different turbulence models, namely, the Spalart-Allmaras, the
Standard k-g, the Realizable k-g¢, the Standard k-w and the SST k-w
turbulence models to investigate their ability to describe the flows around
a generic spin-stabilized projectile.

Comparative performance of the turbulence models at
subsonic flow

To evaluate the performance of different turbulence models at the
subsonic flow, the aerodynamic zero-yaw drag coefficient was computed
at the Mach number of 0.8 using the five abovementioned turbulence
models. First, a mesh independence study was conducted to ensure that
the simulation result is not affected by the mesh size. In the process of
mesh generation, the dimensionless distance y+ was set below 1 for the
Spalart-Allmaras, the Standard k-w, and the SST k-w turbulence models
to better resolve the turbulent boudary layer. In the case of the Standard
k-¢ and the Realizable k-¢ models, the y+ value was maintained at around
30 for better wall treatment with wall functions. The mesh size was then
gradually increased by adjusting the size of elements on the projectile
surface and in the computation domain to get better resolution. The
computation results of the zero-yaw aerodynamic drag coefficient (Cy) of
the M118 projectile for different turbulence models and mesh sizes are
presented in Table 1.

125

Nguyen, Q. T., A comparative study of turbulence models for predicting the aerodynamic drag of a spin-stabilized projectile, pp.115-135



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

Table 1 — Computational drag coefficients obtained with different turbulence models
and mesh sizes at Mach 0.8

Turbulence models Mesh size C
(Million elements) d
0.326 0.168
2.514 0.131
Spalart-Allmaras
3.653 0.128
5.273 0.128
0.326 0.175
2.514 0.127
Standard k-w
3.653 0.113
5.273 0.113
0.326 0.158
2.514 0.119
SST k-w
3.653 0.114
5.273 0.114
0.309 0.167
2.392 0.125
Standard k-¢
3.266 0.118
4.886 0.118
0.309 0.163
2.392 0.116
Realizable k-¢
3.266 0.110
4.886 0.110

It can be seen from Table 1 that for the Spalart-Alimaras, the Standard
k-w and the SST k-w turbulence models, from the mesh size of 3.653
million elements, the drag coefficients remain unchanged with the
subsequent increase of the mesh size. Meanwhile, for the Standard k-¢
and the Realizable k-¢ models, from the mesh size of 3.266 million
elements, the drag coefficients also remain unchanged with the
subsequent increase of the mesh size. Consequently, the drag coefficients
with the mesh sizes of 3.653 and 3.266 million elements can be taken as
computational drag coefficients for the respective investigated turbulence
models. The drag coefficient of the M118 projectile obtained
experimentally is 0.132 (McCoy, 1988). The comparison of the drag
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coefficients obtained computationally against the experimental data is
presented in Table 2.

Table 2 — Comparison of the computational drag coefficients with different turbulence
models against the experimental data at Mach 0.8

Computational Experimental .
Turbulence models Difference
Cd Cd

Spalart-Allmaras 0.128 3.0%
Standard k-w 0.113 14.4%
SST k-w 0.114 0.132 13.6%
Standard k-€ 0.118 10.6%
Realizable k-¢ 0.110 16.6%

Obviously, the drag coefficient obtained with the Spalart-Allmaras
model is the closest to the experimental value (the discrepancy is only
3.0%), while the differences between the drag coefficients obtained with
four remaining turbulence models and the experimental value are greater
than 10%. Additionally, the Realizable k-¢ has shown the lowest prediction
of the drag coefficient. The Standard k-w and the SST k-w turbulence
models have given similar values of aerodynamic drag coefficients. Except
the Spalart-Allmaras model, the remaining models have a significantly
underpredicted aerodynamic drag coefficient. Overall, it can be concluded
that the Spalart-Allmaras is the most adequate turbulence model to predict
the aerodynamic drag of a spin-stabilized projectile at subsonic speed.

Comparative performance of the turbulence models at
supersonic flow

In this section, the aerodynamic zero-yaw drag coefficient of the M118
projectile was obtained using CFD simulation at the Mach number of 1.8
with five turbulence models of interest and compared against experimental
data to assess the capability of each turbulence model at the supersonic
flow regime. The research strategy used previously for the subsonic flow
is also adopted for the supersonic flow here. In the end, the simulation
results of the aerodynamic drag coefficients with different turbulence
models and mesh sizes are presented in Table 3.

Clearly, the mesh independence study has indicated that from the
mesh sizes of 3.653 million elements for the Spalart-Allmaras, the
Standard k-w and the SST k-w models and of 3.344 million elements for
the Standard k-€ and the Realizable k-&¢ models, the subsequent additional
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mesh refinements will not change the simulation results. Therefore, the
aerodynamic drag coefficients obtained with these mesh sizes can be
accepted as the computational drag coefficients for the respective
turbulence models.

Table 3 — Computational drag coefficients obtained with different turbulence models
and mesh sizes at Mach 1.8

Turbulence models Mesh size C
urbu
(Million elements) d
0.326 0.389
2.522 0.377
Spalart-Allmaras
3.653 0.374
5.273 0.374
0.326 0.370
2.522 0.345
Standard k-w
3.653 0.328
5.273 0.328
0.326 0.369
2.522 0.351
SST k-w
3.653 0.348
5.273 0.348
0.311 0.382
2.436 0.352
Standard k-¢
3.344 0.348
4,963 0.348
0.311 0.380
2.436 0.338
Realizable k-¢
3.344 0.335
4.963 0.335

To assess the performance of the turbulence models, the
computational aerodynamic drag coefficients are compared to the
experimental data (McCoy, 1988) as presented in Table 4.

It is evident that the drag coefficients obtained using the SST k-w, the
Standard k-¢ and the Realizable k-¢ models are the closest to the
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experimental value with the discrepancies of 2.0%, 2.0% and 1.8%,
respectively. The Spalart-Allmaras model has significantly overpredicted
the aerodynamic drag with the discrepancy of nearly 10%, meanwhile the
Standard k-w has slightly underpredicted the aerodynamic drag with the
discrepancy of 3.8%. Therefore, these observations lead to the conclusion
that it is appropriate to apply the SST k-w, the Standard k-¢ or the
Realizable k-¢ turbulence model in predicting the aerodynamic drag of a
spin-stabilized projectile flying at supersonic speed.

Table 4 — Comparison of the computational drag coefficients with different turbulence
models against the experimental data at Mach 1.8

Turbulence models Computational Experimental Difference
Cd Cd
Spalart-Allmaras 0.374 9.7%
Standard k-w 0.328 3.8%
SST k-w 0.348 0.341 2.0%
Standard k-¢ 0.348 2.0%
Realizable k-¢ 0.335 1.8%

Conclusion

In this study, the comparative performance of five distinct turbulence
models in predicting the aerodynamic drag coefficient of the M118
projectile at subsonic and supersonic flows was numerically investigated.
In summary, the following conclusions can be drawn from the study:

Firstly, CFD is a powerful numerical tool to study the flow around
projectiles as well as to predict their aerodynamic characteristics. The
obtained simulation results have shown a good agreement with the
experimental data measured from spark range firings.

Secondly, the turbulence models perform differently at different flow
regimes. In general, the Spalart-Allmaras is the most suitable turbulence
model for the subsonic flow, meanwhile the Standard k-g, the Realizable
k-¢ and the SST k-w turbulence models are recommended for the
supersonic flow regime.

The findings in this study provide necessary guidance for the selection
of an appropriate turbulence model to predict and analyze the
aerodynamic characteristics of a spin-stabilized projectile. The
comparative result obtained in the present research is a significant
contribution to the field of computational aerodynamics for better
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understanding the capability of the available turbulence models in the
RANS approach.

Future work

Although the presented study has shed light on some questions
regarding the performance of five most widely used turbulence models on
the aerodynamic drag coefficient prediction, further work needs to be done
to establish whether each of the turbulence models is suitable for
predicting dynamic aerodynamic coefficients, such as roll-damping
moment coefficient, pitch-damping moment coefficient, Magnus force and
moment coefficients of a spin-stabilized projectile. Therefore, further
analysis of dynamic aerodynamic coefficients would be recommended for
a deeper understanding of the ability of the existing turbulence models.
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Un estudio comparativo de modelos de turbulencia para predecir la
resistencia aerodinamica de un proyectil estabilizado por giro

Quang Tuan Nguyen

Universidad Técnica Le Quy Don, Facultad de Equipos Especiales,
Hanai, Republica Socialista de Vietnam

CAMPO: inger]ierl'a mecanica, dinamica de fluidos, balistica exterior
TIPO DE ARTICULO: articulo cientifico original

Resumen:

Introduccidén/objetivo: En esta investigacion, se analizé la influencia de
diferentes modelos de turbulencia en la predicciéon de la resistencia
aerodinamica de un proyectil genérico estabilizado por giro. Los modelos
de turbulencia elegidos para la investigacion fueron Spalart-Allmaras de
una ecuacion, los modelos de dos ecuaciones Standard k-¢, Realizable k-
&, Standard k-w y SST k-w. El proyectil especial de francotirador M118 se
selecciond para el estudio.

Métodos: Los flujos alrededor del proyectil se simularon numéricamente
utilizando ecuaciones RANS integradas en el software ANSYS Fluent con
diferentes modelos de turbulencia. La simulacién numérica se llevé a cabo
a varios numeros de Mach para estudiar el efecto de los modelos de
turbulencia en la prediccion de la resistencia aerodinamica del proyectil.
Los resultados computacionales se compararon con los datos
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experimentales disponibles para evaluar la capacidad de los modelos de
turbulencia.

Resultados: Los resultados de la investigacion han demostrado que los
modelos de turbulencia afectan significativamente los resultados de la
simulacién numérica. ElI modelo de turbulencia de Spalart-Allmaras
funciona mejor que otros modelos en el régimen de flujo subsoénico. Los
modelos Standard k-¢, Realizable k-€ y SST k-w funcionan mejor que otros
modelos en el régimen de flujo supersonico.

Conclusién: La dinamica computacional de fluidos es una herramienta
poderosa para analizar la aerodinamica de cuerpos voladores. Al
seleccionar adecuadamente los modelos de turbulencia, se puede
investigar con precision el flujo alrededor de los cuerpos voladores. En el
caso de proyectiles genéricos de ojiva-cilindro-cola de barco, por un lado,
el modelo de Spalart-Allmaras es adecuado para el flujo subsoénico, y por
otro lado, se recomiendan los modelos Standard k-¢, Realizable k- y SST
k-w para el régimen de vuelo supersoénico.

Palabras claves: modelos de turbulencia, Ansys Fluent, proyectiles
estabilizados por giro, flujo subsénico, régimen de vuelo supersénico.

CpaBHMTeanoe uccrnegosaHne  mMoaenen Typ6y1'IeHTHOCTVI anda
NPOrHO3npoBaHnA aspogunHaMU4eCKoro CconpoTumeIiieHNA CHapaga
CTa6VIJ'II/I3I/IpyeMOFO BpaLlleHnem

KyaHe TyaH HryeH

[ocypapcTBeHHbIN TexHUYeckuit yHusepcuteT uMm. Jle Ky [loHa,
hakynbTeT cneumnanbHOro MalMHOCTPOEHHS,
r. XaHon, Counanuctnyeckasi Pecnybnuvka BeeTHam

PYBPUKA 'PHTW: 30.17.33 Na3oBas AnHamuka,
30.17.53 MNMpuknagHas aspoguHammka
B[O CTATbW: opurmHanbHasa HayyYHas ctaTbsl

Peswome:

BeedeHue/uenb: B daHHOU cmambe uccriedo8aHo 8rusiHUe passuyHbIX
modernel mypbyneHmHocmu Ha MpO2HOo3Upo8aHuUEe
aspoduUHaMU4YecKoz20 cornpomusesieHuss cHapsida, cmabunuaupyemoao
gpaujeHuem 80Kpye npodosibHoU ocu. [ns nposedeHus uccriedogaHusi
6binu  8blbparbl  criedyrouwue modenu mypbyneHmHocmu: mModersib
Cnanapma-Annmapaca ¢ 00HUM ypasHeHuemMm, modesnb Standard k- ¢
dsymsi ypasHeHusimu, Realizable k-¢, Standard k-w u SST k-w. B
Kkadecmee cHapsida bbi1 8bibpaH crieyuarnbHbIl cHalinepcKul nampoH
M118.

Memodei: lMomoku 80OKpye2 cHapsidos bbiu YUCIIEHHO
npoaHanu3uposaHbl €  uUcrosib3ogaHueM  ypasHeHuli  RANS,
UHMeepuposaHHbIX 8 rnpozpammHoe obecrnieyeHue ANSYS Fluent ¢
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pasnuyYyHbIMU modensamu mypb6yneHmHocmu. YucrneHHoe
modenuposaHue bbirio npogedeHO npu pasuyHbix 4qucnax Maxa ¢
uenblo  u3yyeHus  enusiHuUs  modenel  mypbyneHmHocmu  Ha
npoeHo3uposaHUe aspoOUHaMUYECKO20 COornpomueneHuss cHapsoos.
Ana nposepku modenupogaHusi pes3ynbmambl 6bl4UC/IeHul bbiiu
CpasHeHbI C UMEOUUMUCS 3KCepuMeHmarsbHbIMU OaHHbIMU.

Pe3ynbmamei: Pe3ynbmamsi uccnedoeaHull nokasasnu, 4mo modesu
mypbyneHmHocmu  OKasblealom  CyU,eCMEEHHOEe  8/lUsSHUe  Ha
pesynbmama! YucreHHo20 MOOesnupoBaHUs. Modenb
mypbyneHmHocmu Cnanapma-Annmapaca pabomaem sydwe Opyaux
modenel ripu 0038yKosoM pexxume medeHus. Modenu Realizable k- u
SST k-w rokasanu nyqwue pe3ynbmambl rpu C8epX38YKOBOM peXXUMe
me4yeHus.

Bbi800kbI: BbiqucniumernbHas eudpoduHamuka sensemcsi
ahpekmusHbIM  UHCMpPYMeHmoM O aHanu3za as3poOuHaMUKU
nemsawux men. [lymem coomeemcmsyrouwezo ebibopa modenel
mypbyneHmHocmu Ha pa3HbIX CKOPOCMSX MOXHO C MOYHOCMbIO
ucnbimame MOMOK 80Kpye nemsawux mesn. C odHoU cmopoHbl, Ons
Clly4aes8 murosbix CHapsi008, Makux Kak 0XueasibHO-YUMUHOPUYeCKO-
KoHu4veckul (boat tail), modens Cnanapma-Annmapaca nodxodum Ons
0038yK08020 pexxuma medyeHusi. C Opyeol cmopoHbl, Modenu Standard
k-w, Realizable k-¢ u SST k-w pekomeHOytomcs O c8epx38yKO8020
pexuma meyeHus.

Knwouesbie cnoea: modenu mypbyneHmHocmu, Ansys Fluent,

cmaburnu3upyembie 8pauweHueMm CcHapsiObli, 0038yKO8OU  MOMOK,
c8epx38yK080U pexxum rnosema.

KomnapatuBHa cTyavja mogena TypbyneHuuje 3a npegsuhare
aepoanHaMuUYKor 0Trnopa KoA npojekTuna ctabunm3oBaHor potaunjom
OKO y3ayXHe oce

KeaH TyaH HyweH

[p>XaBHU TeXHWYKN yHUBEP3nTET ,Jle Kyn [JoH”,
dakynTeT cneuujanHor MalVHCTBA,
XaHoj, Coumnjanuctnyka Penybnuka BujeTHam

OBJIACT: mMalmHCcTBO, AMHaMKKa drynaa, cnorbHa banuctuka
KATETOPWJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: Y 080M ucmpaxkusarby aHanusupaH je ymuuaj pasnudumux
molena mypbyneHyuje Ha npedsufarbe aepoduHamuykoe omriopa
2eHepuyKoe npojekmurna cmabunu3oeaHoa pomayujom oKo y30yXHe oce.
Modenu mypbyneHuuje Koju cy odabpaHu 3a ucmpaxusare bunu cy
Spalart-Allmaras-oe modern ca jeOHoM jeOHa4yuHoOM, Kao u Modesnu ca dge
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jedHauuHe: Standard k-€, Realizable k-¢, Standard k-w u SST k-w. 3a
cmydujy je odabpaH crieyujanHu cHajriepcku memak M118.

Memode: YpaheHa je Hymepudka cumynayuja cmpyjarka oOKo rnpojekmurna
nomohy RANS jeGHa4uHa uHmezpucaHux y cogpmeepy ANSYS Fluent ca
pasnuyumum Modenuma mypbyneHuuje. Hymepudka cumynauuja je
ussedeHa 3a pasnudume 6pojese Maxa padu npoydyasara ymuuaja
molena mypbyneHyuje Ha npedsuhare aepoduHamuykoe omropa
npojekmuna. Pe3ynmamu rnpopadyHa yriopefieHu cy ca OocmyrnHUM
ekcriepuMeHmarnHumM rnodauuma padu rnpoueHe moderna mypbyrneHyuje.

Pesynmamu: [lokaszaHo je 0a modenu mypbyrneHuuje umajy 3HadajaH
ymuuaj Ha pe3ynmame Hymepudke cumynauuje. Spalart-Allmaras-os
molen mypbyrneHuuje roka3ao ce 6orbu 00 Opyaux mModena y pexumy
rnodseyyHoe cmpyjawa, 0ok cy Mmoldenu Realizable k-€ u SST K-w
egbukacHujuod dpyaux modena y pexumy CyrnepCoHUYHO:2 cmpyjarba.

Sakrbyyak: PadyyHapcka OuHamuka cbriyuda je mohaH anam 3a aHanusy
aepoduHamuke merna y siemy. Cmpyjarbe OKO merna y Jiemy Moxe ce
npeyusHo ucrnumamu nomohy odzosapajyhez usbopa Mmodena
mypbyneHyuje. Kod murosa aeHepuyKkux rpojekmurna, ca OXueaslHO-
UUNMUHOPUYHUM U OefTUMUYHO KOHYCHUM 3adHum Oeriom (boat tail), moden
Spalart-Allmaras je nozo0aH 3a 0d38y4YHU PEXUM cmpyjarsa, OOK Cy, C
Opyae cmpaHe, modenu Standard k-w, Realizable k- u SST K-w no2odHuju
3a pexxum Hadsgy4yHoe cmpyjarba.

KmbyuHe peyu: modenu mypbyneHuyuje, Ansys Fluent, npojekmurnu
cmabunusogaHu pomauyujom oko y30yxHe oce, Nod3syyHO cmpyjare,
pexum Had3gyyHoe fiema.
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Abstract:

Introduction/purpose: This study investigates the influence of contour
numbers surrounding the crack tip on stress intensity factors (SIFs) using
the Propagation Finite Element Method Crack Tip Stress Intensity Factor
(PFEMCT-SIF) approach. It also compares the maximum circumferential
stress criterion (MCSC) and the Richard criterion for crack propagation
prediction.

Methods: A finite element code written in Visual Fortran was developed to
model crack tips with 3, 5, 10, 15 and 20 contours using 4-node quadratic
CPE4 elements. Abaqus software was utilized to calculate SIFs and crack
orientation angles. Horizontal and inclined cracks were analyzed in a steel
plate under tensile loading. The results were validated against analytical
solutions and previous numerical studies.

Results: The 10-contour model showed the best agreement with analytical
SIF values. Increasing contour numbers improved SIF accuracy for
horizontal cracks, but excessive refinement led to divergence for inclined
cracks. The MCSC and the Richard criterion produced comparable crack
trajectories, with the MCSC demonstrating slightly higher precision.
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Conclusions: The PFEMCT-SIF method effectively evaluates SIFs and
predicts crack propagation paths. A 10-contour crack tip model balances
accuracy and computational efficiency. The study highlights the importance
of optimizing crack tip mesh refinement in fracture mechanics simulations.

Key words: crack tip, crack propagation, SFEMCT-SIF method, MCSC
and Richard criterion, contours.

Introduction

In fracture mechanics, crack propagation modeling by different
numerical methods plays a beneficial role in solving various problems.

It is significantly used in fracture mechanics, structures calculation,
materials fatigue and damage, etc. It also makes it possible to treat certain
thermal, energetic and electromagnetic fatigue problems. Precise
prediction of the fatigue life of components or structures creates a great
interest in modeling and mechanical engineering applications. In this
regard, there is now an increasing need to be able to accurately simulate
initial cracks in structures. To solve various problems in fracture
mechanics, application of numerical methods proves to be useful.
Therefore, numerical methods have been widely developed in recent
years, and remain among the most used methods and offer solutions for a
very large number of applications.

Alshoaibi (2015) characterized the singularity and the stress intensity
factors around the crack tip; he also used the motion extrapolation method
to simulate crack propagation in 2D by the finite element method of a linear
elastic plate.

Rao & Rahman (2000) used the EFGM method to eliminate the
Lagrange multipliers drawbacks, typically used in the Galerkin
formulations without elements. Boulenouar et al. (2014) used the
displacement extrapolation technique to obtain the SIF at the crack front.
Zaleha et al. (2007) evaluated the displacement extrapolation technique
(DET) for the prediction of stress intensity factors. Cho (2015) evaluated
the Petrov-Galerkin natural elements method (PG-NE), and proposed
mixed modes to calculate the stress intensity factors of a two-dimensional
inclined crack. (Boulenouar et al, 2016b) presented a study based on
numerical examples demonstrating the efficiency, the robustness and the
precision of the calculation algorithm allowing to predict the crack
propagation path. Yaylaci (2016) proposed a comparative study between
the finite element method (FEM) and the analytical method of a composite
material with planar layers containing a perpendicular internal crack.
However, Hamdi et al. (2007) used the strain energy density criterion on
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filled rubber materials to predict the initial orientation of a central crack in
the case of large strains. Thus, this criterion was validated in the two cases
of fragile and ductile materials: fragile materials by Theocaris (1984),
Boulenouar et al. (2013, 2016a), Ayatollahi & Sedighiani (2012), Pegorin
et al. (2012), Choi et al. (2006) and ductile materials (Komori, 2005; Chow
& Jilin, 1985; Carpinteri, 1984).

Another study proposed by Boulenouar & Bendida (2019) is based on
the implementation of the displacement correlation technique (DCT) and
the maximum circumferential stress (MCS) theory in a finite element code
by the use of the Ansys Parametric Design Language (APDL).

A comparative study between the finite element method (FEM) and
the analytical method was proposed by Yaylaci (2016) to solve a plane
problem of a laminated composite material containing an internal
perpendicular crack using Ansys software in elements finished for 2D
analysis. On the other hand, a crack propagation study was presented by
Bentahar & Benzaama (2023) and Bentahar et al. (2024) to evaluate the
stress intensity factor by the FEM method.

For a precise estimation of stress intensity factors in mode |, 1l and
the mixed mode, Saijith et al. (2018) proposed a simple and effective
technique based on finite elements which uses nodal displacements of
crack faces for a precise estimation of the stress intensity factors in mode
I, Il and in the mixed mode.

Malekan et al. (2018) presented a work based on the XFEM method
to model nucleation and crack propagation in structures made of linear or
non-linear materials. In addition, different energies were evaluated by
Bentahar et al. (2021a) and by Bentahar (2023a, 2023b) using the XFEM
method.

To obtain the stress intensity factors at the crack front, Benamara et
al. (2017) proposed a study for homogeneous materials based on the
displacement extrapolation technique (DET).

Using a Fortran program, Alshoaibi (2018) presented a numerical
simulation-based study of crack growth, using the extrapolation technique
of displacement to obtain singular stresses in the crack front and the
values of the stress intensity factors. In addition, this method is used to
find out the crack direction by the maximum circumferential stress criterion.

The aim of this study is to model the effect of the number of contours
at the crack tip on the stress intensity factor by the (SFEMCT-SIF) method
using the maximum circumferential stress criterion (MCSC) and the
Richard criterion for 3, 5, 10, 15, and 20 contours around the crack tip
region. In addition, this work uses Fortran to program correctly and control
evenly the number of contours around the crack tip.
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Law of fatigue crack propagation in 2D

To estimate the growth rate of fatigue cracks, Paris & Erdogan (1963)
used the most common model, that of a crack stressed in pure mode |,
with an applied load; the direction in this case is compatible.

It propagates depending on the material parameter and the
environment. The value AKseuil lower than the amplitude of the stress
intensity factor for a loading cycle AK| =Kimax = Kimin. (Figure 1) shows the
three propagation regimes.

Log (dA/dN)
'

Region I

Region ITI

(
I
|
f
I
I
Region I1 :
L
!
[

Log AK

AKeuit Ky

Figure 1 — Explanatory diagram of the three crack propagation regions in case of mode |

* In region |, the cracking rates in this regime are very low.

We observe the coalescence of microcracks and the formation of one
or more macrocracks; for this, the value of AK is greater than AKsedi.

* In region Il, the cracking rate is linear. In this regime on the log — log
diagram, the Paris law, defined by equation (1), establishes a linear
relationship between log(da) and log(AK) — this is a so-called stable
propagation regime

(1)
4o _ C(4aK)"

N

where AK is the variation of the stress intensity factor during a cycle that
induces an advance da of the crack, and C and m are two parameters of
the material defining respectively the position and the slope of the Paris
line.

139

Bentahar, M. et al, Numerical optimization by the PFEMCT -SIF method of the crack propagation of a linear elastic material, pp.136-161



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

* In region lll, there is a so-called unstable propagation regime. It is
characterized by a strong acceleration of the crack and AK tends towards
the toughness of the material Kic which is experimentally observed during
the rupture of the part.

The propagation speed is here higher than that expected in the Paris
regime (region Il).

Crack propagation criteria

In order to simulate crack propagation under the linear elastic
condition, the crack path direction must be determined. There are several
methods used to predict the direction of the crack trajectory such as the
maximum normal stress theory (or the maximum circumferential stress
theory (Erdogan & Sih, 1963) and the minimum strain energy density
theory criteria (Sih, 1974).

Maximum circumferential stress criterion (MCSC)

The maximum circumferential stress criterion (MCSC) is a criterion
that requires the calculation of the stress intensity factors K, and K to
determine this bending angle, on the one hand, and, on the other hand, it
indicates that the crack always propagates in the direction of the maximum
006. This is because the direction of crack growth is directly determined
by the local stress field along a small circle of the radius r centered at the
crack tip:

tans = |25 (K’)2+8 (2)
M7 2k, T \k,

where K, and Ky are, respectively, the stress intensity factors
corresponding to mode | and Il loading.

Criterion of Richard 2D

This criterion was developed empirically by Richard (1985) and
Rossmanith (1984). Here, the comparative stress intensity factor Kv is
defined by equation (3):

_ KI 1 2 2 _
KV — ? + E KI + 5366KH - I(IC (3)
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KV is based on the stress intensity factors K, and Ky, and the fracture
toughness Kic is related to Ky and crack growth is discontinuous when Ky
is greater than Kic. This criterion provides an excellent approximation of
the fracture limit surface of the maximum tangential stress criterion of
Erdogan & Sih (1963). The crack pucker angle 6 can be determined by
equation (4):

2
o K . K
0=TF|(140 __IKul 70 (—I ul ) (4)

K|+ Kyl K| + K]

when the bending angle is 8< 0, K;; > 0, on the one hand, and, on the other
hand, K, always > 0.

Influence of the number of singularity area contours

Crack origin

The CT point is the crack front center and the starting point for
creating the other nodes by this method. The coordinates of this point are
given by equation (5):

X(CT) = a}
{Y(CT) =0 ®)

where

(a) is the crack length, and

(CT) is the crack tip designation.

Singularity zone

The singularity zone is found in the crack front zone (plasticization
zone) where the stresses gradients and deformations are the most
important; there, singular elements were used.

For the Abaqus simulation, the CPE4 type elements were chosen.
This element type is used for 2D models, quadrilateral with four nodes,
and it is well suited for simulation. Thus, singular elements are used
around the crack front. These singular types "quarter point" elements are
collapsed quadratic elements.

These elements are obtained by following different stages:

1. Move the knots from the side connecting the middle to the crack
front "quarter-point" (L/4) closer to the crack front, making from this mode
the singularity effect reproduction 1/+r.
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2. Collapse one of the sides (2D) or one of the faces (3D) belonging
to the crack front so that these nodes collapsed on this side or this face
will have the same coordinates. The reason for this transformation from a
quadrilateral or a quadrangular prism to a triangle or a triangular prism is
that the first only shows a singular behavior around the singular point of
the crack while the second reproduces singularity in its whole domain.

3. Restrict the coincident nodes on the collapsed side or face for a
joint movement, i.e., completely united, which allows the reproduction of
the singularity 1/r - an elastic-linear behavior characteristic.

u 0O K

Figure 2 — lllustration of a quadrilateral element reduced to obtain a triangular element,
(Bentahar et al, 2021b)

N

Figure 3 — Element types chosen for modeling.

Singularity zone outlines
From the point node (CT) of the crack point, the singular elements
created by equation (6):
L
x; = X(CT) — j¥cos((i - 1)9)
L (6)
y; = Y(CT) — jzsin(ie)
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i =1.16 (number of elements in each contour);
j =1, t (contour number); and
0 = 11/16 (angle division).

Figure 4 — Singularity zone with its contours and its elements - illustration.

Stress field in the crack front vicinity

Figure 4 illustrates the stress field near a crack point with the polar
coordinates (r, 8) in the crack tip (CT) by equation (7).
(7)

K
ol(r6)=—"LF(0)

Figure 4 — Stress field in the crack tip (CT) - properties
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The position of the stress field in the polar coordinates (r, 8) for an
isotropic linear elastic material at the crack tip is determined by equation

(8):
K, 0( 0. 30} (8)
= cos—| 1 —sin—sin—
2 2 2

2xr

XX

o= K, cosg(l+singsin£j
o 2 2 2

K, .
7. =—F——=SIN—COS—COS—
Y2 20 20 2

Tada et al. (2000) proposed a general equation to describe the stress
field in 2D in the crack front vicinity; the latter is defined by the stress
intensity factor K.

Stress intensity factor

The stress intensity factor K is the only important parameter that
allows to know the state of stress and deformation at any crack point,
Fiordalisi (2014). For the crack in the opening position, the relationship
between the distal stress perpendicular to the crack axis o and the stress
intensity factor K|, is given analytically by equation (9) proposed by Ewalds
& Wanhill (1984) and the correction factor (F) is given by equation (10):

K, = Fovan ©)

where F is the correction factor given by:

a a2 a3 a\?4 (10)
F=112-023 (W) +10.6 (W) —21.7 (W) +30.4 (W)
where the stress intensity factor K; is calculated by the relation:
K;sin6 + K;;(3cosf — 1) (11)

Numerical model and simulation

Horizontal crack propagation

The structure considered has a length B of 12 mm and a width W of
10 mm. The horizontal crack length a is 3.5 mm and the length of the front
Z is 1.5 mm. The parametric mesh consists of 478 square CPE4 type
elements with four nodes. The total number of degrees of freedom is equal
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to 1016. The Fortran program for creating the mesh that will be analyzed
by the Abaqus finite element code has been applied. The steel structure
with E = 210 GPa and v = 0.3 is subjected to a uniform tensile stress ¢ =
120 MPa. To study and characterize the stress field in the crack tip vicinity,
a several front contour numbers are proposed for the optimization of this
area and therefore, the stress intensity factor in the mixed mode is
calculated. The mesh including the numbers of 3, 5, 10, 15, and 20
contours is analyzed while keeping the same type of CPE4 elements at 4
nodes.
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Figure 5 — a) Geometry model with boundary conditions and the proposed structure
dimensions for a horizontal crack of the length a and b) PFEMCT-SIF model with different
numbers of contours for the singularity zone

Figures 6a, b, and cillustrate a very long horizontal crack with different
crack tip shapes used by Alshoaibi & Ariffin (2008), FRANC2D and the
PFEMCT-SIF method. On the other hand, numerically, Figure 7 shows the
three comparison methods presented by a) Phongthanapanich &
Dechaumphai (2004), b) Rao & Rahman (2000) and c¢) PFEMCT-SIF
method, in the case of a horizontal crack with an angle a = 0°and a = 3.5
mm. In addition, this study has different contours numbers (3, 5, 10, 15,
and 20 contours). Table 1 below presents the comparison between the
results obtained by the method (EFGM) proposed by Rao & Rahman
(2000) and the results obtained by the PFEMCT-SIF method.
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(@) ®) ©

Figure 6 — Crack tip model: a) Alshoaibi & Ariffin (2008), b) FRANC2D, and
¢) PFEMCT-SIF method

(@ () © @

Figure 7 — Crack propagation in the case of a = 0° a) 3 contours, b) 5 contours, c) 10
contours, d) 15 contours, and e) 20 contours, (f) Phongthanapanich & Dechaumphai (2004),
and (j) Rao & Rahamen (2000)

© ® 0

Table 1 — Comparison of the results obtained by the PFEMCT-SIF method and the
method proposed by Rao & Rahman (2000) concerning the stress intensity factors Ki and
K in the case of different numbers of contours (3, 5, 10, 15, and 20 contours).

PFEMCT-SIF method

(Rao &
Rahman,

3 contours 5 contours 10 contours 15 contours 20 contours 2000)

Ki K Ki Ki Ki Ki Ki Ki Ki Ki Ki Ki

30.32 | 4.099 | 30.73 | 4.128 | 31.05 | 4.151 | 30.32 | 4.099 | 30.73 | 4.128 | 31.05 | 4.151

32.66 | 4408 | 33.03 | 4.427 | 33.30 | 4.440 | 32.66 | 4.408 | 33.03 | 4.427 | 33.30 | 4.440

32.92 | 4453 | 33.31 | 4475 | 33.60 | 4492 | 32.92 | 4453 | 33.31 | 4475 | 33.60 | 4.492

32.62 | 4465 | 33.36 | 4.482 | 33.65 | 4499 | 32.62 | 4.465 | 33.36 | 4.482 | 33.65 | 4.499

32.78 | 4471 | 33.37 | 4.484 | 33.67 | 4.500 | 32.78 | 4.471 | 33.37 | 4.484 | 33.67 | 4.500

32.78 | 4471 | 33.37 | 4.484 | 33.67 | 4500 | 32.78 | 4.471 | 33.37 | 4.484 | 33.67 | 4.500
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Figure 8 — (a) Crack trajectory obtained by the three methods and (b) comparison
between the results obtained by the method proposed by Rao & Rahman (2000) and the
the PFEMCT-SIF for different numbers of contours.

Figure 8 shows the comparison of the crack propagation in mode I, of
the length a = 3.5mm between the three methods (EFGM) proposed by
Rao & Rahman (2000), Adaptive Delaunay triangulation proposed by
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Phongthanapanich & Dechaumphai (2004) and the PFEMCT-SIF method
presented for different numbers of contours (3, 5, 10, 15, and 20 contours).
In the case of a = 0°, the crack trajectory remains very comparable.

Figure 8b shows the evaluation of the SIF between the PFEMCT-SIF
method presented for different numbers of contours and the method
proposed by Rao & Rahman (2000); it can be noted that the comparison
between these results allows to conclude that the numerical model used
correctly describes the stress and strain field near the crack tip (CT) in the
conditions of pure mode |. The comparison was made in the cases of the
ratios a/w = 0.1, 0.2, 0.3, 0.4 and 0.5. It can be noted that the results
obtained are the best.

Inclined horizontal crack propagation
o

a

(a) (b)

Figure 9 — a) Inclined horizontal crack proposed model geometry of the length a and the
inclination angle a for five propagations, and b) inclined horizontal crack PFEMCT-SIF
model

Figure 10 illustrates the crack propagation trajectory concerning the
angle of crack a= -15.60° with 3, 5, 10, 15, and 20 contours, by the
PFEMCT-SIF method in the first propagation.

Figure 11 presents the crack trajectory comparison in modes | and Il
in the case of a = 6.8 mm between the three methods: the EFGM proposed
by Rao & Rahman (2000), the adaptive Delaunay triangulation method
proposed by Phongthanapanich and Dechaumphai (2004) and the
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PFEMCT-SIF method presented in this study for different numbers of
contours (3, 5, 10, 15, and 20 contours).

Figure 12 shows the comparison of the crack trajectory between the
study presented by Phongthanapanich & Dechaumphai (2004) and Rao &
Rahman (2000) and the PFEMCT-SIF method. First of all, the angle a
varies between 0° and 2.533° (Figure 9), i.e., the crack propagates
horizontally along the opening mode (modes | and Il), as shown in Figure
11.

| ]

Figure 10 — Crack propagation trajectory a =-15.60° a) 3 contours, b) 5 contours, c) 10
contours, d) 15 contours, and e) 20 contours, by the PFEMCT-SIF method in the first
propagation

(a) (b) (c) (d) (e

Figure 11 — Crack propagation trajectory by the PFEMCT-SIF method: a) 3 contours, b) 5
contours, c) 10 contours, d) 15 contours, and e) 20 contours, (f) Phongthanapanich &
Dechaumphai (2004) and (j) Rao & Rahman (2000)
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(—a— PFEMCT-SIF method
85 - \—e— Phongthanapanich and Dechaumphai [39]
|—&— (EFGM)Rao and Rahamen [2]

ES03 ®© @ e e e e
=
7.5 4
:
-"'-0 L L] L) | L L)
0 1 2 3 4 5 6 7
X[mm]

Figure 12 — Comparison of the results between the three methods: Rao & Rahman
(2000), Phongthanapanich & Dechaumphai (2004), and the PFEMCT-SIF method

The comparison in Figure 12 shows a good correlation between the
three methods, especially in mode | up to a slit length of (a= 3.5) mm. The
calculations of Y are based on equation (5). Moreover, the results of the
comparison between the analytical method and the PFEMCT-SIF method
are shown in Tables 2 and 3, respectively.

Table 2 — Comparison of the results obtained by the PFEMCT-SIF method and the
analytical method for the stress intensity factors K; for different numbers of contours (3, 5,
10, 15, and 20 contours)

Ki [MPa.(m)"?] Analytical
PFEMCT-SIF method method

3 5 10 15 20 Ki ale]
contours | contours | contours contours contours

32.92 33.03 33.60 33.66 33.75 33.4 -15.60
42.63 43.20 43.63 43.58 43.87 42.9 -0.8237
55.51 56.38 57.03 56.93 57.47 56.95 0.9473
75.88 77.31 78.41 78.16 79.25 75.68 1.691
112.2 114.9 115.3 116.4 118.9 114.51 2.533
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Table 3 — Comparison of the results obtained by the PFEMCT-SIF method and the
analytical method for the stress intensity factors Ki for different numbers of contours (3, 5,

10, 15, and 20 contours)

Kii [MPa.(m)"?] Analytical
PFEMCT-SIF method method
3contours | 5 10 15 20 K al°]

contours | contours contours contours
4.453 4.475 4.492 4.483 4.499 4.324 -15.60
0.2590 0.2419 0.2278 0.2359 0.2094 0.2404 -0.8237
-0.3796 -0.4120 -0.4385 -0.4267 -0.4807 -0.4006 0.9473
-1.017 -1.071 -1.113 -1.095 -1.187 -1.056 1.691
-1.975 -2.067 -2.000 -2.111 -2.283 -2.038 2.533

1204

100

K, [MPa.(m)"]

K [MPa.(m)?]

@®
(=]
I

(=)
(=]
I

.
(=]
I

20

—=— 3 contours

_|—*— 5 contours)
—a— 10 contours
_|—%— 15 contours

20 contours

analytical solution|. - //

—=— 3 contours
—=#— 5 contours)

----4—&— 10 contours

—¥— 15 contours
20 contours

(b)

Figure 13 — Comparison of the stress intensity factors between the PFEMCT-SIF method
and the analytical method proposed by Ewalds & Wanhill (1984): a) K and b) Ki
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In Figures 13a and 13b, it can be noted that the results of the crack
length effect on the stress intensity factor K, (Figure 13a) and on K (Figure
13b) clearly illustrate the proportionality between the results of the study
presented and the analytical method for equations (9), (10) and (11)
proposed by Ewalds & Wanhill (1984). The results agree well in the case
of the ten-contour model; regarding the case of K, and K, they are
somewhat distant in the case of the 20-contour model. This is due to the
fact that whenever the crack is in a tilting state, the crack tip contours are
affected and a divergence from the reference values occurs.

This comparison is made in the case of the length from 3.5mm to
5.5mm. In addition, the K values increase with increasing the crack length
and the K values decrease. These forms of the results were obtained by
Boulenouar et al (2014), Alshoaibi & Ariffin (2008) in different cases of
crack propagation for both modes | and .

9,0 0
8.34 — ' b —e— 3 contours
864 3 contours [ 8.6 (== § contours
—e— 5 contours 10 contours|
8.4+ —a— 10 contours| 84 —v— 13 contours
oo —v—15coniows| | _ o, | [—#— 20 contours
P [—#— 20 contours| £
£ 80 E£380
5:' -

il e -
[} o
1 N N

=
™y
i

=~
53
N

=
=

L T r T T T T T T T T T
0 1 2 3 1 5 6 2 3 4 5 6

Crack extension [mm] Crack extension [mm]

o

Figure 14 — Crack propagation path PFEMCT-SIF method by: a) Richard criterion and b)
MCS criterion

Figure 14 illustrates the crack propagation trajectory by two criteria of
crack propagation: Figure 14a presents the results obtained by the Richard
criterion, and Figure 14b shows the results obtained by the MCS criterion. It
is important to predict the evolution of the crack trajectory during the
propagation by the two criteria. The numbers of 5, 10, 15, and 20 contours
give very proportional results between them. A slight difference is obtained
in the case of 3 contours by the Richard criterion, on the one hand, while,
on the other hand, 5, 10, and 15 contours of the crack tip give a good
correlation between them. However, a slight difference is obtained in the
case of 20 contours in the MCS criterion; in this context, the results obtained
by Bouchard (2000) and Bouchard et al. (2003) found that the MCS criterion
gives good results compared to other crack propagation criteria.
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Figure 15 — Comparison between the MCS and the Richard criterion by the PFEMCT-SIF;

a) 3 contours, b) 5 contours, c) 10 contours, d) 15 contours, and e) 20 contours
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Figure 15 illustrates the inclination angle variation (a) according to the
twist angle (6) and calculated by the Richard criterion and the MCS
criterion. Equations (2) and (4) are used and estimated at each crack
length. The results obtained by the PFEMCT-SIF are comparable between
the two criteria, (Richard's and that of the maximum tangential stress). We
have chosen the criterion of the maximum circumferential stress (MCS).
The use of the MCS criterion gives a crack propagation trajectory very
close to that obtained using the Richard criterion, as shown in Figures 15a,
b, ¢, d, and e which have presented the comparison for different numbers
of the contours - 3,5,10,15, and 20 contours, respectively.

Conclusion

It can be noted that:

This study had two important parts to compare. The first one is based
on the comparison in terms of crack trajectory - it can be seen that the
results obtained from this comparison are very consistent with the studies
presented by Phongthanapanich & Dechaumphai (2004) and Rao &
Rahman (2000). The second part of this study is based on the evaluation
of the stress intensity factor and compared by the work of Rao & Rahman
(2000). Two cases have been considered, a crack with a horizontal angle
a = 0° and a crack with a horizontal angle a ranging from -15.60° to 2.533°.
In fact, this study is based on the effect of the number of contours around
the crack point (CT) on the stress intensity factor (SIF).

Singular quarter-point elements proposed by Barsoum (1976) are
used to numerically model the singularity of the stress and strain fields in
the vicinity of the crack tip to calculate the SIF by the PFEMCT-SIF
method. The MCS criterion presents more precise results than that of
Richard's criterion, in which, for Ky> 0, of the angle 6 <0 and vice versa,
while K, always> 0.

In general, the stress intensity factor K is increased with the increase
in the crack length (a). However, the stress intensity factor K is decreased
with increasing the crack length (a).

This study was very useful in terms of Fortran programming, and it is
not easy to program a structure that contains a square end of a crack that
contains several numbers of contours, by using the PFEMCT-SIF method
to evaluate the stress intensity factor SIF.

As the crack begins to extend and tilt at an angle a, the crack tip
elements become interconnected with each other.

Moreover, it can be seen that in the first case where a = 0, it is found
that the more refined the crack front, the better the proportionality with the
validation method proposed by Rao & Rahman (2000).
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In the second case, when the angle q, is inclined, the best and closest
number of contours around the crack front with the validation method
proposed by Rao & Rahman (2000) is 10 contours. Therefore, we can say
that this is the average case between the cases used and it helps to
evaluate and find acceptable values for the stress intensity factor (SIF) by
the PFEMCT-SIF method.
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Resumen:

Introduccién/objetivo: Este estudio investiga la influencia de los nimeros
de contorno que rodean la punta de la grieta en los factores de intensidad
de tension (SIF) utilizando el enfoque del factor de intensidad de tensién de
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la punta de la grieta del método de elementos finitos de propagacion
(PFEMCT-SIF). También compara el criterio de tensién circunferencial
maxima (MCSC) y el criterio de Richard para la prediccion de la
propagacion de grietas.

Métodos: Se desarrollé un codigo de elementos finitos escrito en Visual
Fortran para modelar puntas de grietas con 3, 5, 10, 15 y 20 contornos
utilizando elementos CPE4 cuadraticos de 4 nodos. Se ultilizé el software
Abaqus para calcular los SIF y los angulos de orientacién de las grietas. Se
analizaron grietas horizontales e inclinadas en una placa de acero
sometida a carga de traccién. Los resultados se validaron frente a
soluciones analiticas y estudios numéricos previos.

Resultados: EI modelo de 10 contornos mostré la mejor concordancia con
los valores analiticos de SIF. El aumento de los numeros de contorno
mejord la precision de SIF para grietas horizontales, pero el refinamiento
excesivo provoco divergencia para grietas inclinadas. EI MCSC y el criterio
de Richard produjeron trayectorias de grietas comparables, y el MCSC
demostré una precision ligeramente superior.

Conclusién: El método PFEMCT-SIF evalua eficazmente las SIF y predice
las trayectorias de propagacion de grietas. Un modelo de punta de grieta
de 10 contornos equilibra la precision y la eficiencia computacional. El
estudio destaca la importancia de optimizar el refinamiento de la malla de
la punta de la grieta en las simulaciones de mecanica de fracturas.

Palabras claves: punta de grieta, propagacion de grietas, método
SFEMCT-SIF, MCSC y criterio de Richard, contornos.

YucneHHas onTMM3aumnsa pacnpocTpaHeHns TpeLLmHbl B IMHENHO-
ynpyrom maTtepuane metogom PFEMCT-SIF

Myxammed Bentaxap?, Hypedurn Mamyaun@, FOcyg Mynan Ap6u®

2 YHuepcuteT Cangbl Mynan Taxap, TEXHONOrMYeckuii oakyrnbTeT,
Kadeapa rpaxxaaHcKoro CTpouTensCTBa Y rMapaBrmKy,
Cawnga, Amxupckas HapogHast emokpaTtuyeckas Pecnybnuvka

6 YuusepcuteT Tywmn Myctadpbl Ctambynu, nabopaTopusi KBAHTOBOW (OU3UNKM
mMaTepum u MmatemaTtudeckoro mogenvposanus (LPQ3M),
Mackapa, Amxupckas HapogHas [JemokpaTuyeckast Pecnybnuka,
KOppPecnoHAeHT

PYBPUKA TPHTW: 30.19.00 MexaHuka gedopMmpyemoro TBepaoro tena
B[O CTATbW: opurmHanbHas HayyHas ctatbsl

Peswome:

BeedeHue/uenb: B OdaHHOU cmambe uccrniedyemcsi 8/usiHUE Yucrna
KOHMYpPOB, OKPYXatoWux 6epWwUHy MmpewuHbl, Ha Ko3ghguyueHmsbl
UHmMeHcueHocmu HanpskeHul (SIFS) ¢ ucnonb3osaHuem memoda
KOHEYHbIX 3/1eMEHMOo8 pacrnpocmpaHeHus KoaghcbuyueHma
UHMeHcusHocmu HarnpsikeHud 8 sepuiuHe mpewuHsl (PFEMCT-SIF).
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B cmambe makxe cpasHusalomcs Kpumepuli MaKcuMasibHO20
OKpyXxHo20 HanpskeHuss (MCSC) u kpumepul no Puvapdy 0ns
MPO2HO3UpPOBaHUS PACPOCMPaHEHUST MPEUUH.

Memodbi: B xode uccnedosaHusi 6bi  paspabomaH KOHEYHO-
anemMeHmHbIU KOO, HanucaHHbIU 8 Visual Fortran, dnsi ModenuposaHusi
sepwuH mpewuH ¢ 3, 5, 10, 15 u 20 koHMypamu U ¢ Ucrofb308aHUEM
4-y37108bIX 4YembIpexyeosbHbIX arnemeHmos CPE4. [IpozpammHoe
obecnieyeHue Abaqus ucrionb3oganiocb 07 pacyema pasmMepos
mpewuH U yaroe opueHmayuu mpewuH. bbinu npoaHanusuposaHb!
20pU3OHMasbHbIE U HAaKIOHHbIE MPeWUHbl 8 CMmalbHOM Jucme,
nodsepsHymom pacmsausarowel Haepyske. Pesynbsmambl 6biiu
nodmeep>x0eHbl aHaIUMUYECKUMU peweHUsMU U npedbidyuwumu
YUCIeHHbIMU UcC1ed08aHUusIMU.

Pesynbmamei: B pe3ynbmame uccrnedogaHusi 10-koHmypHasi Modersib
rnokasana Haurydwee coomeemcmeue C  aHanumuyeckumu
3HayveHusamu SIF. YeenudeHue 4ucrna KOHmMypo8 yiyquusio moYyHocms
SIF y eopusoHmarnbHbIX MpewuH, 8 Mo 6peMsi Kak 4pe3mepHasi
MI0MHOCMb CeMKU rpueera K pacxoxX0eHUto 8 HaKIMOHHbLIX MpeujuHax.
Kpumeputi MCSC u kpumepuli Pu4yapda Odanu conocmasumble
mpaekmopuu mpewuH, npudem MCSC oka3zarncsi 6oree moyHbIM.

Bbi8odbi: Memod PFEMCT-SIF aghghbekmusHO oueHusaem rnapamempsbi
SIF u npozHo3upyem nymu pacripocmpaHeHusi mpewuH. Takxe
ebisierieHo, 4mo  10-KoHmypHasi MOOeslb  8EPWUHbI  MPEeUUHbI
obecrieyusaem banaHC Mex0y MOYHOCMbBIO U  8bl4UCTIUMENbHOU
aghgpekmusHocmbro. B uccnedosaHuu nodyepkueaemcsi 3Ha4YUMOCMb
onmumu3ayuu rniIomMHOCMU CEMKU 8epLIUH MPeUUH rnpu ModernuposaHuu
MexaHUKU pa3pyweHusl.

Knrouesble croga: eepluuHa mpelwuHbl, pacrnpocmpaHeHue mpeuiuHsbl,
memod SFEMCT-SIF, kpumeputi MCSC u kpumeputi Pu4apda, KoHmypal.

Hymepuuka onTuMmmnsaumja wmpera npcnuHe y NMHeapHoM
enacTtnyHom matepujany nomohy metoga PFEMCT-SIF

Myxamed BerTaxap®, Hypedur Mamyan?, Jycygh Mynaun Ap6u

2 YHuepanteT y Cavam ,Jp Mynau Taxap”, TexHonowku dakynTeT,
JenapTmaH 3a rpaheBMHapCTBO 1 XMOPaymnuKy,
Cawuga, HapogHa Oemokpatcka Peny6nuka Amxump

6 YHusepautet ,MycTtacpa CtamBonu”, labopaTopuja 3a KBaHTHY OU3NKY
martepwvje n matematuyko mogenupare (LPQ3M),
Mackapa, HapoaHa [lemokpatcka Peny6nuka Amkup,
ayTop 3a Nnpenucky

OBJIACT: mexaHuka
KATEIFOPWUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj
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Caxemak:

Yeod/uyurb: Y 0eoj cmyduju ucriumyje ce ymuuaj 6poja KoHmypa Koje
OKDYXYjy 6px npcriuHe Ha chakmope UHmMeH3umema HaroHa (stress
intensity factor - SIF) kopuwherem npucmyna PFEMCT-SIF (Propagation
Finite Element Method Crack Tip Stress Intensity Factor). Takohe, nopede
ce Kpumepujym MakcumasiHoe 0600HOe Hanpesama (maximum
circumferential stress criterion — MCSC) u kpumepujym no Richard-y 3a
npedsuharbe WupeHa rpcruHe.

Memode: Kod koHayHux ernemeHama, HarnucaH y Visual Fortran-y,
passujeH je 3a Moderiogarbe 8pxoea rpcruHa ca 3, 5, 10, 15 u 20 koHmypa
romohy keadpamHux efilemeHama 4qucmoe onmepehera ca 4 4sopa
(CPE4). Cogpmeep Abaqus kopuwheH je 3a uspadyHagame ¢hakmopa
UHMeH3umema HarioHa U yarioea opujeHmauuje rpcruHa. AHanusupaHe
CYy XOpu30oHmarHe U HazHyme rpcriuHe Ha YesiudHoj oYU fpu HarnoHy Ha
3amesarbe. Pesynmamu cy nomepheHu rnopehememM ca aHanumuykum
peweruma U npemxo0HUM HyMepUYKUM cmyodujama.

Pesynmamu: Moden ca 10 koHmMypa rnokasao je Hajborbe crazare ca
aHanumu4kum  epedHocmuma ¢hakmopa UHMeH3umema HarloHa.
lNosehare 6poja koHMypa mnobosrbwano je npeyusHocm ¢hakmopa
UHMeH3umema HarioHa K00 Xopu30oHmarsHux rfpcrauHa, 00K je npesesiuka
2ycmuHa mpexe doserna 00 dusepzeHyuje KoQ HaeHymux npcrnuHa. Oba
Kkpumepujyma (MCSC u Richard) dana cy ynopeduse rymarse npcriuHe,
fpu 4yeMy je KpumepujyM MakcumarHoz 0bo0HO2 Harpe3arsa Nokasao
Hewmo eehy npeyusHocm.

3akmbyyak: Memoda PFEMCT-SIF ecpukacHo nipoueryje chakmope
UHMeH3umema HarioHa u npedsufa nymeese wupera ripcriuHa. Mooden
epxa npcnuHe ca 10 KoHmypa npedcmaerba banaHc u3mehy
npeyusHocmu u padyHapcke egbukacHocmu. MicmakHyma je eaxHocm
onmumu3auuje eycmuHe Mpexe e8pxa [MpchuHe y cumynayujama
MexaHUKe sioma.

KrbyuyHe pedu: epx ripcruHe, wupere npcnuHe, memoda SFEMCT-SIF,
kpumepujym MCSC u kpumepujym no Richard-y, koHmype.
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Abstract:

Introduction/purpose: This study investigated the influence of concrete
compressive strength on the reliability and the plastic resistance moment of
steel-concrete composite beams. The objective was to evaluate the impact
of concrete strength variations on structural performance, with a particular
attention to the plastic resistance moment which is critical to the safety and
compliance of the composite beam.

Methods: To model the nonlinear behavior of concrete, Abaqus created a
three-dimensional numerical model including a concrete damage plasticity
(CDP) model. Reliability analysis was performed, and the failure probability
was assessed using Monte Carlo simulations (MCS) and first-order
(FORM) and second-order (SORM) reliability methods. The limit state
function was determined according to Eurocode 4 criteria considering the
concrete compressive strength of 25 to 80 MPA.

Results: As a result, it was found that the compressive strength of concrete
significantly affects the plastic resistance moment and the reliability index
of the composite beam. The high strength of concrete improves the plastic
resistance moment, and the reliability index varies depending on the
geometric and material property of the composite section and loading
conditions.

Conclusion: The compressive strength of concrete is an important
parameter that determines the structural characteristics and safety of steel-
concrete composite beams. This highlighted the need to consider the
variability of concrete strength when designing and evaluating composite
structures to ensure compliance with reliability standards.

Key words: composite beam, nonlinear modelling, plastic resistance
moment, reliability analysis, finite element analysis, failure probability.
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Introduction

Due to the combination of concrete compressive strength and steel
tensile strength, steel-concrete composite beams are frequently utilized in
moderne construction to create reliable and efficient systems. The
behavior of these beams is strongly influenced by concrete compressive
strength which also affects their plastic resistance moment and reliability.
The purpose of this study is to examine how these two crucial factors are
affected by the compressive strength of concrete.

Many researchers use a limit state function based on Eurocode 4
criteria (CEN, 1994) to study the reliability of steel-concrete composite
beams. The goal of this strategy is to offer more precise insights into the
behavior of the system under study. Using a case study as validation,
Mamuda et al. (2018) examined the four failure modes of bending,
shearing, deflection, and shear connector capacity when analyzing the
reliability of beams. The impact of various parameter variations on
reliability was evaluated. Chaves et al. (2010) examined the design
specifications for the steel-concrete composite beam. The study of the
structural reliability of the timber concrete composite beam is evaluated by
Daanoune et al. (2024). This evaluation is carried out by the MCS, the
FORM and the SORM methods for three failure modes in concrete, timber
and at the connectors. Another research where the limit state function is
based on the resistance criteria according to Eurocode 4 was carried out
by Lydia & Nassim (2022). This study focuses on the evaluation of the
reliability of square composite columns under axial compression and the
results show that steel tubular columns filled with high performance
concrete (HPCFTC) are more reliable than those filled with ordinary
concrete (OCFSTC).

In this context, the study provides a comprehensive analysis using
numerical simulations to investigate the influence of concrete tensile
strength. A 3D finite element model has been developed in Abaqus to
simulate the behavior of composite beams to account for the nonlinear
behavior of concrete in tension and compression through Concrete
Damage Plasticity - CDP (Dassault Systémes, 2016; CEN, 2004). The
reliability analysis is performed using the Monte Carlo simulation (MCS)
and the first-order (FORM) and the second-order (SORM) reliability
methods, as developed by Rackwitz (2001), which include the treatment
of uncertainties in the parameters affecting the system behavior. The
applied limit state functions are designed to verify the plastic resistance
moment of the composite beam in bending, in accordance with Eurocode
4 standards (CEN, 1994). The study considers a range of concrete
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compressive strengths from 25 to 80 MPa. The results demonstrate a
significant influence of concrete compressive strength on reliability and
plastic moment capacity. This study provides valuable insights into the
design and analysis of steel-concrete composite beams, enabling the
optimization of their performance and safety, and proposes a clear
approach to the use of safety factors to adjust the reliability level of the
system, thereby ensuring the proper functioning of the composite beam.

Methodology

Plastic resistance moment of the composite cross section
to bending

The calculation of the neutral axis depth Z,; and the determination of
the plastic neutral axis (PNA) position according to Eurocode 4 (CEN,
1994; Johnson, 2018; Liang, 2018) allows for the calculation of the plastic
resistance moment M, z, of the composite section. This procedure is
performed using the following equations.

If the neutral axis is located in the concrete slab

— Npla
Zp = b X085 g Z ................................................ (1)
hq
Mpl,Rd == Npla (? + c Tpl) ............................................. (2)
where:
f;
Npig = Ag X y—z .............................................................. (3)
S e, (4)

besy: effective width of the concrete flange,
y,. safety factors of steel,

y.. safety factors of concrete,

fy- yield strength of the steel section,

f.: compressive strength of the concrete,

hy: height of the steel section,

h.: height of the concrete flange,

A, area of the steel section, and

if the neutral axis is located in the steel flange

_ N la_ch
Zpl_;ljjr—xﬁ,xya+hc .................................................. (5)
hq . h¢ Z
Mpl,Rd = Npla (7 + 7) - (Npla - ch)Tpl ........................... (6)
where:
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0.85.f,
ch = Y J X hc X beff .................................................. (7)

by width of the steel flange.

Composite cross section design

For the study of the flexural behavior of steel-concrete composite
beams, four types of composite steel-concrete beams were tested by Du
et al. (2021), each with a different class of concrete: C25, C45, C65, and
C80 with a compressive strength of 24.5 MPa; 45.9 MPa; 63.1 MPa and
78.3 MPa, respectively. Figure 1 illustrates the layout and the transverse
and longitudinal dimensions of the steel-concrete composite beam with the
stud connection. The beam is subjected to four-point bending, with one
end pinned and the other end on a roller.

beyr

(a) % s i,

/
h,  Concrete slab

Stud connector

J’ tii'—‘

Loading plate
(b)
- e

TTITITITITIT T T T T FYTTTTIRIIIT

120 120X 12 = 1440 176 X 5 =880 120 x 12 = 1440 120

4000

Figure 1 — Cross-sectional dimensions of composite beams: (a) cross-section; (b)
longitudinal section

Finite element analysis (FEA) setup and parameters

These samples are modeled using a 3D finite element (FE) model
with Abaqus software (Dassault Systémes, 2016). In the FE models,
damage plasticity was used to simulate the mecanical behavior of
concrete. Cracking or crushing of concrete results in a reduction of its

elastic modulus. The tensile behavior of concrete was assumed to be
linear up to the uniaxial tensile strength f; = f—co according to Eurocode 2

(CEN, 2004). The uniaxial stress-strain relationship in compression for
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concrete can be identified by the following formula of Hognestad Model
(Hognestad, 1951):

Uc=f'c><§><(2—§) fOr € < €0eiiieiiieiiiiieeeeeeeee, (8)
o, = f' % [1 ~0.15 (%)] fOF € > £ vvveereereeeeeen e, (9)
2xf'c

where g, is the ultimate compressive strain and ¢, = — is the strain at

the ultimate stress according to Hognestad Model, see (Hognestad, 1951).
This model has been used and mentioned in the papers of several authors
such as Guo et al. (2020) and Rezaie et al. (2022).

fem

0.3
E.m [MPa]zZZOOOX(TMPa) : the elasticity modulus of

concrete given by Eurocode 2, Table 3.1 (CEN, 2004).

f'.:the ultimate concrete compressive stress.

The steel material properties of the steel beam and the screw stud
connectors were defined as isotropic elastoplastic behavior (Dassault
Systémes, 2016). The yield strength and ultimate tensile strength of the
studs were 350 MPa and 480 MPa and the yield strength and the ultimate
tensile strength of the steel beam were 495.4 MPa and 572 MPa (Du et al,
2021).

Probabilistic methods for the reliability analysis

Three different methods were employed: the Monte Carlo method, the
FORM, and the SORM.

The Monte Carlo simulation is practical and accurately represents
the real phenomenon during a sample test. The principle of this method
involves generating a large number of simulations, typically in the order of
10™(Haldar & Mahadevan, 1999) to calculate the failure probability Prusing
the equation:

Pr=t (10)

where Nf is the number of times the system fails, and N is the total number
of simulations. In our study, a MATLAB command was used to generate a
number N of simulations with a given mean and standard deviation.

The FORM Method: This method is a first-order Taylor series
expansion of the limit state function G(x) around a point P*, called the
design point. It involves determining the reliability index 8, which is the
shortest distance between the origin O and the point P* in the centered
standard space. The reliability index B then provides access to an
approximate failure probability Pr (Grandhi & Wang, 1999). The reliability
index was calculated using the Hasofer-Lind-Rackwitz-Fiessler algorithm:
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B = gr(r&g’zo U e (11)
Pf,FORM = (D(_ﬁ) ..................................................... (12)

where @ is the cumulative distribution function - CDF (Grandhi & Wang,
1999), see Appendix 1.

The SORM Method: This method is a second-order Taylor series
expansion of the limit state function G(x) and corrects the failure
probability obtained by the FORM. For this method, we used the Breitung
formula to calculate Py (Haldar & Mahadevan, 1999):

— 1
Pf,SORM ~ (D(—ﬂ) H?:%\/?ﬁk] ................................... (13)
We define the principal curvatures k; as the eigenvalues of the matrix
A, where its elements a;; are defined by:

_ (RDRYy . _ _
b= e =123 =1 (14)

Here, D is the Hessian matrix (n X n) of the limit state function in the
reduced centered normal space evaluated at the design point. R is the
rotation matrix obtained by the Gram-Schmidt transformation (Haldar&
Mahadevan, 1999), see Appendix 6.

Mechano-reliability coupling

The mechano-reliability coupling of Abaqus-MATLAB is used to
evaluate the flexural failure mode of composite beams according to
Eurocode 4 (CEN, 1994) Abaqus simulates the behavior of the mechanism
related to material interaction and nonlinearity, while MATLAB does
reliability analysis, focusing on the flexural over the failure mode of the limit
state functions. This approach takes into account the uncertainties in the
properties of certain geometric and material parameters, determining the
probability of reaching the moment of plastic resistance and guaranteeing
compliance with the safety criteria.

In our reliability study, we distinguish two limit state functions
according to the position of the neutral axis

Ra z

G1(x) = Nyt (52 + he =) = Mg oo (15)
ha . he z

Gz(X) = Npla (7 + ?) - (Npla ch)Tpl T Mg v (16)
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Table 1 — Random variables chosen from the limit state function

Properties | Variables Mean COV | Distribution Ref.
Material fy 495.4 N/mm? 6% Lognormal Bartlett et al. (2003)
fe 24.5 N/mm? 6% Lognormal Bartlett et al. (2003)
h, 250 mm 5% normal Ellingwood et al. (1982)
Geometric 5
h, 100 mm 5% normal Ellingwood et al. (1982)
Loading Mgy 355.68 KN.m 5% normal Du et al. (2021)
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The following flowchart explains the Abaqus-MATLAB coupling steps:

[ Defined geometric and material parameters of the composite beam ]
[ Evaluation of the plastic resistance moment according to Eurocode 4 ]
[ Probability analysis MATLAB ] [ FEM Abagus Model ]
v ¥
[ Choice of random variable ] [ Defined the job model ]
¥ ¥
Generate N number of simulation with a given Estimate the ultimate bending moment and
mean and standard deviation of each variable validate by experimental results

Construct the limit state function
G=R-S %

accordind to the enrocode 4 criterion

[ Estimate the Pf by MCS ]

p
Calculate the mean and standard
- " deviation of each random variable

¥

[ Estimate the Pf by FORM ]

¥

[ Estimate the Pf by SORM ]

Figure 2 — Abaqus-MATLAB mechanical-reliability coupling flowchart
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Results and discussion

Abaqus and the reliability results

S, Mises
{Avg: 75%)
+5.402e+02
+4.954e+02
+4.544e+02
+4.133e+02
+3.723e+02
+3.313e+02
+2.903e+02
+2.492e+02
+2.082e+02
+1.672e+02
+1.262e+02
+8.513e+01
+4.411e+01
+3.081e+30
-

Figure 3 —Stress distributions in the connection at the maximum load

S, Mises

(Avg: 75%)
+5.402e+02
+4.954e+02
+4.541e+02
+4.128e+02
+3.716e+02
+3.303e+02
+2.890e+02
+2.477e+02
+2.064e+02
+1.652e+02
+1.239e+02
+8.261e+01
+4.133e+01

Figure 4 — Stress distributions in the composite beam with a 3D cut view

Figures 3 and 4 illustrate the stress distribution within the composite
beam under the maximum load. Across the four types of beams studied, it
was observed that the neutral axis is consistently located near or within
the thickness of the concrete slab. This suggests that the bottom fiber of
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the steel beam is yielded before the concrete reaches its maximum
compressive strength. This prediction is confirmed by the Abaqus results
of the finite element analysis, Figures 3 and 4 (in gray), which show that
the bottom fiber in the middle of the steel beam has reached its maximum
strength of 495.4 MPa.

C25 C45
700 700
600 600
s0fb——— or=="" -
= 500 ~
Z 400 // Z 400 //
< / 3
§ 300 ‘ Test E 300 ’t/ ‘ Test
S J |----FEM S / |---- FEM
2001 o/ 200 /
100 / 100
0
00 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Mid-span deflexion (mm) Mid-span deflexion (mm)
C65 C80
700 700
600 600 o= .
mmmm———r = = L
o
500 _4‘/-\ 500 sz N\
d .
— 2
Z 400 ad Z 400 7 J/
= ~ .
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@ 300 @ 300 4
S / \----FEM}» S /V |----FEM
200 // 200 /
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Figure 5 — Load-deflexion curve with different concrete classes of the composite beam

Figure 5 compares the mid-span load-deflection curves of the beam
obtained by a nonlinear method and the experimental results given by Du
et al. (2021). In all four composite beam samples, the finite element
simulation (FEM) accurately estimated the curve of the experimental part
and thus provided a globally consistent estimate of the composite beam
behavior under load. It offers the possibility to thoroughly analyze the
different stages of structural deformation and to visualize the behavior up
to the ultimate loading phase, which is difficult to accomplish by
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experimental tests alone. However, the slight overestimation of ductility
observed in the FEM simulation results compared to the experimental data
can be explained by the use of simplified elastoplastic laws to represent
the behavior of steel. The force-deflection curves of steel-concrete
composite beams in nonlinear analysis do not have a descending branch
in this study due to the ductility of steel and the application of an
elastoplastic or bilinear constitutive law, which influences the curve by
delaying the formation of a decreasing branch. Steel can reach its plastic
domain without immediately losing its strength. Indeed, once the steel
enters its plastic phase, the stiffness of the beam decreases, and the force-
deflection curve tends to stabilize or become horizontal. This type of curve
is observed by Chiorean & Buru (2017) and Benyahi et al. (2021) and by
Luo et al. (2012) which confirms the results obtained in the FEM model
studied.

Table 2 — Plastic resistance moments for each concrete class

Plastic resistance Ultimate .
Specimen moment Abaqus UItlmate Mabagus
(KN.m)My,;zq moment experimental M
moment (kN.m) exp
f — - (kN.m)
ory =1 fory =1.5
C25 365.87 332.0336 355.68 341.3 1.04
C45 422.79 388.9604 392.41 378.8 1.03
C65 441.23 416.6237 423.68 408.8 1.04
C80 450.785 430.9544 432.45 423.8 1.02
Table 3 — Reliability indices and probabilities of failure
Specimen Abaqus
P MCS FORM SORM
_ B = 0.3443 _
C25 Pr = 03509 P, — 03653 Pr = 0.3571
_ B =2.6184 _
C45 Py = 0.0043 P, = 00044 Pr = 0.0043
_ B =3.7918 _ B
C65 Pr =1.1700e — 04 Py = 7 47756 — 05 Pr = 7.2567e¢ — 05
_ _ B = 4.4518 _ _
Cc80 Pr =4.0000e — 06 P, = 4.2580e — 06 Pr = 4.1438e — 06
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Table 2 presents a comparison between the ultimate moment
obtained by theory and the test. The results demonstrate a good
agreement between the experimental ultimate moments and those
calculated with Abaqus, which confirms the used simulation method. The
observed ratios Mp,qus/Mexp are relatively low and fluctuate between 1.02

and 1.04, which is generally acceptable compared to 1.01 found by Du et
al. (2021) and Mans et al. (2001), as well as between 0.95 and 1.05 for
Nie et al. (2009) and 1.03 for Youn et al. (2011). According to the results
of Table 3, it is evident that the reliability of steel-concrete composite
structures varies considerably depending on the quality of the concrete
used. For concrete class C25, the probability of failure is high P, = 0.3509,

indicating low structural reliability. Increasing the concrete class C45, C65,
C80 results in a decrease in the probability of failure P = 0.0043 ,

1.1700e — 04, 4.0000e — 06, while the reliability index S increases f =
0.3443, 2.6184 , 3.7918, 4.4518, indicating increased strength and safety.
Consistent results are obtained using different techniques, the MCS, the
FORM and the SORM, confirming that composite beams with high-quality
concrete slabs C65 and C80 are more reliable than those with low-quality
concrete slabs C25. In summary, the choice of high-quality concrete, such
as C65 and C80, ensures strong structural performance and increased
reliability, making these composite beams ideal for supporting high loads
and meeting strict safety requirements. The reliability results obtained by
the FORM, the SORM and the MCS also show that when the limit state
functions are nonlinear, the SORM method provides a better
approximation than the FORM. Indeed, the SORM considers the limit state
surface as a curve shape (hyperboloid), while the FORM simplifies it into
a tangent plane. This more realistic approach allows the SORM to obtain
results very close to those of the Monte Carlo method known for its high
accuracy. The studies of Yu et al. (2017) and Morse et al. (2017)
corroborate these results.

According to Eurocode 2 and many international codes and
regulations (fib, 2013; The Government of the Hong Kong Special
Administrative Region: Buildings Department, 2020; AClI Committee 318,
2019) the safety factor yc = 1.5 is used in structural calculations to ensure
a certain level of reliability by reducing the characteristic strength of
concrete. This explains the inherent uncertainties due to the design and
measurement during construction. In this study, we used the actual mean
values of the geometric and material parameters for the reliability analysis,
while taking into account the uncertainties by integrating the standard
deviation of these parameters. The results of the reliability analysis (Figure
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7) and the plastic resistance moments (Figure 6) for yc =1 and yc = 1.5
were compared to evaluate the safety margins provided in the calculations
according to Eurocode 4.
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Figure 6 — Moment variation as a function of the concrete compressive strength
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Figure 7 — Variation in failure probability as a function of the concrete compressive
strength

As shown in the curve in Figure 7, the safety factor has a significant

impact on the reliability index, which is based on the concrete compressive
strength. When yc = 1, the initial reliability index is high, but it decreases
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as the concrete strength decreases, indicating a decrease in structural
safety margins and an increased probability of failure when the concrete
compressive strength is low. This decrease is particularly noticeable when
fe values are around 20 MPa.
In contrast, when yc = 1.5, the reliability index remains higher overall f,,
indicating a more robust design with higher safety margins. Even at higher
concrete strengths, where the index yc = 1 becomes critical, yc = 1.5
ensures significantly higher reliability. According to Eurocode standards,
the results demonstrate the importance of using an appropriate safety
factor to ensure good structural reliability.
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Figure 8 — Variation in failure probability as a function of the yield strength of steel
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Figure 9 — Variation in failure probability as a function of the concrete slab thickness
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Figure 10 — Variation in failure probability as a function of the steel beam height

The results of the three last Figures (8, 9 and 10) show that several
factors influence the probability of failure Pr of the steel concrete
composite beam. First, an increase in the steel beam strength generally
leads to a decrease in failure probability (Figure 8) because stronger steel
increases the structural performance. This decrease is even more
pronounced when the concrete has a high strength C45, C65 or C80,
because stronger concrete requires stronger adhesives to maximize its
potential. In parallel, a higher section height of the composite section,
whether concrete (Figure 9) or steel (Figure 10) reduces failure probability
while improving the stiffness of the beam. The probability of failure
decreases with increasing height for all types of concrete, with a stronger
effect for high-strength concrete, which exhibits superior performance
even at lower section heights. Therefore, increasing the overall height of
the composite section and improving the strength of the steel beam
significantly reduces the probability of failure of the composite system, with
benefits that are particularly evident when the concrete is high strength.

Conclusion

The evaluation of steel-concrete composite beams reveals several
essential insights into their structural reliability and performance. The finite
element method (FEM) has demonstrated high accuracy in predicting the
behavior of composite beams under load, by closely aligning with
experimental results. The FEM remains a valuable tool to analyze
structural deformation steps and predict failure outcomes.
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The comparison between the original values and the experiments
confirms the simulations using the FEM and maintains a good
conformational system. Notably, the failure probability Py is a sign that the
high-strength concrete is used. The concrete classes C45, C65 and C80
have a safer and more reliable system than the concrete C25. This trend
relieves the import of high-strength concrete to increase the structure
performance and safety.

Furthermore, the results highlight that increasing the section height of
both concrete and steel components reduces the failure probability Pf,

thereby improving beam stiffness and overall reliability. The benefits of
these design adjustments are more pronounced with high-strength
concrete, which retains its performance advantages even at smaller
section heights.

The results highlight the importance of selecting high-strength
materials and optimizing section dimensions to improve the safety and
reliability of composite beams, aligning with Eurocode standards and
ensuring robust structural performance.
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Resumen:

Introduccién/objetivo: Este estudio investigo la influencia de la resistencia
a la compresion del hormigbn en la confiabilidad y el momento de
resistencia plastica de las vigas compuestas de acero y hormigén. El
objetivo fue evaluar el impacto de las variaciones de la resistencia del
hormigén en el desemperio estructural, con especial atencion al momento
de resistencia plastica, que es critico para la seguridad y la conformidad de
la viga compuesta.

Métodos: Para modelar el comportamiento no lineal del hormigén, Abaqus
cre6 un modelo numérico tridimensional que incluye un modelo de
plasticidad del dafio del hormigdén (CDP). Se realiz6 un analisis de
confiabilidad y se evalud la probabilidad de falla utilizando simulaciones de
Monte Carlo (MCS) y métodos de confiabilidad de primer orden (FORM) y
segundo orden (SORM). La funcion de estado limite se determiné de
acuerdo con los criterios del Eurocddigo 4 considerando la resistencia a la
compresion del hormigén de 25 a 80 MPA.

Resultados: Como resultado, se encontré6 que la resistencia a la
compresion del hormigbn afecta significativamente el momento de
resistencia plastica y el indice de confiabilidad de la viga compuesta. La
alta resistencia del hormigbn mejora el momento de resistencia pléastica y
el indice de confiabilidad varia segtn la propiedad geométrica y del material
de la seccién compuesta y las condiciones de carga.

Conclusién: La resistencia a la compresion del hormigon es un parametro
importante que determina las caracteristicas estructurales y la seguridad
de las vigas mixtas de acero y hormigén. Esto puso de relieve la necesidad
de considerar la variabilidad de la resistencia del hormigén al disefiar y
evaluar estructuras mixtas para garantizar el cumplimiento de los
estandares de confiabilidad.

Palabras claves: viga compuesta, modelado no lineal, momento
resistente plastico, analisis de confiabilidad, analisis de elementos
finitos, probabilidad de falla.
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BnnaHne NMPOYHOCTH fbeToHa npu cXxXaTtnn Ha Hagae>XHoOCTb U MOMEHT
nnacTn4ecKkoro conpoTtmBrieHna cTanebeToHHbIX KOMNO3UTHLIX Banok

Habunb [JaaHyH, koppecnoHaeHT, Haccum KepHoy

YHuepcuteT beaxas, TexHonornyeckuii akynbTeT,
TNabopaTopus cTpomTenbHon nHxeHepuu n apxutekTypbl (LGCA),
r. begxas, Anxupckasa HapogHasa [lemokpatuyeckas Pecnybnuka

PYBPUKA TPHTW: 67.09.33 BeToHbl. XKene3obeToH. CTpouTenbHbIe
pacTBOpbI, CMECU, COCTaBbI
BWO CTATbW: opurmHanbHas HayyYHas ctaTbsl

Peswome:

BeedeHue/uenb: B 0daHHOM uccnedoeaHUU U3y4Yasiocb BJIUSIHUE
npoyHocmu 6emoHa npu cxamuu Ha HadexHocmb U MOMeHM
rnnacmu4eckozo COMpPomMuUeIeHUs cmanebemoHHbIX KOMMIO3UMHbIX
banok. Llenb uccrnedosaHusi 3ak/rodasiacb 8 OUEHKEe 8/USIHUS
Uu3MeHeHuUl rnpoyHocmu 6emoHa Ha aKCrIyamayuoHHbIe
Xxapakmepucmuku KoHcmpykyuu. Ocoboe 6HUMaHuUe yO0ensnoch
MOMeHmYy  Mjacmu4ecKko20  COMPOMUBIIEHUs, KOmopbIld umeem
pelarouiee 3HaqdeHue 01151 beaonacHocmu U MPOYHOCMU KOMIO3UMHOU
barnku.

Memodsi: [ns modenuposaHusi HernuHelHo20 noeedeHusi 6emoHa
KomnaHusi «Abaqus» co30ana MmpPexMepHyt YUCIEHHY0 Mooerb,
gKoYarowyro Modesnb nnacmuyHocmu 6emoHa npu nospexoeHuu
(CDP). bbin nposedeH aHanu3 HalexHoOCMU U OUEeHKa 8eposimHoOCmu
omkasa € ucrornb308aHueM ModesuposaHusi no memoody MoHme-Kapiio
(MCS) u memodam onpedeneHusi HadexHocmu repeoeo opsioka
(FORM) u emopozo mnopsidka (SORM). ®@yHkyus npedesnbHo20
cocmosiHusi 6biria onpedesieHa 8 COOMBEMCMBUU C Kpumepusmu
Espokoda 4 ¢ yyuemom npoyHocmu bemoHa Ha cxamue om 25 6o 80
Mrlla.

Pesynbmamebi:  Pe3ynbmamsbi  uccriedogsaHus  rokasanu, 4mo
rnpoyHocmb bemoHa Ha cxamue CyWecmeeHHO erusiem Ha MOMEeHM
rnnacmu4eckoeo COMpomuernieHuUss U rokazamersnb HaldexHocmu
KomnosumHol 6anku. Bbicokass npoyHocmb b6emoHa rnoebiaem
nnacmu4yeckoe CconpomuersieHue, a rokasamesib  HaldexHocmu
8apbUPyemcsi 8 3ag8UCUMOCMU OM 2e0MempuUYeCcKUX rnapamempos,
ceolicme KOMIMO3UMHbIX Mamepuarsios U yCcrosull HagpyXeHUs.

Bbigod: [lpoyHocmb bemoHa Ha Cxamue S68rnsemcsi 8aXHbIM
rnapamempoM, orpedernsiowUM KOHCMPYKMUBHbIE XapakmepucmuKku U
6e3onacHocmb cmarnebemoHHbIX KOMMO3umHbiX 6anok. dmom ghakm
rnodyepkusaem Heobxodumocme ydema UusMeHeHul npo4YHocmu 6emoHa
fpu  MpPoeKmMuUpPoBaHUU U OUEHKE KOMIMO3UMHbIX KOHCMpYyKUuul Ons
obecrieyeHus1 coomeemcmeusi cmaHoapmam HadexXHOCmuU.
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Knroyesnie criosa: komno3umHasi 6aska, HesluHeliHoe mModernuposaHue,
MOMeHmM Mlacmu4YecKo20o COMPOMUEIIEeHUs, aHanu3 HadexHocmu,
KOHEYHO-3r1ieMeHMHbIl aHanus, 8eposimHOCMb OmkKa3sa.

YTuuaj uspctohe 6eToHa nNpu NPUTUCKY Ha NOy34aHOCT U MOMEeHaT
NNacTUYHOCTM CNPETrHYTUX YENTUYHO-OETOHCKMX Hocaya

Habun QaHyH, ayTop 3a npenucky, Hacum KepHy

YHusepauteT y belaju, TexHonowkn akynrer,
NabopaTopuja 3a rpafieBMHCKO UHXeHepCcTBO 1 apxuTekTypy (JITLA),
Beyaja, HapogHa Oemokpatcka Penybnuka Amxup

OBJIACT: mawmnHcTBO, rpaheBnHapcTBO
KATEFOPUJA (TWUM) YITAHKA: opurinHanHu Hay4Hu paj

Caxemak:

Yeod/yurs: Y oeoj cmyduju ucnumaH je ymuuaj yspcmohe 6emoHa npu
MpUMUCKy Ha rnoy30aHocm U riacmu4yHU OmnopHU MOMeHam CripegHymux
Hocada 00 4Yenuka u 6emoHa. Lurb je 6uo Oa ce npoueHu ymuuaj
pasnuqumux  yepcmoha 6emoHa Ha MoHawake KOHCmpyKyuje, C
MocebHUM Haz2nackoM Ha MnacmuyHu OmIMOpHU MOMeHam Koju je
KpumuyaH 3a cuaypHOCM U UCryH-aeaH-e 3axmeea 3a CripeesHymu Hocau.

Memode: 3a modenupare HeruHepaHoz roHawarka 6emoHa, Abakyc je
Kpeupao mpoduMeH3UOHaTHU Hymepudku modesn Koju obyxeama modern
owmehera 6emona ycned nnacmudHocmu (Concrete Damage Plasticity
—CDP model). AHanusupaHa je noy3daHocm, a eepogamHoha omka3sa je
npouern-eHa riomohy cumynauuja MoHme Kapno (MCS), kao u nomohy
memoda noysdaHocmu npeoe (FORM) u dpyzoe peda (SORM). ®yHKyuja
epaHu4yHo2 cmarba odpeheHa je npema Kpumepujymuma Eepokoda 4
y3umajyhu y 0b63up yspcmohy 6emoHa fipu npumucky 0d 25 6o 80 MPA.

Pesynmamu: lNoka3aHo je 0a 4epcmoha 6emoHa fpu rnpumucKy 3HamHo
ymu4ye Ha naacmuyHu OmropHU MomMeHam U UHOeKc roy3daHocmu
crpeaHymoe Hoca4a. Bucoka yspcmoha 6emoHa nobosbwasa ninacmuyHu
OMIopHU MoMeHam, OOK UHOeKC roy30aHocmu eapupa 3asucHO 00
ceojcmasa Mamepujarna, 2eoMempuje cripeeHymoa rnpeceka, Kao U ycriosa
onmepehersa.

Sakrbyyak: Yepcmoha 6emoHa ripu MpUMUCKy 8axaH je napamemap Koju
odpehyje cmpykmypHe Kapakmepucmuke U CU2ypHOCM CripeaHymux
Hocaya 00 4eruka u bemoHa. 3amo je rnipu rpojekmosarby U MpoueHu
cripeeHymux KoHcmpykuuja HeorixodHo Oa ce sapujabunHocm ygpcmohe
6emoHa ysme y 063up kako 6u ce ocuzyparno nowmosare cmaHOapda
rnoysdaHocmu.

KrbydHe pedqu: cripesHymu Hocad, HesfuHeapHo Moderiuparbe,
naacmu4YHU OMIMOPHU MOMeHam, aHanus3a roy3daHocmu, aHanusa
KOHayHUX enieMeHama, eeposamHoha omkasa.
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Abstract:

Introduction/purpose: In many military air forces and civil aviation
organizations that use or own training aircraft equipped with a digital
cockpit, training tools such as trainers and simulators are understood to a
varying extent. Special attention is paid to the ratio of hours spent training
on the real aircraft to the number of hours spent on the simulator. This
approach in training professional circles and the public is called Live virtual
constructive. For all other teaching aids used for preparation for training,
neither the methodology nor the extent of their use has been specifically
investigated. The research aims to develop instruments that will measure
and evaluate the success and qualitative progress in pilot training achieved
by using the digital cabin space, based on which a decision can be made
about further training for a specific aircraft type.

Methods: In conjunction with a PC-based aviation training device and
advanced statistical analyses, an eye movement tracking device will help
arrive at a reference pattern of instrument observation to train pilots and
select pilot candidates.

ACKNOWLEDGMENT: The authors are grateful for the financial support through three
projects from the Ministry of Defense of the Republic of Serbia (project name: VA-TT/5/13-
15 ,Application of digital cabin space in pilot training” and VA-TT-2/19-21 ,Investigation of
perceptual and motor characteristics of pilot cadets in instrument flying on piston and jet
aircraft”, VA-TT/2/24-26 “Application of concept of digital training and pilot's selection”).
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Results: The proposed concept's research includes detailed descriptions of
the application of trainers and teaching aids with different profiles, which
significantly impact the quality of the implementation of the digital cabin
space in the training of cadet pilots.

Conclusion: Given that the Military Academy educates cadet pilots who
continue their training in the operational flying units of the Serbian Armed
Forces (SAF), it is essential that during the period spent at the Military
Academy, their quality theoretical preparation be carried out.

Keywords: flight training, simulation, hardware, software, eye tracking.

Introduction

Flight simulation systems come in various forms and provide varying
assistance in the training of candidate pilots and trained pilots. Flight
simulators and trainers which are known today can be classified into the
following groups:

— Full Flight Simulator,

— Flight Training Device,
— Flight and Navigation Procedures Trainer, and
— Basic Instrument Training Device.

The flight simulation and training device can be any of the above
simulator/trainer types. All types of simulators and trainers have a common
name: Flight Simulation Training Device.

For each of the mentioned types of devices for flight simulation and
training, there is a more detailed division according to the EASA (European
Aviation Safety Agency), which goes along with the corresponding
characteristics that each device must meet (EASA, 2018). The breakdown
is given in Table 1.

At the end of the 20th century, a device based on the PCATD
(PCATD- Personal Computer-Based Aviation Training Device) became
available to pilot candidates and their instructors for training on the ground.
These devices consist of a display console, a PC monitor that houses the
instruments of the aircraft being flown and a controller used for control.

At the beginning of the 21st century, there was an increased
emphasis on using PCATD personal computers in flight training. Today's
computers can realistically represent high-quality situations and
instruments on board an airplane in life-size. Current technology has also
succeeded in providing aerodynamic models and near-realistic flight
controllers used by the pilot in flight and having the same high accuracy
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as the devices intended for training a particular type of aircraft. The U.S.
Federal Aviation Administration (FAA) has approved using these devices
in training as the equivalent of real flight time, but only for a specific type
of flight and a certain number of hours defined by the FAA (FAA, 1997).

Table 1 — Distribution of types of flight simulation and training devices according to the
EASA

(Flight Navigation and Procedures Trainer - FNTP)

° EASA FNTP Level |

° EASA FNTP Level Il

° EASA FNTP Level lll

. MCC (multi crew cooperation). Not a true "level" of qualification, but an add-

on that allows any level of FNTP to be used for multi crew cooperation training.
Flight Training Devices (FTD)

° EASA FTD Level 1

° EASA FTD Level 2

° EASA FTD Level 3 (Helicopter only)
Full Flight Simulators (FFS)

° EASA FFS Level A

° EASA FFS Level B

° EASA FFS Level C

° EASA FFS Level D

Personal computers must have special software for simulating flights,
and the most suitable for use on the market is "Microsoft Flight Simulator,"
as an amateur and gaming software for flight simulators. Pilots can
practice procedures for the types of aircraft they are trained in. The PCATD
provides capabilities and functions for practicing instrument and
instrument flying tasks. Deviations are observed in exercises for flight in
instrument flight conditions (IFR) which cannot be performed as well as in
other simulators or, of course, in real aircraft.

This paper concerns the concept of digital training and the selection
of cadet pilots at the Military Academy. The technical solution implemented
has introduced and applied the concept of pilot training for digital cabin
space, which, in addition to trainers and simulators, envisages other
methods and synthetic means of different profiles.

The optimal pilot training profile was created according to the needs
of the Air Force and Air Defense. This model can be modified and adapted
to the needs of civil aviation organizations in training pilots who use aircraft
equipped with digital cockpits.
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The Air Force Command has issued a certificate of use of the Trainer
for the aircraft of the Serbian Armed Forces.

Research methods have been developed to evaluate the success and
progress of cadet pilot training achieved by applying digital cabin space.
On this basis, a decision can be made on the further education of each
candidate for a particular aircraft type. This technical solution was
developed in two projects funded by the Ministry of Defense, namely:

1. VA-TT/5/13-15 "Application of Digital Cabin Space in Pilot
Training" Decision of the Senate of the University of Defense, No. 9/11 of
15 November 2012.

2. VA-TT-2/19-21 "Research of Perceptual and Motor Characteristics
of Cadet Pilots in Instrument Flying on Piston and Jet Airplanes" Decision
of the Senate of the University of Defense, No. 3/82 of 5 December 2018.

Methodology

Materials
Interactive learning materials

To master theoretical knowledge in aviation, cadet pilots use CAE
Oxford Aviation Academy interactive materials in compliance with the
EASA. The materials are interactive books and multimedia (CBT
Computer Based Training). Each lesson is accompanied by clear and
precise narrations that guide the cadet-pilot through the material. During
the many years of implementation of CBT, cadet pilots have shown better
results in preparations for practical flights on the Lasta aircraft. The Lasta
training plane features a cockpit built by the American company Garmin.
At the Military Academy, Garmin software and a hardware simulator for the
Garmin 500/600 are used, Figure 1. Cadet pilots learn to navigate Garmin
systems using Flight Plan pages and GPS direct-to-head courses.
Generations who have used these training tools have shown better results
in the initial stages of basic flight training.

Figure 1 — Garmin 500, the instrument found in the Lasta aircraft (left), and a desktop
trainer with Garmin software used to train cadet pilots
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PCATD (Flight Simulator based on commercial software)

Simulators imitate parts of the aircraft and components with which the
pilot has direct contact: the cockpit with the control units, instruments, the
environment in which the use is carried out, and more. The use of
simulators achieves significant savings because it avoids the consumption
of aircraft resources, fuel, and ordnance (if it is combat training), does not
pollute the environment, reduces the risk of any injuries or accidents, and
it is possible to practice emergency procedures that are difficult or risky to
carry out in reality. Simulator training cannot fully recreate all the effects
and conditions that occur in reality, and that must be practiced on actual
aircraft.

The Lasta aircraft trainer is a tool used to train cadet pilots in visual
and instrumental flying using commercially available hardware and
software developed at the Military Academy within the project "Application
of Digital Cabin Space in Pilot Training." The original software add-on
(Figure 2), which is the result of the work of the research team of the
Military Academy, has the following characteristics:

1. High precision in geometry,

2. A large number of polygons (63813), and

3. High-resolution external textures (4K 3480 x 1280 pixels).

The virtual cabin space has the following characteristics:
. High precision in geometry,

. A large number of polygons (49490),

. High-resolution textures (4K 3480 x 1280),

. Fully "clickable",

. Equipped with the appropriate avionics, and

. Brightness and intensity in line with reality.

O WN -

Figure 2 — Software add-on for the Lasta aircraft in Flight Simulator 10
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For the Flight Simulator 10 software programming environment, a
simulator containing a simulation model of the Lasta aircraft has been
created. This simulator is classified as a "Personal Computer-Based
Aviation Training Device (PCATD)". It is based on the computer platform
for flight simulation "Microsoft Flight Simulator X," with a field of view of 90
degrees (Figure 3) and a field of view of 270 degrees (Figure 4). This
configuration allows for the exact visualization as in a real aircraft. All the
characteristics of the flight dynamics of the aircraft are defined through the
"XML" code that is implemented on the computer platform.

Figure 4 — PCATD trainer for the Lasta aircraft with a field of view of 270°
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The flight controls used on this trainer are identical in shape, color and
function to the controls in a real aircraft (Figure 5).

Figure 5 — Controls in the cockpit of a Lasta aircraft (left) and in the physical setup of the
PCATD trainer (right)

This way, adapting to the cabin space and creating a mental image of
the working environment is faster, easier, and cheaper. Adding the Martin
Baker seat, built into the flight simulator, creates an additional positive
impression of the working space in the aircraft (Figure 3).

The control surfaces include a joystick, a rudder control, and a throttle
control with a USB input for a computer. These components are intended
to control the aircraft around the longitudinal, lateral, and vertical axes, as
well as the engine control (power and pitch), on which additional switches
are used to control the landing gear and flaps. Before the flight,
meteorological conditions can be defined, as well as failures and the time
of occurrence of failures during the flight. Speed, altitude, course, time,
and positions on the map can be read at the end of the flight.

A trainer of this type is not of the highest technological complexity.
Still, it provides training in instrument flying procedures, the use of devices
and instruments, and regular and emergency procedures.

The flight simulator with software add-on for the Lasta aircraft consists
of three high-resolution (HD) projectors (Figure 6 position 10) which project
their image onto three projection screens (Figure 6 position 11), and one
high-resolution (HD) monitor. The projectors are positioned at an angle to
capture a field of view of 90° x 60° and thus give an overall image of 3480
x 1280 pixels. The software add-on allows them to spherically rotate the
image they display on the canvases with the help of an IR sensor to track
head movements.
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Figure 6 — Arrangement of the projection surfaces and the projectors on the PCATD
simulator

A view of the cabin area is given on a single touchscreen which
presents the pilot with only the instrument panel. The left and right
consoles with switches found in a real aircraft are absent.

With the modernization of the Lasta aircraft trainer, the field of view
has been expanded. It is provided by three 4K resolution projectors (short
throw projectors) for projecting images from a short distance and a
cylindrical screen measuring 270° x 60° (Figure 7).

Figure 7 — Modernized PCATD trainer for the Lasta aircraft and the position of the short-
throw projectors (rounded positions)
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This improvement has eliminated the use of IR sensors which existed
in the previous variant of the trainer, and increased the angle to which it is
possible to see the aircraft surroundings up to 270°. This is important for
the training of fighter pilots, where the dynamics of the movement of the
gaze is far more intense and where it is insisted that the relations between
the projection of the wings and the orientation on the ground (visual
orientation) are compared. This is due to the possibility of a 270° field of
view (Figure 8). The Lasta aircraft trainer exceeds the criteria defined for
the width of the field of view on the category D FFS simulator (180°x60°)
and the category 3 FTD trainer (150°x60°) as defined by the EASA
(European Union Aviation Safety Agency (EASA, 2018).

Figure 8 — Extension of the field of view to the PCATD trainer for the Lasta aircraft

An eye-tracking device was demonstrated as part of this trainer
(Figure 9, position 6). The schedule of attention distribution (shifting view
from instrument to instrument) in the glass cockpit configuration was
recorded and compared with the established observation scheme of
analog instruments. The experiment was conducted with cadet pilots as
well as experienced pilots.

Figure 9 — Eye-tracking device
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The concept of digital training and the selection of pilots for training
purposes has been extended to the needs of training helicopter pilots. A
version of the PCATD trainer has been created, which has the width of the
field of view of the FTD trainer of the third category (150°x60°), a projection
screen in the form of a spherical section, and a pilot seat on which the pilot
controls for the helicopter are installed (the so-called cyclic and collective
stick) (Figure 10).

Figure 10 — PCATD trainer for the Gazelle helicopter with analog instruments and with a
projection surface in the form of a spherical section measuring 150° x 60°

The characteristic cockpit view of the helicopter in Figure 10 satisfies
the required projection width in contrast to the aircraft training needs.
Analog instruments found on older types of helicopters are especially
characteristic.

The simulator allows the flight to be recorded and later analyzed by
incorporating the FS recorder plug-in, an add-on to the basic software.
Flight parameter data and footage can then be reproduced as a separate
flight or within a next-flight scenario. This option is used when analyzing
flights with cadet pilots, although it is not part of the standard simulation
software.

The main advantage of this solution is the multifunctionality of the
trainers' applications depending on the need, whether it is the training of
cadet pilots, fighter pilots or psychological and medical selection from the
aspect of checking future pilots.

Virtual reality (VR) devices

In 2021, the EASA announced that it had approved a virtual reality
training solution for a helicopter (EASA, 2021), which is a big step for this
method of training.
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The VR environment is simple and easy to implement on a PCATD.
High-reliability sensors in VR devices play a significant role in their
success. Virtual interaction itself increases the interest of cadet pilots. The
Military Academy uses Oculus Rift VR device glasses. Implementing the
existing software add-on for the Lasta aircraft, which is used in the VR
environment, includes the software that bridges the connection between
the Oculus Rift VR device and the Microsoft Flight Simulator X.

During the training at the Military Academy, adverse effects were
observed when using VR glasses, which were not mentioned in previous
research and impacted the training itself. Sponges on VR glasses, which
make the device comfortable, when used at high temperatures in the room,
interfere with the user and affect the result of training and the execution of
tasks because the glasses fog up from sweat. An additional problem arises
if users wear glasses because VR glasses cannot be adapted to different
diopters. In the paper entitled "A Model for the Adoption of Virtual Reality
Technology for Dynamic Learning (Fussell & Troung, 2022) some
interesting facts were presented about the difficulties of using VR glasses.
Figure 11 shows the use of the PCATD with the VR environment, which is
used at the Military Academy for the initial training of cadets.

Figure 11— PCATD with the VR environment, the Lasta aircraft accessory

Other hardware and software used in pilot training

Sky Demon is one of the most well-known flight planning and tracking
software. This software is also known as Electronic Flight Bag Software. It
allows you to plan your flight as well as GPS navigation during the flight.
Its unique options allow you to update aeronautical data in real time. Within
its unique features, Sky Demon also has an internal simulator called X-
plane. When the simulation mode of this software is started, it can be
networked with the Microsoft Flight Simulator X software with the help of a
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smaller software called FSX2Sky Demon located on the Google Play
platform. The software takes data from the simulation currently running on
the computer and plots the flight path on Google Maps (Figure 12). At the
same time, it transmits speed and course data to Sky Demon. It receives
feedback from Sky Demon in the form of winds that are obtained from
weather stations in real time and has an impact on the flight of the model
in the simulation once recorded and saved in the Google Map
extension, .gpx. It can be subsequently analyzed in 3D and 2D mode
(Figure 13).

Figure 12 — Using the SKY Demon software (bottom left part of the image) with the
addition of the FSX2 Sky Demon app (upper left part of the image)

Figure 13 — Recorded trajectory from a simulated flight in the SKY Demon app and the
FSX add-on for the Lasta aircraft. The trajectory is recorded in the Google Map
extension .gpx
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Methods

Analysis of the flight parameter data and the eye movement
recording obtained from the simulator

This chapter presents an experiment conducted with cadet pilots of
the Military Academy in flights in simulators with different visual
environments or fidelity. The task is to spot any differences in the flight
performance and presentation data in the best way. This and similar
studies have been carried out using free software for these purposes. One
group of cadets practiced taking off and landing with the Lasta aircraft on
the school circuit in a conventional simulated environment that involved
projecting the environment of the aircraft on the projection screens and the
aircraft cabin on a monitor in front of the eyes of the examinees. This group
of cadets served as a control group in the trial. The second group of cadets
practiced taking off and landing with the Lasta aircraft on a simulator with
a virtual cabin space and the aircraft surroundings. This group served as
an experimental group. The first and last control flights were flown in a
conventional simulated environment to examine the effect of changing the
simulated environment on the flight performance and instrument
observation strategies. The experiment was designed to determine
whether there is a transfer of skills from one simulation environment to
another.

For the experiment in which the flight parameters were compared
(project number VA-TT/2/24-26), the PC flight simulator used in earlier
research (projects numbered VA-TT/5/13-15 and VA-TT-2/19-21) by
researchers from the Military Academy and described in the study (Vlaci¢
et al, 2020) has been specially upgraded with Simpit Technologies'
Centurion 270 PRO cylindrical 270° vision system to increase its fidelity in
the field of view. The experiment used an add-on for the Lasta aircraft, a
military pilot training aircraft, which falls into the category of technologically
advanced aircraft due to its integrated electronic instruments (EFIS).

A new hardware configuration of the computer commercially available
during the experiment allowed for a better multi-frame operation and a
curved projection of an external scenario with a resolution of 3080 x 1024
pixels. Figure 14 shows the trainer with the settings from the experiment
and a device that records eye movements in the background.
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Figure 14 — Lasta aircraft trainer with 270° field of view and the eye tracking device
(rounded position)

The Microsoft FSX software add-on for the Lasta aircraft has been
enhanced with additional software called Flylnside FSX by Flylnside Inc.
2018. This made it possible to set up a model of the Last aircraft in virtual
reality with the help of an Oculus Rift Virtual Reality headset. The Flyinside
software uses the features of the Microsoft Flight Simulator and adds an
interface to the VR environment. The flight dynamics and features of the
original software remain the same. Figure 11 shows the exterior of the VR
flight simulator, while Figure 15 shows both the flight scenery and the VR
simulation presentation in the cockpit.

R

Figure 15 — View from the cockpit of the VR flight simulator for the Lasta aircraft
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During the flight, a demonstration of the traffic pattern typically used
in training to practice take-off and landing on the Lasta aircraft was used
for testing. The subjects who participated in a comparison of the flight
performance and instrument eye scanning strategies on the simulators of
different fidelity practiced the same traffic pattern.

Matthias Neusinger (2007-2010) created the FS Recorder module to
record flight performance data from the simulator used in the study by
Vlaci¢ et al. (2020). FS Recorder is free software that adds flight recording
and playback functions to the core software. This software records flight
data parameters during all flights in a conventional simulated environment
and VR. It can record and reproduce flights of almost unlimited length. It
stores data in its own frc data format. In addition, the FS Recorder
converter created by Matthias Neusinger (2007-2010) was used to convert
the FS Recorder frc files into text files. After conversion, the actual flight
data is formatted into rows and columns, where each row contains a single
set of parameters (from now on referred to as sample data), and each
column represents a specific parameter. The lines represent a single
sample of data and consist of a series of values separated by space (tabs
or spaces). These values must correspond to the definitions of the columns
(i.e., latitude, longitude, altitude, pitch, heading, flap position, instrument
airspeed (lIAS). Indicated Airspeed, Actual Airspeed (TAS), and True
Airspeed). The most important column for synchronizing eye-tracking and
flight performance footage is the "timestamp" column, which records the
time interval in seconds from the start of the recording for each parameter
that makes up that row of data (i.e., latitude, longitude, altitude, pitch). In
this way, it is possible to compare the events in the simulation with a timer
that measures time within the eye-tracking software, as they start working
almost instantly.

Collection of the flight data parameters

To enter as much data as possible about the flight parameters in
specific flight segments in the studio, the Proracun function was created in
the R programming language. In this function, the flight performance data
by segments of the traffic pattern is extracted and analyzed based on the
pre-inserted part of the pilot's knowledge and experience. One part
evaluates the performance of the flight in the traffic pattern, and the other
part evaluates the grade according to the size of the standards that are
evaluated and compared according to the official methodological manuals
for training. In this study, a very important detail is the number of flights
given for training as a norm defined by methodological manuals. It
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represents a series of knowledge transferred and practiced from flight to
flight.

Each traffic pattern flight practice contains six flights with six take-offs
and landings. After the csv files for one of the respondents are imported
into the R environment, to begin with; it is essential to set aside the time
frame in which each traffic pattern takes place. This is achieved by filtering
based on a variable that contains a value of 0 if the aircraft is in the air or
1 if the aircraft is on the ground. Since the aircraft is on the ground for a
short time, filtering it based on a value of 1 is more convenient. The final
value of the column is obtained - a timestamp, between which there is an
interrupted time series that represents the beginning or end of a school
circle. The function filters this variable and writes the data to the Times
table, which has a separate appendix for each cadet pilot and each of his
flights.

After that, certain required segments are reached based on filtering
by several set criteria for the given time frames in which the traffic pattern
takes place. The example below shows how the mean square deviation
from the flight course of a given value in the segment of the school circle
from the first turn to the second turn (Crosswind) is calculated.

if (I=="crosswind") {

p2<- abs(cww$heading- 32)#daje promenljivoj p vrednost razlike kursa i zadanog
kursa#

prenos2<- data.frame(p2)
rms_crs_head<-sqrt(mean(prenos2$p2.2))
Zapis_crosswind$head_second_circle<<- prenos2$p2
Zapis_crosswind$rms[2]<<-rms_crs_head
print("rms_crs_head")
print(rms_crs_head)
Collection of the data obtained from an eye-tracking recorder

Gaze transition strategies are defined as eye movements that an
individual can perform and that are relevant to flying an airplane.
Specifically, the two relevant eye movements are fixations (i.e., the time
that elapses while one's gaze is focused on one particular location or the
number of glances at that same point) and saccade (i.e., the rapid
movement of the eyes from one point of fixation to another) (Ziv, 2016). In
practice, at least when it comes to aviation, the point at which the number
of views is measured is defined as an area of interest (AOI).
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A sequence of gaze movements can start from any other AOI and is
a return scan path or "revisit" with any other AOI. A study by Lefrancois et
al. (2016) provides research results between visual patterns and flight
performance with experienced pilots. It explains how they did not divide
efficiently their visual attention compared to the reference crew. They
assume that prerecorded experts' visual pattern could help novice pilots to
adopt appropriate gaze strategies.

A study by Ayala et al. (2023) provides the results of the influence of
the difficulty of the flight task on the instrument observation strategy of
pilots with less flight experience. This study performed an entropy-based
analysis at 10 AOI in a simulated landing scenario. A series of fixation
locations were then generated for each flight. The necessary codes are
written in Python to calculate the Static Gaze Entropy (SGE) and the Gaze
Transition Entropy (GTE). The SGE is a measure of a view's dispersion
calculated over a given viewing period. The more evenly distributed the
fixations across the AOI (i.e., the wider the dispersion of the gaze), the
higher the entropy. The view transition entropy (GTE) examines the
complexity of a fixation sequence through the analysis of gaze transition
matrices.

A similar approach to the measure of the entropy of the transition of
gaze was developed by Mandal & Kang (2018) in their study. A network
eye movement analysis was applied for dynamic tasks, where different
AOIls were represented as network vertices (nodes), and the transition of
views between them was represented by directed paths between the
vertices of the network. The development of grid-based visualization and
other similar attempts are an effort to replace traditional measures of
transition views such as the number and duration of fixations, which did
not provide a sufficiently reliable indication of the difference in observation
strategies, to be more reliable.

Grid-based visualization and measurement of gaze transition requires
first creating an AOI transition matrix, which is a tabular representation of
the eye fixation transitions that occur between different AOI pairs (Table
2). The information about the transition matrix is used to develop a web
presentation which visualizes the visual scanning strategy of the
respondent.
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Table 2 — Gaze transition matrix between AOIs in horizontal flight (an example)

TO AOI
FROM AQI AST AVST El OoC
AST 0 1 2 6
AVST 1 0 1 8
El 1 0 0 3
oC 7 8 2 0

A way of presenting data for a static network as in Mandal et al. (2016)
with some adjustments was used in the paper of Vlaci¢ et al. (2020). The
proposed four AOls on the simulated cockpit of the Lasta aircraft for this
study can be seen in Figure 16.

e 50O il = |

Figure 16 — Appearance of the cockpit of the Lasta aircraft in the Microsoft Flight
Simulator and 4 AOQlIs for which the instrument scanning schedule was recorded in the
paper Viacic¢ et al. (2020)

Eye movement recording was performed using the GP3 Desktop Eye
Tracker from Gazepoint (Figure 9) with a sampling rate of 60 Hz and an
angular accuracy of 0.5° —1°. When the simulation and the FS Recorder
software are started, the recording function in the Gazepoint Analysis
software is also started so that the timeline of recording flight parameters
and view transition can be compared. It is interesting to note that the
difference between the number of AQOIs in the example from the Ayala et
al. (2023) study (where there were 10) comes from the fact that the cockpit
of the Lasta aircraft is equipped with electronic instruments that combine
the display of several parameters in one space, which is exactly what was
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stated in the introduction as the need to conduct research. This study used
an igraph package (Csardi & Nepusz, 2005) in the R programming
language to convert AOI transition matrices (Table 1) into diagrams. There
is a difference in the proposed color of the knots compared to the proposed
principle in Mandal et al. (2016). Based on the RGB palette of the
RColorBrewer package in the R programming language, it has been
defined that: red means a low fixation duration, orange means a longer
fixation duration, and yellow means the longest fixation duration, as shown
in Figure 17.

I 1
| ast |

Figure 17 — Visualization of the instrument observation strategies using the network
method (an example for participant No. 5)

To statistically check the different strategies visualized in this way,
calculations of the centrality of the nodes within the diagram were carried
out using the Igraph package in the R programming language. These
measurements inherent in diagrams determine the relative importance of
the node in relation to the diagram. In this study, these were measures of
the degree of centrality (Indegree), centrality by closeness (Closeness),
and Relational Centrality (Betweenness). In addition, these measures
have been normalized to determine how far each of these measures is
from the maximum recorded value within a given time interval, or in this
case the flight phase.

Results

The data obtained from the recordings from the flight recorder files in
conventional and virtual environments reveal a distinct and characteristic
progress of the group that rehearsed the traffic pattern in the virtual
environment. Better results from this group were recorded even when they

201

Knezevic, A. et al, Application of different hardware and software in the concept of digital pilot training and selection, pp.183-209



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

were returned for testing on a conventional simulator together with the
control group after practice, as was envisaged by the experiment setup.
An example of a more precise runway alignment in the direction of landing,
i.e., a more minor deviation from the ideal trajectory of the given course in
the final approach for each of the subjects, is given in Figure 18. The trend
of progression and differences in the mean square deviation from the ideal
trajectory of the final view for the groups of subjects is shown in Figure 19.
The graphical representation is given using the functions of the ggplot
package and the RColorBrewer package in the R programming language.

Final heading RMS error boxplot and trend accross flights
trendlines for participants
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Figure 18 — Summary statistics for the mean squared deviation from the final approach
course for the experimental group (VR)- and the control group (Simpit)-, with a trendline
by flight
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Figure 19 — Size and trend of the mean square deviation from the final approach heading

for the experimental group (VR)-down and the control group (Simpit)-up, with the
trendline by flight
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The analysis of the eye movement imaging device results revealed
that the control group had a weaker strategy for observing the instruments
than the experimental group. When looking at traditional measures for
assessing eye movement, the number and duration of fixations, it was
observed that the control group had acquired a habit of observing more
instruments that show inclination, angle of climb, and velocity (Bank AOI,
Pitch AOI, IAS AOQI-, shown in Figure 20).

Fixation duration

B Bank AODI B Pitch ADI B 1AS AD
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E
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Figure 20 — Summary statistics of the average fixation time in the phase of the final
approach across the school circle (Final) in each group of participants for all defined AOI
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Figure 21 — Display of the absolute values and the trend of the Indegree measure for the
final approach phase for each of the AOIs by groups of subjects
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Also, the measures of the centrality of nodes within the diagram using
the Igraph package in the R programming language showed that subjects
in the conventional simulation environment had higher centrality values for
the same AOI as in traditional measures (Bank AOI, Pitch AOI, IAS AOI-,
Figure 21).

In contrast, the subjects who flew in the VR environment had a higher
degree of centrality for the areas of interest in height, Altitude AOI, RMI
AOi, and the AOI engine (Figure 21), which proves that these two groups
of subjects have developed different strategies for observing instruments.

Conclusion

Basic flight training is considered the most crucial stage of pilot
training and the basis for a successful process of producing future pilots.
This training phase has undergone significant changes with the
introduction of the Lasta aircraft which belongs to the category of
technically advanced aircraft. This aircraft is characterized by a high
degree of digitalization of the cockpit and other systems. Due to these
characteristics, paying close attention to flight safety and training is
necessary. To do this, attention must be paid to the theoretical training
stage with synthetic means.

The aircraft manufacturer Lasta did not provide funding for training
and simulators. The Military Academy's research team has acquired and
developed many training tools to make the training process more efficient.
The concept of digital training includes a series of digital devices designed
to enhance flight training.

The assessment of flight instructors and examiners from the Military
Academy after flights with cadet pilots of the first generation of pilots-
cadets who began flight training after practicing on these trainers is that
the results in training, especially in the early stages of basic training, are
better. The simulators and trainers based on COTS components are the
core of these devices.

VR offered opportunities to improve the flight training process—
cadets learn faster and more efficiently, and their memory of flight tasks is
better.

The GP3 Desktop Eye Tracker proved to be a valuable tool for
evaluating results in a simulated environment. It is also fully applicable as
an additional tool for selecting piles.

With its packages and functions, open-source software, such as the
R environment, allows you to work with large amounts of data, such as
logs from flight parameter recorders, either from a real aircraft or a
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simulator. In the foreground comes the possibility of detailed statistical
processing of data, which can prove a hypothesis or compare groups of
respondents. In this way, so-called quick tools can be created to contribute
to decision making regarding how experiments should be continued. On
the other hand, the possibility of graphical representations and simulations
of processes can serve to understand better the progress of complete
processes for those who need to become users of data processing
services.

Although digital training is not mandatory in the current pilot training
model at the Military Academy, it is successfully implemented. Its potential
is significant and can, to some extent, affect the very nature of the basic
training process.
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Resumen:

Introduccién/objetivo: En muchas fuerzas aéreas militares y
organizaciones de aviacion civil que utilizan o poseen aviones de
entrenamiento equipados con una cabina digital, las herramientas de
entrenamiento como entrenadores y simuladores se entienden en mayor o
menor medida. Se presta especial atencion a la proporcion de horas de
entrenamiento en el avién real con respecto al numero de horas de
entrenamiento en el simulador. Este enfoque en la formacién de los
circulos profesionales y del publico se denomina en directo virtuales
constructivas. Para todos los demas medios didacticos utilizados en la
preparacion para la formacion, no se ha investigado especificamente ni la
metodologia ni el alcance de su uso. La investigacion tiene como objetivo
desarrollar instrumentos que midan y evaltien el éxito y el progreso
cualitativo en la formacion de pilotos logrados mediante el uso del espacio
de cabina digital, en funcién de los cuales se pueda tomar una decision
sobre la formacién adicional para un tipo de avién especifico.
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Meétodos: Junto con un dispositivo de entrenamiento de aviacion basado
en PC y andlisis estadisticos avanzados, un dispositivo de seguimiento del
movimiento ocular ayudara a llegar a un patrén de referencia de
observacién de instrumentos para capacitar a los pilotos y seleccionar
candidatos a piloto.

Resultados: La investigacion del concepto propuesto incluye descripciones
detalladas de la aplicacion de entrenadores y medios didacticos con
diferentes perfiles, que impactan significativamente en la calidad de la
implementacion del espacio de cabina digital en la formacién de pilotos
cadetes.

Conclusién: Dado que la Academia Militar forma pilotos cadetes que
contintian su formacion en las unidades operativas de vuelo de las Fuerzas
Armadas de Serbia (SAF), es fundamental que durante el periodo de
estancia en la Academia Militar se lleve a cabo su preparacion tedrica de
calidad.

Palabras claves: entrenamiento de vuelo, simulacion, hardware,
software, seguimiento ocular.

MpUMEHeHWe pasnuyHbIX annapaTHbIX 1 MPOrPaMMHBIX CPEACTB B KOHLEMLNM
umcpoBoro obyyeHusi u oTGopa NUNOTOB

AnekcaHdap 3. KHexesnu?, Anekcandap I. Byksud®, BpaHumup B. Kpctuy®
YHuBepcuteT ob6opoHsl B r. benrpaa, BoeHHasi akagemus,

r. benrpag, Pecnybnuka Cepbus

@ kadpepa BOEHHOM aBMaLMi, KOPPEeCNOHAEHT

6 agenaptamMeHT BOEHHOINo MexaHM4eCKoro NHXXUHUpUHra

PYBPUKA TPHTW: 78.25.13 BoeHHasi aBMaUMOHHas TeXHMKA N BOOPYXEHWEe
BV CTATbW: opurmHanbHas Hay4Has ctaTbs

Pe3some:

BeedeHue/uenb: B soeHHOU asuayuu U opaaHusayusix epaxdoaHcKou
asuayuu, Komopbie  ronb3yromecs  unu  enadewom  y4ebHo-
mpeHepo8OYHbIMU caMoriemamu, OCHaWeHHbIMU yugposol kabuHoul
nusoma, cpedcmea 0byyeHuUs, makue Kak mpeHaxkepbl U CUMYISIMOpbl,
ucnonb3dyromcsi 8 pasHol cmerneHu. Ocoboe eHumaHue ydernsemcs
COOMHOWEHUK Hacos, 3ampaqyeHHbIX Ha oby4YeHUe Ha Hacmoswem
8030yWHOM CyOHe, C KOIUY4ECMEOM 4aco8, [POBEOEHHbIX Ha
mpeHaxepe. Takol nodxod 8 npogheccuoHanbHol cpede MpPUHSAMO
Ha3bl8amb KOHCMPYKMUBHbIM MOOEUPO8aHUEM 8 PEXUME PearibHO20
gpemeHu. O0Hako mMemodorsioausi U cmerneHb UCMOob308aHUsT Opyaux
y4ebHbix cpedcme Ons nod20moeKU K y4YeHUssM OmdesibHO He
u3yyanucs.

Memodbi: Wcrnonb3osaHue ycmpoflcme omcrexueaHusi 08UXXeHUs
e/la3 8 co4YemaHuu C B8bICOKOMOYHbIM TUsIoOMa>kHblM MmpeHa>kepom
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661710 UCccnedo8aHO C MOMOWbIO PacWUPEHHO20 CMamucmu4yecKko2o
aHanu3za C Uuenibio paspabomku amarnoHHol Mmodenu ocmompa
npubopoe 0Onsi 0by4YeHusi KypcaHmoe u ombopa kKaHOudamos 8
nusomsil.

Pe3ynbmamei: ccredosaHue npednacaeMoli KOHUENuUU eKmo4aem 8
cebsi nodpobHoe ornucaHue MPUMEHEHUSI MpPeHaxepos U y4YebHbIX
cpedcme pasfiudHo20 nPoghusisi, KOMOpPbIe CYU,eCMBEHHO 8/IUSIIOM Ha
Kayecmeo 6HeOpeHUsT Yugposoeo npocmpaHcmea KabuHbl pu
0byyeHuu 6ydywux nuIomos.

Bbigod: Yyumbigass mom ¢hbakm, ymo BoeHHasi akademusi 2omosum
B0EHHbIX JIeM4YUKO8, Komopble npodo/kam ceoe o0bydyeHue 8
ornepamueHbIX emHbiX rodpasderneHusix BoopyxeHHbix cun Cepbuu
(BCC), Heobxodumo nposecmu Ka4yeCmeEeHHY MeopemuyecKyro
rnodzomoeky 8 meyeHue obyd4eHusi 8 BoeHHol akademuu.

Kniroyeesnsie crosa: nemHasi nodzomoska, uMumayuoHHoe
MmodenuposaHue, annapamHoe obecneyeHue, npozpammHoe
obecrnieyeHue, omcriexusaHue aas.

MpumeHa pasnuunTor xapasepa v codTBepa Y KOHLENTY AUrMTanHe
obyke 1 cenekuuje nunota

Anexcardap 3. KHexesuh?, Anekcardap . ByksuhS, GpaHumup B. Kpctuh®
YHuBep3uteT ogbpaxe y beorpagy, BojHa akagemuja,

Beorpag, Penybnuka Cpbuja

a Kategpa BojHOr Ba3fyxomnnoBCTBa, ayTop 3a Npenucky

6 KaTeapa BOjHOMaLLUMHCKOT MHXEHEPCTBA

OBJIACT: malmnHCcTBO
KATEFOPUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/uyurb: Y MHo2uM 80jHUM 8a30yxornsioecmeuma, Kao U YUBUITHUM
8a30yX0rn/I08HUM opaaHu3ayujama Koje Kopucme usnu rnocedyjy WKOJICKe
asuOHe orpeMsbeHe duaumarsHUM KabUHCKUM rpocmopoM, nodpasymMmesa
ce yrompeba cpedcmasa 3a 0OyKy Kao WIMO Cy MPpeHaxepu u
cymynamopu pasnudumoe nipogpuna. lNocebHa naxrsa npudaje ce 0OHocy
bpoja uvacosa nposedeHux y obyuu Ha asuoOHy U bpoja 4yacoea Ha
cumynamopy. Oeaj npucmyn y obyuu y cmpy4HUM Kpy208uma U jasHocmu
rnosHam je kao JKuea eupmyenHa KOHCMpykmueHa. 3a cea ocmarna
HacmaeHa cpedcmea Koja ce Kopucme y cepxy npunpeme 3a 0byKy Huje
rnocebHo ucmpaxxeHa memodorsioeuja HUMuU 0bum Huxoee yriompebe.

Memode: Ynompeba ypehaja 3a npahere rnokpema oka y cripesu ca

mpeHaxepom odpeheHoe cmerneHa eepHocmMuU ucmpaxeHa je romohy
HarnpedHUX cmamucmuyKux aHasu3a kako 6u ce dowiro 0o peghepeHmHoe
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wabrioHa ocMampara UHCmpyMeHama Koju bu criy>xuo 3a obyKy nurioma
U cernekyujy kaHOudama 3a rusiome.

Pesynmamu: Y okeupy ucmpaxueara pedrnioxeHoe KoHuernma
demarsbHO je orucaHa rnpuMeHa mpeHaxepa U HacmasHux cpedcmasa
pasnudumoe rnpochusia, Koja uUmajy 3HadajaH ymuuaj Ha Keanumem
umrinemeHmauuje duaumarsiHoe KkabuHckoz rpocmopa y obyuu kadema-
nunoma.

Sakrbyyak: C obsupom Ha mo Oa ce Ha BojHoj akademuju obpasyjy
Kkademu-nunomu Koju c8ojy obyKy Hacmaerbajy y nemadkum jeduHuyama
Bojcke Cpbuje (BC), eprio je saxkHO da ce y mokKy rnepuoda rposedeHoz Ha
WIKOI08arby U3BPLUU HUX08a KearlumemHa meopujcka npurnpema.

KmbyyHe peuu: nemadka obyka, cumynauyuja, xapdeep, cogbmeep,
npaheme rnokpema oka.
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Abstract:

Introduction/purpose: The use of supplementary cementitious materials
(SCM) in construction has gained popularity due to their ability to improve
the mechanical properties and environmental sustainability of concrete.
This study aimed to investigate the potential of utilizing waste materials,
specifically marble powder (MP) and dam sediment (DS), as partial
replacements for cement in self-compacting concrete (SCC). The primary
objectives were to recycle these waste materials and assess the durability
and strength of SCC exposed to aggressive chemical environments.

Methods: In this study, cement was partially replaced with 40% MP, 40%
DS, and a combination of 20% MP and 20% DS. The performance of such
concrete was evaluated through compressive strength tests conducted for
28 days. Durability was assessed by exposing the concrete to chemical
attacks from hydrochloric acid (HCI), sulfuric acid (H,SO,), and sodium
sulfate (Na,SO,) solutions. Mass loss due to these chemical attacks was
also measured.

Results: The concrete incorporating MP demonstrated compressive
strengths similar to that of the control concrete, achieving 37.61 MPa at 28
days. The concrete with DS exhibited lower strength (31.81 MPa) and
showed higher resistance to HCI (ML = 38.78%) compared fto the MP
concrete (ML = 40.74%). Additionally, all concrete samples exhibited good
resistance to sulfuric acid due to the formation of expansive ettringite which
protected the concrete from further degradation.

Conclusions: The results indicated that both marble powder and dam
sediment are viable supplementary materials for improving the mechanical
properties and durability of SCC. The concrete with marble powder showed
superior strength, while dam sediment contributed to enhanced acid
resistance. The combination of these materials offers a sustainable solution
for concrete exposed to aggressive environments.

Key terms: concrete (SCC), sediment, marble powder, fiber, mass loss,
mechanical, aggressive environment.

Introduction

The process of dredging dam sediments is necessary to ensure water
storage capacity. This process generates over 600 million cubic meters of
dredged sediment yearly, while less than 1% is currently recycled.
Sediment storage can significantly impact the development of ecosystems
and coastlines downstream of major river systems (Sellaf et al, 2023).
Sediments generally consist of soil residues, organic minerals, and other

211

Goudih, L. et al, Influence of sediment additions on the mechanical behavior of fiber-reinforced concrete in aggressive environments, pp.210-235



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

natural elements resulting from coastal erosion. These can be classified
as organic and inorganic pollutants (heavy metals such as lead, chromium,
mercury, salts, etc.). On the other hand, there is a growing demand for
materials used in construction.

However, major obstacles and problems have been discovered in the
sediment beneficiation process due to major differences in material
properties and the quantities of salts and organic matter they contain,
which can lead to high permeability and corrosion of reinforcement
(Labiod-Aloui et al, 2014).

The deterioration of concrete elements exposed to aggressive sulfuric
acid environments is a major durability issue affecting critical civil
infrastructure's life-cycle performance and maintenance costs. Sulfuric
acid present in groundwater or chemical waste or generated by the
oxidation of sulfur compounds (e.g., pyrite) in backfill can attack the
substructure protecting concrete elements (Bassuoni & Nehdi, 2007).
Furthermore, concrete structures in industrial areas are vulnerable to
deterioration due to acid rain, of which sulfuric acid is a major component
(Thunuguntla & Gunneswara Rao, 2018).

Muhedin & Ibrahim (2023) studied the characteristics of concrete that
used waste glass powder (WGP) in place of cement and sand. The results
of laboratory tests were used to determine the compressive strength and
separate tensile strength of concrete with 0%, 5%, 10%, 15%, and 20%
partial replacement of sand and cement separately by WGP. The concrete
compressive strength could be improved significantly at 7, 28, 60, and 90
days when using WGP as a partial replacement of cement at 5%, 10%,
and 15% which can be considered a reasonable ratio.

Ranatunga et al. (2023) used coconut shell ash as a partial
replacement for cement to reduce environmental impact while achieving
the previously specified structural performance of concrete. The
replacement percentage varies from 15% to 30% of the total content, and
the optimum content for partial replacement is reached at 20% to achieve
the targeted average compressive strength of 25 MPa.

Scherer et al. (2023) concluded that using rice hull ash and rock
powders as a partial cement replacement could help investigate concrete
durability in aggressive environments. The concrete containing these
mineral admixtures showed better durability and less mass loss than the
reference concrete. Concrete containing mineral admixtures showed
better resistance to acid corrosion than Portland cement concrete.
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Materials and methods

Materials used

The sediment used in this study was recovered in the discharge area
of the Fergoug dam, located in theMohamadia region of Mascara (west
Algeria). This dam was the first dredged dam in Algeria from 1986 to 1989,
and it had over 10 million m3 of dredged sediment (Hammadi et al, 2011).
This dredging was carried out with floating suction dredge extruders.
Sediment (vases) are sucked into the dredge and discharged through a
pipeline consisting of a floating and a fixed part of several hundred meters
in length (Hammadi et al, 2011).

The thermal method was used to prepare the sediment following
standard XP P94-047. After calcination in an oven at 450 °C, organic
matter was removed. As a result, the dam sediments contain an organic
percentage of 6.25%.

Marble powder was prepared from the remains of marble stones from
workshops and quarries by placing it in a micro-diffusion device, crushing
it, and then sieving it through a 2 mm sieve. These two specimens were
subject to several laboratory identification tests using standard procedures
adopted by the AFNOR and ISO standards NF P94-068 (AFNOR, 1998b),
NF P94-057 (AFNOR, 1992), NF 94-056 (AFNOR, 1996), NF P94-054
(AFNOR, 1991) and NF P94-051 (AFNOR, 1993).

The chemical analysis of the specimens was carried out in
accordance with NF EN 1744 (AFNOR, 1998a), and the results are
presented in Table 1.

Gravel is traditional and commonly used on building sites. These
aggregates were washed and then sieved to obtain 03 fractions 3/8, 8/15.
The characteristics were determined according to standards, and we
obtained the following: absolute density (2.62 g cm-3) and apparent
density (1.40 g cm-3).

The cement used in this research is ordinary Portland cement (OPC)
prepared from 76% clinker, 18% lime, and 6% gypsum. The chemical
analysis of the cement is presented in Table 2. The densities of cement,
sediment, and marble powder are approximately 3.2, 2.46, and 2.75 g cm-
3, respectively.

In our experimental study, we used a crushed sand fraction (0/3) from
the Tizi quarry in the southwest region of Mascara. Before use, the sand
is washed to reduce impurities. The absolute density value has been
estimated at 2500 kg m-3 le and a fineness coefficient of 2.78, with a water
absorption capacity of around 2.4% and a cleanliness level of 78%. A 5%
solution of sulfuric acid, hydrochloric acid, and sodium sulfate was chosen
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for the mix. Formal tests are carried out and prepared to test the concrete
resistance to chemical attack.

In this study, all mixes were made with a water/cement ratio (w/c) set
at 0.55. The sand/cement (S/C) ratio was 1:3 for all samples. Plasticizers
were added to the mix to achieve similar workability. The plasticizer
content ranged from 2% to 2.5% by weight of the binder.

Table 1 — Some properties of the investigated materials (Sellaf et al, 2023)

Dam Marble Sand

Sediment powder
Liquid limit (%) 32.28 35 20
Plastic limit (%) 15.09 13 Nul
Plasticity index (%) 17.19 22 Nul
Volume of blue VB ( g cm-3) 4.5 5.2 0.39
Specific gravity 2,46 2.63 275
Apparent density ( g cm-3) 1.26 1.45 1.53
Fineness modulus 1.2 1.35 2.78
Organic content (%) 6.25 0.05 Nul

Table 2 — Chemical compositions of the soils used in the study (Sellaf & Balegh, 2023)

Property Dam Marble Crushed Cement
sediment powder sand

SiO2 (%) 61.75 60,5 56,82 21,23
Al203 (%) 8.39 4,85 5,12 5,23
Fe203 (%) 0.71 11,85 0,16 2,34
CaO (%) 12.51 9,45 13,4 63,25
MgO (%) 0.37 1,22 10,38 2,01
NaOH (%) Nul 0,08 0,07 0,15

CL (%) Nul 0,05 0,05 0,01
P.F2 (%) 16.27 12 14 5,78
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Concrete mix-design

Our formulation study consists of formulating vibrated concrete and
self-compacting concrete based on marble powder and/or Fergoug
sediment as additions. The introduction of mineral additions leads to a
modification of the porosity of cementitious matrix and influences the
concrete mechanical and self-compacting characteristics.

The fluidity of self-compacting concrete is obtained by adding
superplasticizers. This admixture must not be too high (close to saturation
dosage). Otherwise, the concrete sensitivity to variations in water content
will be increased, leading to problems of segregation and bleeding.

The formulation method used to design the self-compacting concrete
compositions tested in this experimental study is an empirical method
based on four points:

The self-compacting concrete formulation meets the mechanical
strength criteria (fixed or desired) chosen from Bolomey's formula, see
equation 1 (Denis, 2008):

LEqui
FC=R;G [————— =5 (1
¢ ¢ [Eeff + Air ( )

where

F'c: compressive strength of concrete in (MPa),
Rc: compressive strength of cement in (MPa),
Lequiv: cement + k. mineral additions (in kg),
Eeff: effective water quantity,

Air: air volume (in liter), and

G: granular coefficient.

Admixture dosage is calculated to limit segregation and bleeding. The
superplasticizer dosage is determined experimentally from tests on fresh
concrete, for which the spread must be between 60 and 70 cm.

The composition of the skeleton is optimized to reduce segregation
and promote flow. To achieve this, the granulometric analysis of the
concrete must fit into granular spindles (Figure1).

As regards the formulation of the corresponding vibrated concretes,
their compositions were either obtained from those of the SCC,
maintaining identical cement quantities and granular proportions, or from
the Dreux-Gorisse method (high-performance vibrated concrete).

All the compositions studied during this research project are
presented in Table 3. Aggregate quantities regarding soaked material
mass (saturated aggregates on a dry surface) and admixture dosages for
liquid product mass are given.
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Figure1 — Aggregates grading curves
Table 3 — Composition of various concretes (kgm3)
Composition (kg/m3) Self-Compacting Concrete (SCC)
VC SCCMP sccos SCCDSMmP
Cement CEM | 42.5 350 210 210 210
Quartz powder 50 - - -
Marble powder (MP) _ 140 . 70
Dam sediment (DS ) - . 140 70
Gravel 3/8 221 221 221 221
Gravel 8/15 636 636 636 636
water 1925 1925 1925 192.5
superplasticizers 17.5 175 175 17.5
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The self-compacting concrete (SCC) mix was designed following ACI-
237R-07 (ACI Committee 237, 2007). Table 3 shows the different mix
designs, taking additive contents into account. The mixing and production
process for self-placing concrete is illustrated in Figure 2, as proposed by
Pajak & Ponikiewski (2013). First, quarry sand, coarse aggregate, and fine
aggregate were added and mixed for ten minutes, followed by the addition
and mixing of cement, marble powder (MP), and dam sediment (DS) for
another ten minutes. The next step was to add 60% of the mixed water to
the dose of superplasticizer and then leave it to mix for three minutes.
Mixing was stopped, and the mixed materials were left to stand and settle
for a while. Mixing was then resumed for two minutes with the addition of
the remaining water. The shapes of various cast specimens in accordance
with the tests envisaged were as follows:

- Cylinders of 11.22 cm in size for compressive strength, 3 specimens
for each age, and cubes of 7 .7.7cm for durability tests (acid attack).

After pouring, the samples are covered with a plastic film to prevent
water evaporation.

|

Figure 2 — 7.7.7 cm cubes for durability tests and 11.22 cm cylinders for compressive
strength tests

Results and discussion

Characteristics of fresh and cured formulations

Abrams cone slump test

According to NF EN 12350-2 (AFNOR, 2019) of the Abrams cone
device, fresh concrete slump values ranging between 640 mm to 720 mm
must be obtained, given by measuring the diameter of the concrete, which
is more representative than the slump value (see Figure 3).

217

Goudih, L. et al, Influence of sediment additions on the mechanical behavior of fiber-reinforced concrete in aggressive environments, pp.210-235



ﬁ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

Figure 3 — Abrams cone slump/spread test

The L-box flow test

The vertical part of the L-box is filled with concrete at one time, NF
EN 12350-10 (AFNOR, 2010a). After opening the trapdoor, the concrete
flows through standard reinforcement (39 mm between 3 bars ¢14),
corresponding to heavily reinforced structures,but can be lightened if
necessary (58 mm clearance between 2 bars).

For SCC to be accepted, the filling ratio of the L-shaped box (H2/H1
height ratio (see Figure 4) must be greater than 0.8.

reinforcing

Figure 4 — The L-box test
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Flow times can also be measured to assess concrete viscosity. For
the first test, this is the time required to reach a spreading diameter of 50
cm, noted t50. For the second one, the time measured (tL) is between the
opening of the trapdoor and the moment when the concrete reaches the
bottom of the L-box.

The segregation test

Another way of testing the static segregation of SCC is to observe one
(or two) specimen(s) of hardened concrete in the direction of casting and
observe the distribution of aggregates over the height of the specimen, NF
EN 12350-11 (AFNOR, 2010b).

These photographs clearly illustrate that the two concrete
formulations presented here are not subject to static segregation. The
aggregates are evenly distributed over the entire height of the sawn
specimens (cast vertically from the top). This repeated observation for all
the SCC compositions studied led to the same conclusion.

Table 4 — Fresh and hardened propetrties of various formulations

Settling/ Segregation L-Box Theoretica  Actual Hardened

Spreading (%) | density density density

(cm) (kg m-3) (kg m-3) (kg m-3)
VC 8,5 - 0.85 2300 2250 2370
SCCMP 68 12.5 0.89 2350 2400 2380
SCCDS 70 13.20 0.88 2320 2350 2385
SCCDSMP 69 12.80 0.86 2330 2345 2382

- Static segregation of SCC: the sieve stability test calculates a
segregation rate and deduces whether or not the concrete tested has
satisfactory stability. All SCCs have a segregation rate of less than 15%,
synonymous with sufficient stability.

- On the dynamic segregation of SCC: the L-box test is used to
determine the filling ratio (the height of concrete at the bottom to that at
the beginning of the box), which should, in principle, be greater than 0.8.

- Regarding the consistency of vibrated concrete, no conditions had
been set beforehand.

SCCDSMP showed the best performance compared with SCCMP
and SCCDS. This is due to the physical nature of sediment fillers and
marble powder which control compressive strength through a denser
matrix and a better dispersion of cement grains (Bonavetti et al, 2001;
Diederich et al, 2013).
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Determination of uniaxial compressive strength

The specimens used to determine the compressive strength of the
various concretes studied were cylindrical test specimens measuring
11cm in diameter and 22cm in height. After demolding, they were stored
in a room at 20°C and 95 + 5% relative humidity until the specified time (7,
14, 21, 28 days).

The press used has a maximum capacity of 3000 kN (Figure 5).
Compressive strength was assessed in accordance with standard NF EN
206-1 (AFNOR, 2004): tests were carried out on the most appropriate force
scale (600 or 1500 kN), with a loading speed of 0.5 MPas™".

Figure 5 — Press used

Compression tests

The influence of the type of addition on the compressive strengths of
concrete at different times is illustrated in Figure 6.

The analysis of the results illustrated in Figure 6 shows the evolution
of compressive strength as a function of age for concrete containing
different percentages of marble powder and dam sediment preserved in
lime-saturated water for 7, 14, 21, and 28 days. It can be seen that the
compressive strength of all concretes increases steadily with age and
shows no drop.
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Figure 6 — Influence of the type of addition on the compressive strengths
of concretes at different maturities

Figure 6 clearly shows the significant influence of marble powder on
compressive strength. The various maturities elaborated with low marble
powder show strengths close to those of the control concrete at 7, 14, 21,
and 28 days. On the other hand, the concrete made from SCCDS dam
sediments had compressive strengths around 15% lower than those of the
concrete containing SCCMP marble powder. In comparison, the concrete
made from SCCDS dam sediments had compressive strengths around
20% lower than those of SCCMP.

It can be concluded that substituting part of the cement with treated
dam sediment provides acceptable compressive strength but lower than
the strength given by marble powder, with percentages close to those of
the control concrete (without addition). From Figure 6, it can be concluded
that the differences between the 28-day strengths and those given for the
control concrete are as follows: 30% for dam sediment and 20% for marble
powder, Table 5.
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Table 5 — Evolution of the ratio of compressive strength to measured strength

Age (days) VC SCCMP Sccos SCCDSMP

i i oi oi oi oi i oi oi /628
/628 /628 /628

7 1 0.25 9.50 0.25 8.00 0.25 1.5 0.27

14 20.60 0.47 16.20 0.43 14.50 0.45 18 0.45

21 31 0.71 24 0.63 22 0.69 26 0.64

28 43.46 1.00 37.61 1.00 31.81 1.00 40.11 1.00

To better visualize all the variations in the rate of evolution of
compressive strengths, we study the ratio:
-Di/D s : (i=7 - 28 days), Table 5.

For a 7-day duration, we observed an evolution of between 25% for
SCCMP and SCCDS, which is equal to that of VC vibrated concrete, but
we observed an evolution of 30% for SCCDS, see Figure 6.

At 14 days, an increase of around 47% is obtained for VC vibrated
concrete, while SCCMP and SCCDS self-compacting concretes show an
increase of around 43% to 45%.

At 14 to 28 days, the difference is more significant, with VC vibrated
concrete showing an increase in strength of 53%, while SCCMP and
SCCDS self-placing concretes show increases ranging from 55 to 57%.

Self-compacting concrete containing dam sediment develops
strength comparable to self-compacting concrete containing marble
powder at 21 days without any noticeable reduction.

SCCMP self-compacting concrete develops strength comparable to
VC vibrated concrete at 28 days.

The properties of the aggregates used to make concrete mixes are
presented in Table 1 and Figure 1. Much sediment was supplied from the
Fergoug dam site in northwest Algeria. It was prepared using two
processes: the first involves extracting it from the dam and placing it in a
kiln at 450°C to remove impurities and organic matter, while the second
process involves crushing and sieving under a two-millimeter sieve. Its
dimensions vary from 1 mm to 2 mm (Figure 1).

Testing the durability of concretes in acid solutions

To evaluate the durability of hardened concretes exposed to acid
solutions and to highlight the influence of acids on different compositions
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of different concretes, we monitored the variation in the mass of the cubic
test specimens (70. 70. 70) mm?® in the following solutions: 5%
hydrochloric acid (HCI); 5% sulfuric acid (H2S04);5% sodium sulfate
(NazSO0a4).

Mass variation was monitored on the test tubes immersed in various
acid solutions (Figures 7 and 8) in accordance with ASTM C267, using a
0.01 g precision balance (Figure 9).

53%HCI1 5% H,S04 509NaS04
Figure 7 — Cubic test tubes immersed in acid solutions

Once the test tubes have been removed from their storage medium,
they are cleaned 3 times with fresh water and left to dry for 30 min.

In order to better characterize the progress of the degradation of
concretes with different additions by the attack of acid solutions and
sulfate, we opted to quantify the loss of the mass of these concretes over
time for a period of 1 to 28 days.

5%HCI 5% HyS0, 595 Na,S0,

Figure 8 — Condlition of the cubic specimens after acid etching
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Figure 9 — Precision balance test

Influence of hydrochloric acid solution (5% HCI)

After 24 hours of immersion in a hydrochloric acid solution, VC
vibrated concrete, SCCMP, and SCCDS self-placing concretes show the
same strength levels (ML = 1.59 to 1.77%), see Figure 10. From 7 days
onwards, the attack progresses over time, particularly in the case of
vibrated concrete VC, with a mass loss of 49.36% at 28 days. At 28 days
of attack, the mass losses recorded are significant, amounting to 40.74%
for SCCMP marble powder concrete and 38.78% for SCCDS dam

sediment concrete.

Mass loss (%)

Figure 10 — Influence of the acid solution HCL on the mass loss of concrete from
different additions at different times
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Influence of the sulfuric acid solution (5% H2S0O4)

The self-placing concretes of the two additions (marble powder, dam
sediment) show very good resistance to attack by the sulfuric acid solution
after 24 hours since mass losses do not exceed 0.11% (Figure 11). This
resistance tends to weaken over time, giving rise to mass losses of 1.30%
for SCCMP marble powder concretes, 0.29% for SCCDS dam sediment
concretes, and 0.25% after 7 days, while the rates recorded at 21 days are
3.91% and 1.09%, respectively. After a 28-day attack, the SCCDS
sediment dam concretes showed better strength (ML = 1.11%) than the
SCCMP marble powder concretes (ML = 5.34%), with high mass loss rates
for the VC vibrated concretes of 17.50% at 28 days. (ML: mass loss).
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Figure 11 — Influence of the acid solution H2SO4 on the mass loss of concrete from
different additions at different times

Influence of the sodium sulfate solution (5% Na2SO.)

Generally speaking, concretes with 3 additions (SCCMP and SCCDS)
show almost the same resistance to attack by the sodium sulfate solution
at each maturity. The mass losses recorded are very close at each maturity
and are effectively (- 0.09 to - 0.1%) at 1 day, (0.65 to 0.77%) at 7 days,
(1.96 to 2.46%) at 21 days and (2.60 to 3.20%) at 28 days (Figure 12).
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Figure 12 — Influence of the sodium sulfate solution Na:SO4 on the mass loss of concrete
from different additions at different times

At 28 days of immersion in the sulfate solution, the VC vibrated
concrete showed less mass loss than the self-placing concretes with the 3
additions (marble powder and dammed sediment). This phenomenon is
probably attributed to the filling of vacant voids in the pores of vibrated
concrete exposed to the sulfate solution by secondary gypsum and
ettringite, resulting in lower mass loss than the other concrete.

The mass losses of concretes made with various additions are more
or less affected by the nature of the acid solution, with the most aggressive
being (HCI), followed by (H2SO4), and finally (Na2SOs4).

Concrete is more resistant to sulfuric acid attacks but shows no signs
of resistance to hydrochloric acid solutions. This difference in resistance
may be due to the high proportion of CaCO3 and CaO in the gaskets and
CsS in the cement (47.15%), which, after hydration, gives rise to a large
quantity of portlandite. The latter, in turn, reacts with acid (HCI) to form
large amounts of calcium chloride salt. Given the solubility of this salt,
porosity tends to increase, facilitating the penetration of the aggressive
medium into the cementitious matrix and consequent weakness in
strength.

Concretes made with different additives are more or less affected by
sulfate (Na>SOs). By comparison, concrete made without admixtures
shows good resistance to the sulfatic acid solution, compared with the
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attack of other solutions. This resistance can be attributed to the formation
of expansive secondary ettringite, which covers the surface layer of the
cementitious matrix and thus limits the inward progress of acidic
degradation.

Visual examination

Figure 13 shows the condition of the cubes of different concretes at
the age of 28 days and after 28 days of immersion in lime-saturated water.
Visual examination reveals no signs of degradation.

The photos shown in Figure 13 concern the SCCDSMP concrete
sample formed from dam sediments, marble powder and cement, and
submerged in the solutions over a period of 28 days.

Visual analysis was carried out to assess the obvious signs of external
deterioration of the concrete specimens, such as weathering, cracking,
and softening, following storage in different media.

Concrete SCCDSMP

5%H2504 5%NaS04

Figure 13 — Condition of the cubic specimens of SCCDSMP concrete after
etching at 28 days

Figure 13 shows the results of changes and deformations in the
concrete formed from dam deposits, marble powder, and cement in the
following ratios: 30 %, 20 %, and 50 %. The concrete samples immersed
in HCI acid and H>SO4 acid showed considerable deformation; a thin layer
of yellowish rust on the surface differed from the initial color of the
cementitious matrix and appeared to be due to the presence of weakly
crystalline Fe>O3 iron hydroxide.

The surface of the concrete is thoroughly cleaned, with a significant
loosening of the sand grains. The solubility of the salt formed,
Ca(NO3)2.2H,0, after the reaction of HCI with the portlandite Ca(OH)
released during cement hydration and its extensive external filtration with
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progressive decalcification of the C-S-H, led to significant mass losses.
The samples immersed in Na.SO4acid appear to have no effect or change.

In HCI, a significant reduction in the volume of concrete samples was
observed. As a general rule, concrete surfaces undergo more pronounced
deterioration in HCI than in H.SO4. HCI is more aggressive than H2SOa.
The results of mass loss tests confirmed these observations.

Conclusions

The experimental results of this study which consisted of monitoring
the evolution of the mechanical strengths (compression) of concrete made
with cement and mineral additions (marble powder, Fergoug dam
sediment), quantified by the chemical attack of acid solutions
(hydrochloric, sulfuric, and sulfatic with a concentration of 5%), and the
relative mass variations or mass losses, lead to the following conclusions:

The various maturities produced with marble powder have strengths
close to those of the control concrete at 28 days (Rc28= 37.61 MPa). On
the other hand, the concrete made with SCCFS dam sediment has a
compressive strength 15% lower (Rc28= 31.81 MPa) than that of the
concrete made with SCCMP marble powder, which is 20% lower (Rc28=
30.09 MPa). This difference in strength may be due to the high proportion
of marble powder contained in the concrete, which is due to the
consumption of Portlandite (CH) produced as a result of cement hydration.
This reaction produces additional C-S-H gels that contribute to the
improved strength of marble concretes. On the other hand, the strength of
concrete based on dam sediments is always lower than that of the control
concrete, which can be explained by the activity and percentages of fines
contained in these mineral additions.

The mass losses of concretes made with various additions are more
or less affected by the nature of the acid solution, with the most aggressive
HCI, followed by H2SO4, and finally Na;SOa.

SCCDS dam sediment concretes are more resistant (ML = 38.78%)
to attack by the hydrochloric acid solution than marble powder concretes
(ML = 40.74%);

Concrete made without additives shows good resistance to the
sulfuric acid solution (ML = 0.9%). This resistance can be attributed to the
formation of expansive secondary ettringite which covers the surface layer
of the cementitious matrix and, therefore, limits the inward progress of
acidic degradation.

Concrete made from marble powder and dam sediments (SCCDSMP)
gave positive results, similar to those of concrete made from quartz powder
(VC).
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Resumen:

Introduccidén/objetivo: El uso de materiales cementantes suplementarios
(SCM) en la construccion ha ganado popularidad debido a su capacidad
para mejorar las propiedades mecanicas y la sostenibilidad ambiental del
hormigén. Este estudio tuvo como objetivo investigar el potencial de utilizar
materiales de desecho, especificamente polvo de marmol (MP) y
sedimento de presa (DS), como reemplazos parciales del cemento en el
hormigén autocompactante (SCC). Los objetivos principales fueron reciclar
estos materiales de desecho y evaluar la durabilidad y la resistencia del
SCC expuesto a entornos quimicos agresivos.

Meétodos: En este estudio, el cemento fue reemplazado parcialmente por
40% MP, 40% DS y una combinacién de 20% MP y 20% DS. El
desempefio de dicho concreto fue evaluado a través de pruebas de
resistencia a la compresion realizadas durante 28 dias. La durabilidad fue
evaluada exponiendo el concreto a ataques quimicos de soluciones de
acido clorhidrico (HCI), acido sulfirico (H,SQO,) y sulfato de sodio (Na,SO,,).
También se midio la pérdida de masa debido a estos ataques quimicos.

Resultados: El hormigdén que incorpora MP presenté resistencias a la
compresion similares a las del hormigon control, alcanzando 37,61 MPa a
los 28 dias. EIl hormigon con DS exhibié menor resistencia (31,81 MPa) y
mostréd mayor resistencia al HCI (ML = 38,78%) en comparacién con el
hormigén MP (ML = 40,74%). Ademas, todas las muestras de hormigén
exhibieron buena resistencia al acido sulfirico debido a la formacion de
etringita expansiva que protegioé al hormigén de una mayor degradacion.

Conclusién: Los resultados indicaron que tanto el polvo de marmol como
el sedimento de presa son materiales complementarios viables para
mejorar las propiedades mecanicas y la durabilidad del hormigdn
autocontenible. EI hormigdén con polvo de marmol mostré una resistencia
superior, mientras que el sedimento de presa contribuydé a mejorar la
resistencia a los acidos. La combinacion de estos materiales ofrece una
solucién sostenible para el hormigdn expuesto a entornos agresivos.

Palabras claves: hormigén (SCC), sedimento, polvo de marmol, fibra,
pérdida de masa, mecanico, ambiente agresivo.

BnusiHve po6GaBok Ha ceIMMEHTaLMOHHY0 YCTOMYMBOCTb U MEXaHUYECKMe
cBoiicTBa (hMOpoGETOHa B arpecCuBHbLIX cpeaax

Jlyacbu Tyaux@, Xamud Cennad®, Genamap Baner®, Anu Mekcn?,
Adda Xapx Mocteda’, Moxammed Onb-AMUH [axaMHuA
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2 YHuepcuteT Tywmn Myctadbl Ctambynu,
hakynbTeT rpaXxgaHCKoro CTPOUTENbCTBA,
JlTaBGopaTopusi No M3yYeHuio CTPYKTYP 1 MEXaHWKN MaTepunarnos,
r. Mackapa, Amxupckast HapogHas emokpaTtuueckas Pecnybnuka
6 YuumeepcuteT Camnabl,
hakynbTeT rpaXxaaHCKOro CTPOUTENbLCTBA U TMAPOTEXHUKN,
r. Canpa, Amxnpckas HapogHas [emokpaTtuyeckasi Pecnybnvka +
JlTabopaTopusi rpaxxgaHCKoro CTPOUTENBCTBA U OXpaHbl OKpYXatoLLen cpeapl,
r. Cuaoun-benb-Abbec, Amkumpckas HapogHasa [lemokpaTtuyeckasn Pecnybnvka
B YHusepcutetT Axmeaa dpenn B Agpape,
hakynbTeT rpaXxgaHCKoro CTPOUTENbCTBA,
r. Aopap, Amxnpckas HapogHas JemokpaTtuyeckast Pecnybnuvka +
JlTabopaTopusi rpaxxgaHCKoro CTPOUTENBbCTBA U OXpaHbl OKpYXatoLLen cpeapl,
r. Cuaun-benb-Abbec, Amkumpckas HapogHasa [lemokpaTtuyeckasn Pecnybnvka
" YHuBepcuteT B PennsaHe,
hakynbTeT rpaXgaHCKOro CTPOUTENbLCTBA M 0BLLECTBEHHbLIX paboT,
JlTaGopaTopusi MHHOBaLUMOHHBLIX MaTeprarnoB U BO306HOBMNSEMbIX MICTOYHUKOB
aHepruu, . PenusaH, Amkunpckas HapogHas Jemokpatuyeckas Pecny6nvka
A YHuBepcuteT Axmena beH Bennbl B OpaHe 1,
JlTabopaTopusi koHAeHcMpoBaHHbIX cpef (LSMC),
r. OpaH 1, Amxupckas HapogHas Jemokpatuyeckas Pecny6nuka,
KOPPEeCcnoHAeHT

PYBPUKA TPHTW: 81.09.00 MatepnanosegeHue
BWO CTATbW: opurmHanbHas HayyHas ctatbsl

Pe3some:

BeedeHue/uyenb:  Ucnonb3osaHue  3ameHumenel  UEMEHMHbIX
mamepuanos (3LM) e cmpoumenbcmee npuobpesio nonynspHocms
brazofapsi ux crnocobHocmu yrydwame MexaHudeckue ceolicmea u
3KofoauYeckyro  ycmouyueocmb  6emoHa. Llenbto  daHHO20
uccriedogaHusi bbIro UsydeHue nomeHyuarna Uucrnosib308aHuUsi 0mxodos,
8 yacmHocmu, MpamopHoU Kpowku (MP) u omnoxeHud nnomutsi (OF1)
8 Kayecmee YyacmuyHoU 3aMeHbl UeMeHma 8 CaMOyniIOmHsIIouIeMcsl
b6emoHe (CYBE). OcHo8HbIMU 3adayamu Obiniu ymusnusauusi 3mux
omxo0o8 U OueHka 0QorieogeyHocmu U npoyHocmu  3LM,
nodeepKeHHbIX 8030elicCmeuUo az2peccusHbIX XUMUYECKUX CPed.

Memodbi: B daHHOM uccriedosaHuu uemMeHm 6bisl 4aCmu4YHO 3aMeHEH
Ha 40% MK, 40% OI1 u cmecu uz 20% MK u 20% OIl. Ceolicmea
rnosly4eHHo2o0 bemoHa ucrbimaHbl Ha MPOYHOCMb Mpu CXamuu 8
meyeHue 28 OHel. [lpoyHocmb 6emoHa oueHueanacb Mymem
8030elicmeusi pacmeopos corsiHol kucriomsl (HCI), cepHol kucriomai
(H-SO,) u cynbgpama Hampusi (Na,SO,). Takxe b6bina uamepeHa
rnomepsi Macchl 8 pe3yfibmame amux XuMu4eckux eosdelcmesul.

Pesynbmamsi: bemoH, codepxawuli MK, nokasan npo4YyHocmb Ha
cXKamue,  aHasio2uyHyr  MPOYHOCMU  KOHMPOribHo20  6emoHa,
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docmueHys 37,61 Mlla yepes 28 dHeli. bemoH ¢ Ol obnadan bosee
Huskol npoyHocmbro (31,81 Mlla) u 6oree 8bICOKOU CMOUKOCMbIO K
HCI (ML = 38,78%) no cpasHeHuto ¢ bemoHom ¢ MK (ML = 40,74%).
lMomumo moeo, ece obpa3sybl 6emoHa rokasarnu 8bICOKY CmMoUKoCMb
K eo030elicmeuto cepHol kKucriombl 6nazolapsi 0bpa3osaHUro
obwupHo20 ammpuHauma, 3awuwasuie2o bemoH om danbHeluieao
paspyLweHus.

Bb180d: Pesynibmamel rokasanu, Ymo Kak MpaMopHasi Kpowika, mak u
OMIIOXKEHUST  M/IOMUHbI  SI8MISIOMCS]  0/IE3HBIMU  Mamepuasamu-
3ameHumenamu  Onisl YIydHWeHUs — MexaHu4eckux — ceolicme U
QoneoseyHocmu 6emoHa. bemoH € MpamMOpHOU KPOWKOU roka3arn
MPEe8OCXO0HYI0 MPOYHOCMb, @ OMJIOXKEHUs! IIomuHbl criocobecmeosarnu
nosbIWeHUrD  Kucriomocmotikocmu. CovyemaHue 3mux Mamepuaros
obecrieyusaem HalexHoe peweHue Onsi bemoHa, Mod8epPKeHHO20
8030elicmeuro agpeccuUsHbIX cpeod.

Knovesbie cnosa: 6emoH (CYbB), Oobasku, MpaMopHasi KpOuwKa,
B0/I0KHO, romepsi Macchl, MexaHu4yeckasi obpabomka, aspeccusHasi
cpeda.

YTuuaj ceauMeHTHUX aaMTMBa Ha MexaHWYKo NoHallawe 6eToHa
apMupaHor BnakHuMa y arpecuBHUM cpeamMHamMa

Tlyacbu Tyan@, Xamud Cenad®, Genamap Banu®, Anu Mekcn?,
Ada Xal Myctudba', Myxamed Enamur JaxamHu?

2 YHuBepauteT ,Myctacga Ctambonn”, Oncek 3a rpaheBUHapCTBO,
JTabBopaTtopuja 3a npoyyaBare KOHCTPYKLUMja 1 MeXaHuKe matepujana,
Mackapa, HapogHa Jemokpatcka Peny6nuka Amxmp

6 Yuueepauntet y Canam, Oacek 3a rpaheBMHApCTBO U XMAPayImKy,
Cawnga, HapogHa [Jemokpatcka Peny6nvka Amkmp +
JlTabopaTopuja 3a rpaheBnHaApCTBO M 3aLITUTY XXMBOTHE CPEAVHE,
Cuawm ben Abec, HapogHa Oemokpatcka Penybnuka Amxump

B YHuBep3uTeT ,Axmeq Opana”’ y Agpapy, Oacek 3a rpaheBnHapcTBo,
Appap, HapogHa [JemokpaTcka Penybnuka Amxup +
JNabopaTopuja 3a rpaheBMHaApPCTBO U 3aLLTUTY XXUBOTHE CPEAVHE,
Cuawn ben Abec, HapogHa Oemokpatcka Peny6nuka Amxup

"YHuBepsuteT y PenunsaHy, [lenapTmaH 3a rpaheBnMHapCcTBO U jaBHe pajose,
JlaBopaTtopuja 3a nHoBaTMBHE MaTepwujane 1 06HOBILMBE eHeprije,
PenusaHe, HapogHa [demokpaTtcka Penybnuka Amkup

A YHuepsuTeT ,Axmeq beH bena” y Opany 1,
JTabopaTopuja 3a Hayky 0 KoHAeH30BaHoj matepuju (JICML),
OpaH 1, HapogHa [emokpatcka Penybnvka Armkup, ayTop 3a Npennucky

OBNACT: maTepujanu
KATEFOPUJA (TWUM) YITAHKA: opurinHanHu Hay4Hu paj
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Caxemak:

Yeod/uurb: Mamepujanu Koju 3amersyjy uemeHm (Supplementary
Cementitious Materials, SCM) cee uewhe ce 0odajy 6emoHy Yy
epadumerbcmey 3602 ceoje criocobHocmu Oa nobosbwasajy MexaHu4Ka
ceojcmea 6emoHa, kao u 3602 odpxxueocmu XueomHe cpeduHe. Y 080j
cmyduju ucriumane cy mo2yhHocmu Kopuwhera omnadHux Mamepujana
— mepmepHoe nipaxa (Mr1) u cedumerHama Hacmariux npu epahery bpaHa
(4C), kao denumuyHe 3ameHe 3a uemeHm y camo3bujajyhem 6emony (Self-
compacting Concrete, SCC). lNpumapHu yurbeeu busu cy peuuknupare
osux ommnadHUX Mamepujasia U rnpoueHa mpajHocmu u 4epcmohe
camosbujajyhee bemoHa U3roxeHoe XeMUJCKU a2peCcUuBHOM OKPYXXetbY.

Memode: Y osom ucmpaxugary yemeHm je 6uo 0esTUMUYHO 3aMEH-EH ca
40% M1, 40% LC u kombuHayujom 20% MI1 u 20% [C. Nepghopmarce
bemoHa cy ucnumaHe mecmosuma Yepcmohe fpu MpuMUcKy mokom 28
Oana. TpajHocm je ucriumueaHa usnaz2ar-em bemoHa XeMUjCcKoj azpecuju
pacmeopa xsiopogodoHuYHe KucernuHe (HCI), cymnopHe KucernuHe
(H-SO,) kao u Hampujym cyrighama (Na,SO,). Takohe, 8pwieHO je mMepere
eybumka mMace ycred 080e usnazarba XxeMukasnujama.

Pesynmamu: bemoH ca calpxajem MI1 nokasao je 4spcmohy npu
MPUMUCKY CITUYHY OHOj KOjy uma KOHmposHU 6emoH, nocmuxyhu 37,61
MPa 3a 28 daHa, dok je 6emoH ca [JC umao marby yepcmohy (31,81 MPa),
a eehy omrnopHocm Ha Xxropo8odoHUYHY KucenuHy (ML=38,78%) y
rnopehery ca bemoHom ca MIT (ML=40,74%). Npu mome cy ceu y3opyu
bemoHa umanu 0obpy omropHOCM Ha CYMOpHY KucenuHy 3602
gopmuparba ekcriaH3ueHoe empuHauma Koju wmumu 6emoH 00 darbe
Oezpadayuje.

Bakrbyyak: Pesynmamu cy yka3arnu 0a cy U MepMEepHU rpax u ceGuMeHm
bpaHa mozyhu Kao GoryHCKU Mamepujanu 3a nobosblwiasare MexaHU4YKUX
ocobuHa u mpajHocmu camosbujajyhez 6emoHa. Noka3aHo je da 6emoH
ca MepMepHUM rpaxoMm uma cyrnepuopHy 4Yepcmohy, 0ok je ceOumeHm
OobujeH epaherem 6paHa OorpuHeO MobosrbWarky OMIMOPHOCMU Ha
KucenuHe. KombuHayuja ogux Mamepujana HyOu O0pXXueo pewere 3a
bemoHe u3roxeHe agpecusHUM cpeduHama.

Kmby4He peuyu: 6emoH (SCC), cedumeHm, MepMepHU rpax, erakHo,
eybumak mace, MexaHu4ka obpada, azpecusHa cpeduHa.
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Abstract:

Introduction/purpose: The consumption of natural sand in Algeria is high
due to its extensive use in mortar, while sediments and rubber waste pose
significant environmental and societal challenges. This study investigates
the effects of incorporating rubber waste content in mortars mixed with
crushed sand and sediment. The primary goal is to valorize crushed sand
particles through physical and mechanical tests, evaluating their potential
as an alternative to natural sand in mortar mixtures.
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Methods: Experimental work was carried out to study the impact of partially
and fully replacing sediments with crushed sand particles in mortar mixes.
Mortar mixtures were prepared using different sediment-to-crushed sand
ratios (10%, 25%, 35%, 50%, and 100%) to observe their influence on
physical and mechanical properties. Additionally, the effects of adding 2%,
4%, and 6% granulated rubber to the optimal mortar were analyzed.
Various tests, including those tsting compressive strength, flexural strength,
and ultrasonic pulse velocity, were performed to evaluate the performance
of the mixtures.

Results: The results indicated that replacing sediment with crushed sand
improved the strength properties of mortar, particularly due to better particle
packing. The mortar containing 65 wt% sediments and 35 wt% crushed
sand showed properties similar to the reference mortar. The addition of
rubber waste increased compressibility but enhanced mechanical
properties when used in moderation. Ultrasonic pulse velocity decreased
with higher crushed sand content, and the porosity of the mixtures was
reduced.

Conclusions: Crushed sand and sediment particles are effective fillers for
mortar, ensuring good performance and improved strength. The efficiency
of these materials depends on their morphology and genesis. The study
demonstrates that crushed sand can be a viable alternative to natural sand,
and rubber waste can be used as a reinforcing material in mortar, though
its proportions should be carefully controlled to avoid negative effects on
mechanical properties.

Key words: mortar, sediment, crushed sand, scrap rubber waste,
compressive strength, tensile strength.

Introduction

The surge in demand for sand in Algeria over the past decade, driven
by substantial development programs in construction, has resulted in a
shortage of this essential material. For this reason, the use of alternative
materials is essential, such as tuff (Cherrak et al, 2013), crushed sand
(Srivastava & Singh, 2020), dune sand, fine limestone, natural pozzolans,
and various wastes (Chouhan et al, 2020; Bederina et al, 2013). Moreover,
reusing all concrete and mortar waste can effectively protect the
environment and contribute to sustainable development (Benyamina et al,
2019). In addition, the quantities of limestone fines and crushed sand are
very abundant in many quarries, which poses the problem of disposal and
reuse in the manufacture of concrete (Chouhanet al, 2020).

The problem of sedimentation also affects dams and energy
production; for example, the Fargoug dam, located in the northwest of
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Algeria, about 20 km south of the city of Mohammedia (region of Mascara),
is one of the many dams that suffer from this problem. Thus, dredging
these sediments and reusing them as alternative materials is a solution to
recycle and valorize them, given their physical, chemical, and biological
properties and stabilizing capacity (Fonti et al, 2013). Also, one can reuse
them in base layer locations for roadways (Sellaf et al, 2023).

Researchers have recently conducted numerous studies to explore
using crushed sand in mortar and concrete. The strength properties of
concrete using crushed sand are almost identical to traditional concrete.
Furthermore, bottle chips are combined with crushed sand to partially
replace the conventional sand used in the proposed concrete (Cepuritisa
et al, 2016). The use of crushed sand also ensures the position of natural
sand as an aggregate for concrete's durability and mechanical
performance (Lam, 2020; Bédérina et al, 2005). It should be noted that
sediment and crushed sand particles are nearly identical, owing to their
physical nature and high flour content (Ma et al, 2022). Therefore, it is very
appropriate to use sediment as an alternative material, and it serves as a
filler in the cement slurry that reinforces the dense microstructure (Singh
et al, 2015).

On the other hand, more than 26,000 tonnes of waste rubber tires are
dumped annually in Algeria (Nakhaei et al, 2012). Waste tires mainly
comprise synthetic rubber, carbon black, silicone, and steel. There are
many ways to dispose of rubber tires, including storage or landfills.
Alternatively, there are various ways to recycle rubber waste, including
using it for fencing and decorative elements (Khan et al, 2016; Trouzine et
al, 2012; Khorrami et al, 2010) and in the field of filtration of landfill
leachate.

This study is planned to develop the consistency limit properties, bulk
density, compressive and tensile strength, and ultrasonic pulse velocity of
mortar composed of crushed sand particles and sediments with different
mixing ratios and to find out the effect of its different percentage addition
on some important physical-mechanical properties of such mortar. Then,
the optimal mortar sample was obtained with rubber scraps in different
proportions to improve the mechanical strength. The importance of this
research lies in examining the effectiveness of the combined use of
sediments, crushed sand, and rubber scraps as partial substitutes for sand
in mortar mixtures. Also, this study aims to eliminate rubber waste,
sediments, and aggregate grinding waste and recycle them as substitutes
for aggregates used in mortars, thus protecting the environment.
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Experimental procedures

Materials and preparation methods

Sediment

Sediment specimens are dam sediment of the region of Fergoug in
the south of Mascara in the northwest of Algeria, and they are generally
cohesive brown and grey soils. The specific gravity of the sediment was
2.55.

The particle size distribution for the soils is shown in Table 1.

Table 1 — Properties of the investigated materials

Property Sediment Reference Particles of
sand crushed sand

Liquid limit (%) 38 22 15

Plastic limit (%) 23 14 0.00
Plasticity index (%) 15 8 0.00
Volume of blue VB (cm?) 5.5 0.75 0.39
Specific gravity 2,55 2.63 2.70

Visual sand equivalent (%) 0.00 70 45
Apparent density (g cm-3) 1.26 1.45 1.53
Fineness modulus 1.2 1.80 3.10
Organic content (%) 3.2 1 0.00

Specific gravity is the ratio of a material's density with that of water at
4 °C (where it is most dense and is taken to have the value 999.974 kg m-
3). It is therefore a relative quantity with no units.

The soil chemical analysis was conducted following the AFNOR
standard NF EN 1744 (AFNOR, 1998a), and the results are presented in
Table 2. The main constituent of the sediment is silica with 76.01 % where
the ratio SiO./Al.O3 equals 19.02.
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Table 2 — Chemical compositions of materials

Property Soil S Soil RS Soil CS
SiO2 (%) 64.18 76.010 6.39
SOs (%) 0.021 0.034 0.106
Al203 (%) 0.03 3.996 2.33
Fe20s3 (%) 0.84 1.551 0.807
CaO (%) 17.30 5.918 47.41
K20 (%) 17.30 1.261 0.44
MgO (%) 0.27 1.365 1.49
NaOH (%) 0.00 0.221 0.079
CL (%) 0.00 0.006 0.00
P.A.F (%) 0.5 8.150 41.330
CaCOs (%) 22.73 12 67.00

The particle size analyses were conducted using the sieving and
hydrometer methods (Amar et al, 2018). The grain size distribution curve
indicates that the sediment is predominantly silt-sized, with 55.3% clay.
Furthermore, the percentage of particles with a diameter less than 80 uym
is approximately 82.90%. The limit liquid is about 38% (AFNOR, 1992,
1996), and the plasticity index is about 15%. The material from the
Fergoug sediment is classified as inorganic silts. The organic matter
content is determined using the ignition test at 450°C, following the
standard NF EN 1744 (AFNOR, 1998a), which is about 3.2% for sediment
samples. The specific gravity, determined through a pycnometer, is
approximately 2.55. The maximal and minimal void ratios were
theoretically calculated based on dry density and specific gravity. The void
ratio values range from 1.53 to 1.95.

Particles of crushed sand

Two soils samples of different origins and physical properties were
selected. The first sample, crushed sand, was obtained from the Tizi
quarry site in Mascara, northwest Algeria. These two soil samples
underwent various laboratory identification tests, following standard
procedures established by AFNOR and ISO standards. The specific
gravity of particles in crushed sand was 2.70, whereas that of the reference
sand was 2.63. The particle size distribution for the materials is presented
in Table 1. The results of the chemical analysis of the soils, shown in Table
2, are carried out according to the standard NF EN 1744 (AFNOR, 1998a).

The tests to determine the Atterberg limits and the density of solid
particles were conducted following the standards NF P94-054 and NF
P94-051 (AFNOR, 1991, 1993), and the specific surface area of the sand
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was determined using the Methylene Blue test (AFNOR, 1998b). The
specific surface area is approximately 115.5 m? g', and the volume of
Methylene Blue used is approximately 7cm?.

The materials used included (S), (CS), (RS), and (SCS), representing
sediment, crushed sand, reference sand, and a soil mixture, respectively.
The sediment (S) and crushed sand (CS) were utilized as fine aggregates,
as depicted in Figure 1.

Seding,f
Cunkef g,

Figure 1 — Fine aggregates: sediment (S) and crushed sand (CS)

Figures 2a and 2b represent the main components of sediment (S)
and crushed sand (CS) using X-ray diffraction.

Q
Q: Quartz
Ca: Calcite

Sediment

Q

J T S

0 10 15 20 25 35 45 50 2Théta

Figure 2a — X-ray diffraction of sediment
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Figure 2b — X-ray diffraction of crushed sand.

Figure 3 shows the values of grain size distribution for the studied
specimens. The grain size distribution decreases with the crushed sand
content. For sediment (S), the fineness modulus was 1.2 for the sand
samples. In contrast, the values for the composite samples with 10%, 25%,
35%, 50%, and 100% crushed sand content were 1.45, 1.65, 1.98, 2.55,
and 2.55, respectively. When compared to the reference sand, the
fineness modulus was observed to be equivalent to the SCS3 mixture.
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S: 100% sediment, RS: Reference sand, SCS1: 90% sediment and 10% crushed sand;
SCS2: 75% sediment and 25% crushed sand; SCS3 65% sediment and 35% crushed
sand, SCS5: 50% sediment and 50% crushed sand; SC: 100% crushed sand

Figure 3 — comparative grain size distribution in the investigated samples
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Mortar-mix design

Five mortars are mixed with a constant water/cement (W/C) ratio and
a variable sediment/crushed sand (S/CS) ratio. The main objective of
using a variable S/CS ratio is to emphasize the sole effect of this addition
on the physical and mechanical characteristics of the mortar, serving as a
substitute for sand. Mortar compositions were prepared by integrating
sediment with crushed sand in the following ratios: 100% sediment, 90%
sediment with 10% crushed sand, 75% sediment with 25% crushed sand,
65% sediment with 35% crushed sand, 50% sediment with 50% crushed
sand, and 100% crushed sand. A reference specimen was also produced,
consisting of mortar with sediment, for comparison.

To facilitate the readings, the mixtures with the acronym MSCS refer
to the mortar made from sediment to crushed sand, while the reference
mortar is called MRS. For further investigation, a similar mortar containing
a superplasticizer has been formulated. The polycarboxylate
superplasticizer has been used in constant amounts, comprising 1.2 by
weight of cement.

Table 3 — Cement chemical and mineralogical features and the water chemical analysis.

Chemical and mineralogical Chemical analysis of water(mg/l)
composition of cement (%)

SiO2 20.19 Cl 113,60
Al203 5.23 S04 65,46
Fe203 2.34 NOs 12,22
CaO 56.90 NO:2 0,00
MgO 2.01 Na* 0,00
NaOH 0.15 K* 0,00
CL 0.01 Mg?* 51,36
P.F2 5.84 Ca® 32,86
Ins 4.26 COz* 0,00
Free CaO 1.01 HCOs3 368,44
CsS 60 Fe 0,03
C2S 16 Cr 113,60
CsA 5 SO« 65,46

The cement utilized in this investigation is ordinary Portland cement
(CPJ), comprised of 76% clinker, 18% calcareous material, and 6%
gypsum. The chemical analysis of the cement and mineral admixtures is
presented in Table 3.
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Scrap tires rubber

Scrap tire rubber fibers can be derived from tires using two primary
processes: (i) ambient processing, where scrap tire rubber is ground or
treated at or above regular room temperature, and (ii) cryogenic
processing, which involves freezing waste rubber with liquid nitrogen and
subsequently grinding frozen rubber into small particles using a mill
(Caltrans, 2006). The tire rubber fiber constitutes an intricate blend of
elastomers, encompassing polyisoprene, polybutadiene, and styrene-
butadiene. The key components of rubber include stearic acid (1.2%), zinc
oxide (1.9%), extender oil (1.9%), and carbon black (31.0%) (Akbulut et al,
2007). Table 4 presents some properties of scrap tire rubber.

Table 4 — Some properties of the scrap tire rubber fibre

Properties Tire rubber
Density (mg m) 1.153-1.198
Tensile strength (MPa) 16-20
Elongation (%) 400-500

Sample preparation

The mortars were mixed, and prisms of 40 x 40 x 160 mm were
prepared according to the standard NF EN 196-1 (AFNOR, 1990). The
mortar samples were cured for 24 hours in the laboratory at 20 + 2°C with
a relative humidity of approximately 50%. The mixed design of mortars is
detailed in Table 5. At the onset of the experiment, the mortar specimens
were immersed in potable water, and the penetration time was measured
at intervals of 4, 7, 14, 28, 56, and 90 days.

Table 5 — Compositions of mortar (kg m).

Mixture code — o 3] It}
n ) %) n n N N
21¢1¢€ ) 38| 8| g | ¢

= = = =

Cement 450 450 450 450 450 450 450

Water 225 225 225 225 225 225 225

Sediment 1350 | - - 1215 1012 878 675

Crushed sand - 1350 | - 135 338 472 675

Reference sand | - 9 1350 | - - - -

Superplasticizer | 9 9 9 9 9 9
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Results and discussion

Consistency limits

Atterberg limit tests were conducted to ascertain the consistency limit
values of the sands and their mixtures following the reference standard NF
P94-057 (AFNOR, 1992).

As shown in Figure 4, the consistency limits of the mixture of sediment
and crushed sand decrease progressively with increasing the crushed
sand particle content. The consistency limit of the mixture of 75% sediment
with 25% crushed sand is close to the consistency limit of the reference
sand.

As shown in Figure 4, for sediment, the plastic limit gradually
decreases with an increased amount of crushed sand particles. The
results of the Atterberg limit test indicate that sediment has a higher
plasticity index value than crushed sand. The results of the plastic limit test
indicate that crushed sand has a null value (sediment 23%, RS 14.00%,
SCS1 14.02%, SCS2 12.50%, SCS3 12.03%, and SCS5 10.00%, SC:
0.00%).

T T T T T T T
40 - 40
1 —# - Liquid limit (%)
2 . -- @ --plastic limit (%)
= 7 " —s- plasticity index (%) | ]°°
= ~
= 304 . - 30
= -,
5 *oe ]
w Tk,
© 25 - . - 25
[s3 |- .
°  — * * . Reference sand
Saf 0 A 420
= *-\.¥7 - -‘_'ﬁ___\_
15— A o Reference sand ~ -4 15
g H—he-_—_—hg-a: s
- =
E 10 w w w 3“‘“& Reference sand 10
c * ¥ ¥ ¥ ~_
3 54 L -5
2 ~— ]
—
0 ' r . r ' , ' r —=f
0 20 40 60 80 100

Crushed sand content (%)

Figure 4 — Effect of the particles of the crushed sand content on the consistency limits of
sediment
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Changes in the consistency limits of the mixtures may result from
factors such as the type of mixture, the exchange capacity of the clay
(Cetin et al, 2006; Bell, 1993), and the proportion of clay minerals in the
mixtures (Okagbue & Onyeobi, 1999). Notably, plastic limits were
investigated for the mixtures of tire-cohesive clayey soil in the reference
(Sivapullaiah et al, 2000). They initially remain stable, exhibit a subsequent
decrease, and stabilize again. These findings are parallel to those
observed in fine-grained cohesive soils with medium plasticity.

Bulk density

As shown in Figure 5, the bulk density shows a significant proportional
increase with the percentage of incorporated fines. This phenomenon
appears primarily attributable to the top density of crushed sand waste
fines compared to regular sand, as measured during the experimental
campaign. This result aligns with the findings in the reference material
(Schmitz et al, 2004).

This test was conducted following the European Standard EN 1015-
10 (NBN, 1999). Dry bulk density suddenly decreases in the mortar with
crushed sand replacement and linearly decreases with increasing the
proportion of crushed sand.

Unlike fresh mortar, hardened mortar MSCS 4 exhibited a higher dry
bulk density than the reference mortar MRS. This seems to be due to the
addition of crushed sand in the mixture induced by the reduction of air
voids in the mortars (Arnould & Virlogeux, 1986). Thus, voids in the mortar
that are not filled with sand due to the absence of sediment incorporation
are instead filled with the latter.

On the other hand, mortar MSCS3, which incorporates twice as much
sediment and includes crushed sand, exhibits the same dry bulk density
as MRS, similar to that of the reference mortar.

As outlined in numerous studies, the primary concern with porous
aggregates is their water absorption capability. This factor impacts the
workability during casting and the material properties (Aoual-Benslafa et
al, 2015). One portion of water facilitates the hydration of cement, while
another portion is absorbed by the aggregates, contributing to the plasticity
of the mixture. Pavia & Toomey (2008) substantiates this phenomenon in
his research on mortars.
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Figure 5 — Effect of crushed sand and sediment content on the bulk density of mortars

Tensile strength

To calculate the tensile strength of the specimen, beam specimens of
size 40 - 40 - 160 mm are cast according to specifications. The flexural
strength is determined by applying three-point loads (i.e., to achieve pure
bending) on these specimens. For each type of mortar, a set of three
specimens, previously subjected to curing periods of 4, 7, 14, 28, 56, and
90 days, was used, and the results are presented in Figures 6.

The compressive strength of all the mortars falls within the range of
2.16-6.25 MPa, 5.32-15.41 MPa, 10.11-25.23 MPa, 15.66-28.42 MPa,
and 18.52-30.23 MPa at curing periods of 4, 7, 14, 28, 56, and 90 days.
The compressive strength of all mortar mixtures increases with changing
the curing period. The mortar with crushed sand exhibits lower
compressive strength than the reference mortar at all test ages. Moreover,
an increase in the replacement level of crushed sand results in an overall
improvement in the compressive strength of the mortar.

Crushed sand, when used to replace river sand, improves the
aggregate particle packing. Moreover, it can be observed from Figure 6
that at the replacement levels of 35% and 50%, the compressive strength
of the mortar with crushed sand is higher by 10% and 25% during the
curing periods of 4, 7, 14, and 28 days. Additionally, the compressive
strength at 56 and 90 days for the mortar with crushed sand is only slightly
higher by 1.66%, 1.57%, 1.20%, and 1.30% compared to the mortar with
MRS.
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Figure 6 — Effect of crushed sand and sediment content on the tensile strength of mortars

Compressive strength

Compressive strength follows the same trend as the tensile strength
obtained in the test, as shown in Figure 7. It is found that the maximum
strength is observed at MRS (8.21 MPa), MSCS3 (8.02 MPa), MSCS5 (7.7
MPa), MSCS2 (6.24 MPa), and MSCS1 (6.08 MPa). Regarding mortar, the
obtained values for MS (6.00 MPa) are lower than those for the reference
mortar (MRS). Generally, the properties of hardened mortar are influenced
by the characteristics of the granular constituents, which depend on the
relative water absorption of aggregates. Consequently, the increase in
resistance is subordinate to the rise in the water absorption capacity
(Torres & Garcia-Ruiz, 2009; Wang et al, 2013).

The increase in the replacement level of crushed sand results in an
enhancement of the flexural strength of the mortar. The 28-day flexural
strength of the mortar with crushed sand at 25%, 35%, and 50%, is
measured at 6.00 MPa, 7.61 MPa, and 5.32 MPa, respectively. This
represents an increase of 1.33%, 1.05%, and 1.51% compared to the
corresponding reference mortar. A similar trend of increasing flexural
strength with higher levels of crushed sand replacement is also observed
in the mortar during the curing periods of 56 and 90 days.

248




These results align with the previous findings by Tommaso and
Revecca, who utilized crushed sand and sediment as substitutes for
reference sand aggregate in a reinforced mortar (D'Antino et al, 2019; Li
& Liu, 2021). Corinaldesi (2012) attributed the observed detrimental effect
of crushed sand to a high porosity of its particles, resulting in a decrease
in severity. Lu et al. (2022) discovered an intriguing relationship between
compressive strength and particle size, noting that this relationship is
consistent across all specimens.
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Figure 7 — Influence of crushed sand and sediment content on the compressive strength
of mortars

Ultrasonic pulse velocity

The values obtained show that all the mortars made with crushed
sand material obtained slightly lower results, around 6.6%- 14.8%
concerning the reference sand.

Generally, the pulse velocity of mortars made with crushed sand was
greater than that of mortars made with reference sand. As depicted in
Figure 8, the 28-day ultrasonic pulse velocities for the mortar types MRS,
MSCS3, MSCS5, MSCS2, MSCS1, MS, and MSC were 4120 m/s, 3850
m/s, 3760 m/s, 3740 m/s, 3680 m/s, 3620 m/s, and 3510 m/s, respectively.
These values were lower than the 4120 m s recorded for the control

group.
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Moreover, as depicted in Figure 8, it is evident that, at the 35%
replacement level, ultrasonic pulse velocities of the mortar containing
crushed sand are higher by 10%, 25%, and 50% at the curing periods of
28 days. The increased incorporation of crushed sand enhanced the
velocity of mortar MSCS3, and all the produced mortars exhibited lower
velocities than MRS. These results align with the findings reported by
Corinaldesi in 2012 (Jiang et al, 2022).
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Figure 8 — Effect of crushed sand and sediment content on the ultrasonic pulse velocities
of mortars

Reinforcement of mortar MSC35 with scrap tire rubber

The optimal mortar, MSC350pt, was treated with scrap tire rubber, as
indicated in the studies by Jiang et al. (2022) and Su et al. (2022). The
goal was to determine the best content of rubber powder. Jeon prepared
a slurry with crumb rubber powder contents ranging from 0% to 15%, with
5% intervals, based on the volume of sand. Su et al. (2022) replaced the
natural aggregates with four different volume percentages: 2%, 5%, 7.5%,
and 10%, according to the differential contents of 2%, 4%, and 6%. Five
specimens were prepared for each blend of mortars. The mixed mortar
designs are detailed in Table 5. Samples of each composition were
individually immersed in water. Before conducting the mechanical tests,
the specimens were dried for three hours in the laboratory. Compressive
strengths were determined at 14, 28, 56, and 84 days. The mixture code
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includes a letter indicating the type of sand used. Further details about the
mixtures can be found in Table 5.

Table 5 — Compositions of MSCS mortar containing scrap rubber (kg m3).

Mixture MSCS MSR2 MSR4 MSR6
Cement 450 450 450 450
Water 225 225 225 225
Sediment 877 864 838 824
Crushed sand 473 463 453 443
Scrap rubber Nul 10 20 30
Superplasticizer 9 9 9 9

Compressive strength and tensile strength

When scrap rubber was added to partially substitute coarse
aggregates, compressive strength decreased as rubber quantity
increased. To calculate the flexural strength of the specimens, beam
specimens with dimensions of 40 x 40 x 160 mm were prepared. Their
flexural strengths were determined by applying three-point loads (to induce
pure bending) on these specimens, as illustrated in Figure 9, following the
standard NF EN 196-1 (AFNOR, 1995).

ensile streng

s

Compressive stremgth

Figure 9 — Compression and tensile strength machines to test prisms 40 - 40 - 160 mm?®
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The variation in flexural strength concerning the percentage increase
in scrap rubber is notable. It is observed that the flexural strength of the
specimens with rubber particles exhibits a decreasing trend as the quantity
of rubber increases, as depicted in Figure 10.
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Figure 10 — Influence of scrap rubber addition rate on tensile strength.

Figure 11 illustrates that substituting rubber aggregate significantly
diminishes the compressive strength of the composite at 14, 28, 56, and
84 days. This is the primary reason why the rubber aggregate substitution
volume fraction was restricted to 6% (84-day compressive strength:
MSCSopt = 26 MPa; compressive strength with 6% rubber granulate =
23.19 MPa). Specifically, it is evident that a 2% rubber aggregate
substitution results in an almost imperceptible 0.8% drop in compressive
strength and a 0.2% decrease in tensile strength. Meanwhile, the strength
loss due to a 4% rubber aggregate substitution is approximately 8.5%.
These findings are consistent with the previous studies. The study reveals
that the observed impact of rubber aggregates on the high compressibility
of the particles in the mixture induces local bonding stresses between the
rubber and the cementitious matrix (Gupta et al, 2019).

Bin Kabit et al. (2021) concluded that a modified rubber mortar
mixture has the potential to effectively reduce shrinkage in cement
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mortars. Wei et al. (2021) found that tire rubber decreased the mortar's
consistency, compressive strength, and flexural strength.

The decrease in Si-O-Si hybrid compounds, inhibited by the hydroxyl
group during the hydrolyzation process, may be the cause of the poor
bending strength observed in the mortar containing 6% rubber powder
(Rattanaveeranon et al, 2019).
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Figure 11 — Influence of scrap rubber addition rate on compressive strength

Conclusions

e Crushed sand and sediment particles are used as very effective fillers
to mortar to ensure good performance, sufficient workability, and
improved strength. The efficiency of particles depends on their
morphology and genesis.

o The compressive strength and tensile strength of the resulting mortar
depended on the fineness modulus of the aggregate and the plasticity
index. In general, compressive strength was reduced with reduced
fineness modulus of the aggregate and th eincreased sand plasticity
index.

e Incorporating crushed sand patrticles in mortar enhances mechanical
properties, successfully minimizing porosity through improved pore size
distribution.
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¢ Mortar modified with 65 wt% sediments and 35 wt% crushed sand
particles demonstrated a significantly approximate resistance
compared to the reference sand mortar.

e The bulk density of fresh mortar and the dry bulk density of hardened
mortar for different mixes showed a significantly approximate match.

e Ultrasonic pulse velocity decreases with the increased quantity of
crushed sand particles.

e Due to the high compressibility of used scrap rubber waste, the
compression and recompression indices increase dramatically with the
rubber content of used tire.

e Scrap rubber waste can be used as a reinforcing material in mortar
mixes, but proportions should not be exceeded.
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Resumen:

Introduccién/objetivo: El consumo de arena natural en Argelia es elevado
debido a su uso extensivo en morteros, mientras que los sedimentos y los
residuos de caucho plantean importantes desafios ambientales y sociales.
Este estudio investiga los efectos de la incorporacion de residuos de
caucho en morteros mezclados con arena ftriturada y sedimentos. El
objetivo principal es valorizar las particulas de arena triturada mediante
pruebas fisicas y mecanicas, evaluando su potencial como alternativa a la
arena natural en mezclas de morteros.

Métodos: Se realizé un trabajo experimental para estudiar el impacto de
reemplazar parcial o totalmente los sedimentos con particulas de arena
triturada en mezclas de mortero. Se prepararon mezclas de mortero
utilizando diferentes proporciones de sedimento a arena triturada (10%,
25%, 35%, 50% y 100%) para observar su influencia en las propiedades
fisicas y mecanicas. Ademas, se analizaron los efectos de agregar 2%, 4%
y 6% de caucho granulado al mortero 6ptimo. Se realizaron varias pruebas,
incluidas las de resistencia a la compresion, resistencia a la flexion y
velocidad del pulso ultrasénico, para evaluar el desemperio de las mezclas.

Resultados: Los resultados indicaron que la sustitucién de sedimentos por
arena triturada mejor6é las propiedades de resistencia del mortero, en
particular debido a una mejor compactacion de las particulas. El mortero
que contenia 65 % en peso de sedimentos y 35 % en peso de arena
triturada mostré propiedades similares al mortero de referencia. La adicion
de desechos de caucho aumentd la compresibilidad, pero mejord las
propiedades mecanicas cuando se utilizd6 con moderacion. La velocidad
del pulso ultrasonico disminuyd con un mayor contenido de arena triturada
y se redujo la porosidad de las mezclas.

Conclusién: La arena triturada y las particulas de sedimento son materiales
de relleno eficaces para el mortero, garantizando un buen rendimiento y
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una mayor resistencia. La eficiencia de estos materiales depende de su
morfologia y génesis. El estudio demuestra que la arena triturada puede
ser una alternativa viable a la arena natural, y los residuos de caucho
pueden utilizarse como material de refuerzo en el mortero, aunque sus
proporciones deben controlarse cuidadosamente para evitar efectos
negativos en las propiedades mecanicas.

Palabras claves: mortero, sedimento, arena triturada, desechos de
caucho, resistencia a la compresion, resistencia a la traccion.
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Pe3some:

BeedeHue/uenb: MNpupodHbili necok 8 Armkupe WupoKo UConb3yemcs
8 CmpoumeribHbIX pacmeopax, 8 MO B6PeMs KaK OMJIOXeHUs U
pe3uHosble 0mx00bl c030alm Cepbe3Hble  3KOJlo2uYecKue U
coyuarbHble npobnemsi. B daHHOM uccriedogaHuu usydyaemcs e/usHue
codepxaHUsi Pe3UHO8bIX 0mx0008 8 CmpoumesibHbIX pacmeopax,
CMeWaHHbIX C U3MeSIbYeHHbIM MEeCKOM U omioxeHusiMu. OcHoeHasi
uenb uccrnedoeaHusl 3aKrryanacb 6 easiopusauuu U3MesIbYEHHbIX
yacmuy rnecka rnymem ¢bu3uko-mMexaHu4ecKuUx ucrnbimaHull U oueHKa ux
nomexyuana Ons 3aMeHbl MPUpPOOHO20 recka 8 CMPoUMeEsibHbIX
cMecsiX.
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Memodbi: B xode uccnedosaHusi bbifio 9KCrepuMeHmasibHO U3y4YeHO
8/IUSTHUE Yacmu4HOU U MOJTHOU 3aMeHbl OMIIOXEHUU U3MeSIbYEeHHbIMU
yacmuuyamu recka 8 pacmeopHbix cMmecsix. Pacmeop eomosuricsi 8
pasnu4YHOM COOMHOWEeHUU om/IoXeHUl U usmesnib4eHHo20 necka (10%,
256%, 35%, 50% u 100%) c uenbr U3YYEHUS UX 6/USHUS Ha
gusuyeckue u MexaHu4yeckue ceolicmea. Takxe 6binu
npoaHanu3uposaHbl enusHue 0obasok 2%, 4% u 6% pes3uHosol
KpOWKU Ha onmumarsibHbil pacmeop. [ns oueHKU xapakmepucmuk
cmecel 6binu  npoeedeHbl  pasfiuYyHble  UCMbIMAaHUsl, BK/Yas
ucrnbimaHusi Ha rnPoYHOCMb, MPOYHOCMb Ha U32ub U ucrbimaHus Ha
CKOpOoCMb yribmpa3eyKo8o20 UMIy/ibCa.

Pesynbmamsbi: Pe3ynbmamel rokasanu, 4mo 3amMeHa OmiioxeHul
U3Mesib4eHHbIM  MECKOM  ynydwusia [poOYHOCMHble  ceolicmea
pacmeopa, 8 YacmHocmu, 3a cyem nydwel ympamboeKku 4dacmuu,.
Pacmeop, colepxawuli 65 wmac.% ommnoxeHuti u 35 wmac.%
U3Mesnib4YeHHO20  fecka, rokasan  ceolicmea,  aHasiocu4yHble
KOHmMposnsHoMy  pacmeopy. [obasneHue  pe3uHo8oU  KPOWKU
rosbiWwaem CXXumMaemMocms, HO yrydwiaem MexaHudeckue ceolicmea
npu  ymepeHHOM ucrnionb3osaHuu. [lpu ysenuyeHuu codepxxaHusi
U3Merlb4YeHHO20 [ecka CKOPOCMb  yibmpassyKoeozo  UMIyrbca
CHUXaemcsi, @a nopucmocms cmecell yMeHbWaemcs.

Bbigod: Usmernb4YyeHHbIU MecoK U Yacmuubl OMIIOXEHUU S8risomces
3¢bgheKMUBHbBIMU  C8513bI8AKOUUMU  drIEMEHmMaMu 8 CMpoumersibHbIX
pacmeopax. OHuU obecriequsarom pPe8oCcx00HbIe IKCIlyamayUOHHbIE
XapakmepucmuKu U Mo8bILEHHYHO MPOYHOCMb. AghghekmusHOCMb 3mux
Mamepuasiog 3asucum om Uux Mopgoroauu U  MPOUCXOXOEHUS.
HcecnedosaHue rnokasbieaem, 4mo U3MesibYeHHbIU NecoK Moxem 6bimb
JKU3HECrocobHol anbmepHamugoul MpupodHOMY [ECKY, a PEe3UHO8YH
KPOWIKY MOXHO UCIOMb308amb 8 Ka4ecmee apMupyouezo Mamepuarsa 8
cmpoumerbHbix  pacmeopax. OOHako ux rfporopuuu  credyem
muamesibHO KOHMPOJIUpo8ame 80 U3bexxaHue He2amugHO20 /TUSIHUST Ha
MexaHu4eckue ceolicmea.

Knwodesbie  crioga:  cmpoumernbHbIll  pacmeop,  OMIIOXEeHUS,
U3MesIbYeHHbIU MEeCOK, Pe3uHo8asi KpOoWKa, MPOYHOCMb Ha Cxamue,
pacmsixeHue.
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OBJIACT: matepwjanu, rpalleBMHapcTBO
KATEFOPUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: MNMompowra rpupodHoe necka y Amxupy je eernuka 3602
Heesoge Wupoke yriompebe y manmepuma, 00K ceOUMEHMU U 2yMeEHU
omnad npedcmasrbajy 3HadyajaH eKorowku u dpywmeeHu rpobnem. Osa
cmyduja ucmpaxyje ymuuaj kopuwhera 2ymeHoe omrnada y Manmepuma
rnomewaHoe ca OpobrbeHUM reckom u cedumeHmuma. OCHO8HU Uurb buo
je 0a ce usepwu eanopu3ayuja Hecmuuya OpobrbeHoz rnecka fnymem
u3UYKO2 U MexaHU4YKoe ucriumuearba, Kao u 0a ce MPOUEHU HUX08
rnomeHyujan da 3ameHe fMpupoOHU Necak y MewasuHama Mmanmepa.

Memode: EkcriepumeHmarHum riymem rpoydasaH je ymuuaj 0eniluMuyHe
u riommnyHe 3ameHe ceduMmeHama 4Yecmuuama OpobrbeHoz recka y
MmewasuHama manmepa. OHe Cy npunpemMsrbeHe y pa3nuyumum oOHocuMa
cedumeHma u dpobrbeHoe necka (10%, 25%, 35%, 50% u 100%) kako 6u
ce ucrnumao HUxXo8 ymuuyaj Ha ¢busuyka u mexaHu4ka ceojcmea. Takohe,
aHanuaupaHu cy echekmu 0odasarba 2%, 4% u 6% 2ymeHoz epaHynama
onmumariHoM Mmanmepy. W3epweHa cy pasuyuma ucriumuearba,
yKibydyjyhu mecmuparsa depcmohe, yugpcmohe Ha casujarbe u 6p3uHe
yrmpa3sey4Hoz umrysica padu rnpoueHe rnepghopMaHcu MewasuHa.

Pesynmamu: [Noka3aHo je 0a 3ameHa cedumeHma OpobrbeHUM MeCcKOM
rnobosbwasa ceojcmea 4yspcmohe manmepa, Hapoyumo 3602 6orbee
nakosarba yecmuua. Manmep ca 65 mex% cedumeHma u 35 mex%
OpobrbeHO2 rMecka UCMosbUO je ceojcmea cru4yHa peghepeHmHoOM
manmepy. [Jodasare eymeHoe omnada nosehario je cmuwsbugocm, anu
u nobosbwano MmexaHuyka ceojcmea Kkada ce Kopucmuo ymepeHo. bpsura
ynmpa3sey4Ho2 umrysica onasa je ca eehum cadpxajem OpobrbeHo2
riecka, a Mopo3HOCM MewiaguHa ce CMarbUrIa.

Sakrpyuak: Yecmuue OpobrbeHoz necka u cedumeHama cy eghekacHa
sesuesa 3a Manmep Koja 0be3behyjy dobpe nepghopmarce u noborbwasajy
ygpcmohy. EgukacHocm oeux Mamepujana 3asucu 00 HUX08e
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mopdgboriozuje u nopeka. Cmyduja nokasyje da OpobrbeHuU rnecak Moxe da
byde o0pxusa anmepHamusa ripupoOHOM recky, a 0a ce eymeHU omrad
MOXe Kopucmumu Kao Mamepujarsn 3a oja4asaH-e Masimepa, mada mpeba
Maxrbugo KOHMposucamu He208 yoeo kako bu ce usbezao HeeamueaH
ymuuaj Ha MexaHu4Ka ceojcmea.

KrbyuyHe peyu: manmep, cedumeHm, OpobrbeHU riecaK, ayMeHU
epaHynam, yepcmoha Ha npumucak, 4epcmoha Ha ucme3sarse.
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Abstract:

Introduction/purpose: Organophosphates are widely used nowadays. They
have applications as pesticides, drugs, plasticizers, flame retardants, or
chemical warfare agents. Their acute toxicity is ascribed to inhibiting
acetylcholinesterase (AChE), a key enzyme in the transmission of nerve
impulses in animals. Their toxic effects manifest by acetylcholine
accumulation in the nerve synapses and can lead to paralysis or death.
Organo-thiophosphate pesticides (OPs) are used in large quantities. Their
oxo-analogs can also be found in the environment due to oxidation. Once
accumulated in the environment, they exhibit toxic effects on non-target
organisms.

Methods: The hydrolysis of OPs in different pH was systematically
analyzed, and their neurotoxic effects were evaluated. The concentration of
the investigated pesticides during decomposition was monitored by ultra-
performance liquid chromatography (UPLC). At the same time, a decrease
in the toxicity of the treated samples was observed by measuring the activity
of the enzyme AChE.

Results: OPs decompose rapidly in alkaline aqueous solutions but are
highly stable in acidic solutions. Chlorpyrifos hydrolyzes the fastest and
dimethoate the slowest. The toxicity of these OP solutions decreases over
time, indicating that more toxic products were not formed.

Conclusion: The presented results can provide a sound basis for further
efforts to find simple and efficient decomposition methods of OPs.

Keywords: organophosphate, pesticide, pH stability, toxicity.

Introduction

Water pollution is one of the biggest problems in modern society
because it affects many different aspects; however, its most significant
impact is on human health. Because of its vital importance, its quality must
be within strictly defined limits. That is why it is necessary to continuously
monitor the concentrations of toxic pollutants, including organophosphate
pesticides (OPs), and reduce their presence as much as possible.
Effective removal from water is also necessary to control the level of these
compounds in food and the environment (Bootharaju & Pradeep, 2012; He
et al, 2015; Rasmussen et al, 2015; Wang et al, 2013).

Extensive use of OPs leads to soil and water contamination (Peshin
et al, 2020; Silva et al, 2019), OP residues in food (Baker et al, 2002), and
public health impacts (Kunstadter et al, 2001; London et al, 2002). In
addition to the inevitable acute and chronic impact on humans,
overreliance on OPs for pest control has led to many problems for other
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species (Greaves & Letcher, 2017). Severe contamination of aquatic
ecosystems by OPs can lead to mass mortality of aquatic organisms. That
is why it is necessary to purify wastewater containing OPs before mixing it
with other waters.

Depending on the persistence of particular OPs, they remain in the
environment for a long time or are transformed into a more toxic form. Due
to the high solubility of organophosphates (OPs) in water and their low
persistence in soil, they have a strong potential to run off into surface water
and leach into groundwater (Van Scoy et al, 2016). The most important
degradation pathways of OPs in the environment are microbial
degradation, hydrolysis, oxidation and photolysis (Van Scoy et al, 2016;
Acimovi¢ & Vasic¢ Aniéijevi¢, 2022). These processes often produce oxo-
forms as end products through photocatalytic oxidation and microbial
metabolism, which is problematic due to the extreme toxicity of these
compounds. On the other hand, hydrolytic degradation is the main
inactivating route of OPs in the environment and usually does not yield
oxo-forms as end products. The hydrolysis of OPs mainly depends on pH
and temperature (Aniéijevi¢ et al, 2022).

Dimethoate (DMT), malathion (MLT), and chlorpyrifos (CPF) are well-
known contact and systemic OPs that have been in use for years. They
are used against many insects in agriculture (Anicijevi¢ & Lazarevic¢-Pasti,
2020). The acute toxicity of OPs is primarily due to their inhibition of
acetylcholinesterase (AChE), an enzyme critical for proper nerve function
(Ani¢ijevic & Karkali¢, 2022). The oxidation of organo-thiophosphates
results in the formation of oxo-analogs, which are even more toxic to AChE
than the parent compounds. These oxo-analogs can also form in the
environment due to various oxidizing agents in water and soil (Lazarevi¢-
Pasti et al, 2016; Vasic¢ Anicijevi¢, 2020).

This work aims to investigate the half-life of OP hydrolysis in aquatic
environments across a pH range of 3.00 to 9.00 and to track the toxicity of
OP solutions over time. Understanding these factors is essential for
developing effective strategies to remove OPs from water. Toxicity is
assessed by measuring AChE inhibition through an enzyme assay, as
AChE inhibition is widely used as a biomarker in environmental monitoring
(Grue et al, 1991; Legradi et al, 2018), indicating the eco-neurotoxicity of
cholinesterase-inhibiting compounds.
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Materials and methods

Stability of organophosphate in the aqueous buffer
solution

The stability of OPs in media with different pH values was investigated
in a phosphate buffer solution with a concentration of 50 mmol dm=3 (made
with deionized water) with a pH value ranging from 3.00 to 9.00, in
according with the pH range supported by the UPLC system. The 1x10™*
mol dm™ OP solutions were incubated at 25 °C in an orbital shaker-
incubator (Orbital Shaker-Incubator ES-20, Grant-bio) for 10 days.
Aliguots were taken at relevant time points to measure the concentrations
of the OPs, as described in the following section. Additionally, the
decomposition of OPs at the same concentration was analyzed in tap
water samples to simulate real-world conditions. All measurements were
performed in triplicate, and uncertainties were calculated using the least
significant differences (LSDs) test at a 95% significance level.

Ultra performance liquid chromatography analysis

A Waters ACQUITY Ultra Performance Liquid Chromatography
(UPLC) system was used to measure the concentration of DMT, MLT, and
CPF, together with an adjustable UV photodiode array (PDA) detector
controlled by the Empower software. Chromatographic separations were
on 1.7 ym, 100 mm x 2.1 mm ACQUITY UPLC™ BEH Cis column
(Waters).

The solutions of OP concentrations of 1x10° mol dm~were analyzed
under isocratic conditions with a mobile phase consisting of 10%
acetonitrile and 90% water (v/v). The eluent flow rate was 0.25 cm? min™,
and the injection volume was 5 mm?3. Under the described conditions, the
retention times of DMT, MLT, and CPF were (2.37 £ 0.05) min, (2.48 +
0.05) min, and (2.62 = 0.05) min, respectively. The spectra for DMT, MLT,
and CPF are shown in Figures 1 (c), 2 (c), and 3 (c) as well as their
absorption maxima. Optical detection was performed at 205 and 200 nm
for aliphatic MLT and DMT, respectively. For aromatic CPF, 230 nm was
chosen from three characteristic absorption maxima at 200, 230, and 290
nm. The spectra for DMT, MLT, and CPF are shown in Figures 1 (c), 2 (c),
and 3 (c).

The concentrations of OPs were determined using linear calibration
curves which were constructed from standard pesticide solutions across a
broad concentration range.
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Neurotoxic measurements

AChE inhibition measurements were performed to track and quantify
changes in the toxicity of OPs and to investigate whether hydrolysis under
different pH conditions leads to the formation of more toxic compounds.
These transformation products could have harmful effects at
concentrations below the detection limits of Ultra Performance Liquid
Chromatography (UPLC). AChE activity was measured using a modified
version of Ellman’s procedure (Ellman et al, 1961). The in vitro
experiments were performed by the exposure of 0.5 IU commercially
purified AChE from electric eel to the OP solutions obtained in adsorption
experiments at 37 °C in 50 mmol dm~2 phosphate buffer (PB) pH 8.00 (final
volume 0.650 cm?®). The enzymatic reaction was initiated by adding
acetyltiocholine-iodide (ASChl) and 5.5’-dithiobis-2-nitrobenzoic acid
(DTNB) as a chromogenic reagent. The reaction was allowed for 8 minutes
before being stopped with 10% sodium dodecyl sulfate (SDS). The
reaction product, thiocholine, reacts with DTNB to form 5-thio-2-
nitrobenzoate, measured by its optical absorbance at 412 nm. It should be
noted that in these measurements, the enzyme concentration was
constant and set to give an optimal spectrophotometric signal.

The following reaction shows the principle of determining AChE
activity using the Ellman test:

H,O

AChE+ASChl =—=A ChE-ASChIV A-AChE \c
H,COOH
3

SChl
DTNB \
NB

The physiological effects were quantified as AChE inhibition given as:

1% =

X 100 (1)
0

where Ag represents the AChE activity in the absence of OP, A is the AChE
activity measured after exposure to a given OP. OP solutions with an initial
concentration of 1x10™* mol dm™ were incubated in phosphate buffers (pH
3.00 to 9.00, 25 °C) and in tap water for 10 days to monitor the toxicity of
the hydrolysis products formed spontaneously.
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Results

Kinetics studies of organophosphate decomposition

The concentration of OPs was monitored in tap water and phosphate
buffers with pH ranging from 3.00 to 9.00 for 10 days using UPLC analysis.
Figures 1, 2, and 3 show the time dependence of the OP concentration.
The spontaneous decay of DMT (Figure 1), MLT (Figure 2), and CPF
(Figure 3) concentrations over time was relatively fast in neutral and
alkaline buffers, as well as in tap water (pH 6.50). A decrease in OP
concentrations was also observed in buffers with acidic pH, though it was
slower. The decay followed exponential trends in all cases, consistent with
pseudo-first-order kinetics. This outcome was expected, as the buffer
solutions maintain constant H*/OH™ concentrations over time, in alignment
with previous literature (Wolfe et al, 1977). Consequently, the hydrolysis
rate constants (kn) were obtained by fitting the experimental data to the
following equation:

C, = Coe knt (2)

where C;and Cq are the remaining OP concentrations at a given time (t)
and the initial OP concentration.

Dimethoate

The dependence of the degradation of DMT (Richendrfer & Creton,
2015, Elmorsy et al, 2022, Sparling & Fellers, 2007) with an initial
concentration of 1x10“ mol dm=on the pH value of the solution at 25 °C
and 35 °C is shown in Figure 1 (a) and (b). The results show that an
increase in the pH value increases degradation efficiency. The half-life of
DMT at pH 9.00 and 25 °C is 8 days, and at 35 °C, it is 2 days.

The results also show that an increase in temperature of 10 °C
accelerates the degradation about tenfold at pH 9.00. The less efficient
degradation at pH 8.00 and 35 °C resulted in a half-life of 9 days. It
practically means that a decrease in pH by 1 unit increases the length of
degradation 4.5 times. This applies to the pH reduction from 9.00 to 8.00.
For other changes, the pH degradation is several times longer.
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Figure 1 — Dependence of DMT degradation at pH from 3.00 to 9.00 and in tap water (pH
6.5) at 25 °C (a), 35 °C (b), and PDA spectra of concentration 1x10* mol dm (c)

Malathion

The dependence of the degradation of MLT (Richendrfer & Creton,
2015, Elmorsy et al, 2022, Sparling & Fellers, 2007) with an initial
concentration of 1x10“ mol dm=on the pH value of the solution at 25 °C
and 35 °C is shown in Figure 2 (a) and (b).
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Figure 2 — Dependence of MLT degradation at pH from 3.00 to 9.00 and in tap water (pH
6.5) at 25 °C (a) and 35 °C (b), and PDA spectra of concentration 1x10* mol dm (c)

As for DMT, the results show that an increase in the pH value leads
to an increase in degradation efficiency. The half-life of MLT at a
concentration of 1x10*mol dm=2at pH 9.00 at 25 °C is 7.5 days, and at
35 °C itis 1 day, while it completely decomposes in 10 days at 35 °C. The
presented results also show that an increase in temperature of 10 °C
accelerates the degradation of MLT several times under the given
experimental conditions (pH 9.00). This means that a decrease in pH by 1
increases the length of degradation by 2 times. As in the case of DMT, this
applies to the reduction of pH from 9.00 to 8.00; for other changes in pH,
the degradation is several times longer.
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Chlorpyrifos

The dependence of the degradation of CPF (Ubaid ur Rahman et al,
2021) with an initial concentration of 1x10* mol dm=on the pH value of the
solution at 25 °C and 35 °C is shown in Figure 3 (a) and (b).
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Figure 3 — Dependence of CPF degradation at pH from 3.00 to 9.00 and in tap water (pH
6.5) at 25 °C (a) and 35 °C (b), and PDA spectra of concentration 1x104 mol dm (c)

As in the previous cases, the results show that, with an increase in
the pH value, the degradation efficiency increases. The half-life of CPF at
a concentration of 1x10*mol dm=at pH 9.00 and 25 °C is 29 min, while at
35 °C, the value is only 4 min. The degradation of aromatic CPF at pH 9.00
is much faster than in the case of both tested aliphatic OPs. At 25 °C, the

272




time required for a complete degradation of CPF is significantly shorter
than 1 d (measured in minutes) for all pH values higher than 6.00 and in
tap water.

On the other hand, at 35 °C, complete degradation is very fast for all
tested pH values and almost immediate for the basic ones. The presented
results also show that an increase in temperature of 10 °C accelerates the
degradation of CPF by 7.5 times at pH 9.00, 8.00, and 7.00. At pH values
lower than 7.00, the degradation of CPF is slowed down from 1 000 to
2 000 times when the temperature increases by 10 °C.

Toxicity assessment of organophosphate solutions

OP solutions of the initial concentration of 1x10~* mol dm™3 were left
in phosphate buffers (pH ranging from 3.00 to 9.00, 25 °C) and in tap water
for 10 days to monitor the toxicity of the spontaneous hydrolysis products.
The toxicity of the OP solution was evaluated using the AChE inhibition
assay, as already described above. Aliquots for AChE inhibition assays
were taken at the beginning of the experiment and then after 1, 2, 6, and
10 days.
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Figure 4 — Toxicity of the solutions of DMT (a), MLT (b), and CPF (c) measured during 10
days at pH from 3.00 to 9.00 for the initial concentration of Ops 1x10* mol dm-3
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In addition to measuring AChE activity inhibition over 10 days, we also
tracked changes in inhibition using the measured concentrations of DMT,
MLT, and CPF over time (Cy) and the OP inhibition curves. The results in
Figure 4 show a rapid decrease in the acute toxicity of water contaminated
with OPs at pH levels above 7.00.

Discussion

A fundamental understanding of the OP hydrolysis mechanisms is
paramount for properly planning OP disposal and removal (Tomasi et al,
2005; Anicijevi¢ et al, 2022). For example, understanding OP hydrolysis
could help optimize chemical treatments of contaminated samples to
maximize OP decomposition into non-toxic products without the need for
aggressive chemicals or excessive use of alkalis. The results in Figures 1,
2, and 3 show that the estimated half-lives of OPs in aqueous solution
decrease with increasing pH, though the relationship is not strictly linear.
Additionally, the stability of these molecules shows varied pH dependence.
Further research is needed to fully resolve the link between the OP
structure and stability at different pH levels in aqueous media.

Importantly, matrix effects in spiked tap water appear to have only a
minor impact on the rate of hydrolysis (Figure 4). Therefore, these results
can be reliably used to estimate OP half-lives in aqueous media based
primarily on pH values. However, other factors, such as microbial activity
or oxygen saturation levels, could also affect OP decomposition.
(Lockridge et al, 2019).

Finally, the data presented in Figure 4 suggest that the inhibition of
AChE activity decreased monotonically over time in all samples tested.
Therefore, by combining the results of the pH stability of OPs with their
AChE inhibition curve, the inhibition of AChE activity in the contaminated
water samples can be reliably predicted for up to 10 days (Figure 4).

Conclusion

The investigated OPs have varying half-lives, and since their half-lives
decrease rapidly with increasing pH in alkaline media, this suggests that
alkaline hydrolysis is an effective method for removing DMT, MLT, and
CPF from water. Unlike microbial degradation or photocatalytic oxidation,
alkaline hydrolysis does not result in the accumulation of more toxic
byproducts during the degradation process. Therefore, if alkaline
hydrolysis removes OPs, no particular care should be taken to monitor the
degradation process because the risk of toxic product formation is
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negligible. Matrix effects in tap water were found to have a negligible
impact on the rate of OP hydrolysis, making the presented data reliable for
estimating OP half-lives in contaminated water. Additionally, toxicity data,
measured as AChE inhibition, can be used to assess acute toxicity
following water contamination. Estimates for periods longer than ten days
can be derived by combining stability data with AChE inhibition curves for
OPs. However, these results should be interpreted cautiously, and further
systematic studies are recommended to evaluate the hydrolytic stability of
OPs fully.
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Resumen:

Introduccién/objetivo: Los organofosforados se utilizan ampliamente en la
actualidad. Tienen aplicaciones como pesticidas, farmacos, plastificantes,
retardantes de llama o agentes de guerra quimica. Su toxicidad aguda se
atribuye a la inhibicion de la acetilcolinesterasa (AChE), una enzima clave
en la transmisién de impulsos nerviosos en animales. Sus efectos téxicos
se manifiestan por la acumulacion de acetilcolina en las sinapsis nerviosas
y pueden provocar paralisis o0 muerte. Los pesticidas organotiofosforados
(OP) se utilizan en grandes cantidades. Sus oxoanalogos también se
pueden encontrar en el medio ambiente debido a la oxidacion. Una vez
acumulados en el medio ambiente, presentan efectos toxicos en
organismos no objetivo.

Métodos: Se analizé sistematicamente la hidrélisis de los OP a diferentes
pH y se evaluaron sus efectos neurotoxicos. La concentracién de los
pesticidas investigados durante la descomposiciéon se controld6 mediante
cromatografia liquida de ultra alta resoluciéon (UPLC). Al mismo tiempo, se
observé una disminucion de la toxicidad de las muestras tratadas midiendo
la actividad de la enzima AChE.

Resultados: Los OP se descomponen rapidamente en soluciones
alcalinas acuosas, pero son muy estables en soluciones Aacidas. El
clorpirifos se hidroliza mas rapido y el dimetoato, mas lentamente. La
toxicidad de estas soluciones de OP disminuye con el tiempo, lo que indica
gue no se formaron productos més toxicos.

Conclusion: . Los resultados presentados pueden proporcionar una base
sélida para futuros esfuerzos encaminados a encontrar métodos de
descomposicion de OP simples y eficientes.

Palabras claves: organofosforado, pesticida, estabilidad del pH,
toxicidad.
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CtabunbHOCTb N HEMpOTOKCU4eckoe aenctane ocopopraHnyeckux
nectMungoB B BOAHOW cpeae

BriadaH V. AHMuneBuY?, KoppecnoHaeHT, Tamapa Tacuy®,
BedpaH MunaHkosu4y®, PadosaH M. Kapkanuu?,
Tamapa [. Nasapesuy-Martm®

? YHusepcuteT 060poHsl B I. Benrpas, BoeHHas akagemus,
r. benrpag, Pecny6nuka Cepbus
6 Benrpaackuii yHuBepceuTeT, IHCTUTYT siaepHbIX Hayk «BuHua» — MHetutyT

HaLMoHanbHoro 3HaveHus ans Pecny6nukn Cepbus,
r. benrpag, Pecny6nuka Cepbus

PYBPUKA TPHTW: 87.15.00: 3arpsis3HeHue okpyxatoLLern cpefbl. KoHTponb
3arpsisHeHus
BWO CTATbW: opurmHanbHasa Hay4Has ctaTbs

Pesrome:

Beederue/uenb: OpeaHogocghambl  WUPOKO — UCMOb3YOMCs 8
cospemeHHoM mupe. OHU UCroNb3yomcs 8 Kadecmee rnecmuyudos,
niekapcme,  niiacmugbukamopos,  aHmurnupeHoe  unu - b6oesbix
ompasnsruwux sewecms. Vix ocmpasi moKcuU4HoCcmb 0b6BSICHSemcs
UHeubuposaHuem  auemusnxonuHacmepasbl  (AX3),  Krro4Yyesozo
epmeHma nepedaqyu HEPS8HbIX UMIY/IbCO8 Y XUBOMHbIX. WX
mokcuyeckoe delicmeue nposieisemcs HakornieHueM ayemusixonuHa
8 HEPBHbIX CuHaricax U MoXem rfpusecmu K napasudy umu cMmepmu.
TuogbocpamopeaHudeckue (O®) necmuyudbl UCHONL3YIOMCS 8
bonbwux Konudecmeax. Mx oOkcoaHanoau Mo2ym fonacme 8
OKpyXarowyto cpedy ecrnedcmeue OKucneHusi. Hakannueasicb 8
OKpyXatoujel cpede, OHU OKa3blgarom moKcu4yeckoe gosdelicmeue Ha
Heuernesble opeaHUu3Mbl.

Memodei: B xode uccredogaHuss cucmemMamu4yecku npoeodusiuch
aHanu3 audponusa necmuyudos O® 6 pasnuyHbix ycrnosusix pH u
OUEHKa UX Helipomokcu4yeckoz2o eo30elicmeusi. KoHueHmpayuro
uccnedyembix  necmuyudoe O® 8 ripouecce  pasfioKeHUs
KoHmMponupoganucb Memodom ceepxaghghekmusHol XKUOKOCMHOU
xpomamoezpacpuu  (COXKX).  OOHospemMeHHO  npu  U3MepeHuu
akmusHocmu ¢hepmeHma AX3 Habnodanock CHUXeHUE moKcu4Hocmu
obpabomaHHbix 0bpa3uos.

Pesynbmamei: lNecmuyudbi O@ bbicmpo pasna2armcsi 8 Wes104HbIX
B800HbIX pacmeopax, HO OHU 4Ype3ebiyaliHo cmaburibHbl 8 KUCIIbIX
pacmeopax. Xnoprupughoc audponusyemcsi bbicmpee, a dumemoam —
melneHHee. TOKCUYHOCMb 3MUX  pacmeopos8 CO B8PEMEHEM
CHWXaemcs, 4mo yKka3bieaem Ha mo, 4mo 60s5iee MOKCUYHbIE
npodykmbl He obpa3sytomcsi.

279

Anicijevi¢, V. et al, Stability and neurotoxic impact of organophosphate pesticides in agueous environments, pp.264-281



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

Bbigodbl: [Momumo moeo, npedcmasneHHble pes3ynbmambsl Mo2ym
cmamb  xopoweli OcHoeoll 8 OasibHeliweM [OUCKe npocmbIX U
aghgpekmusHbIx Memodoes pasznoxeHuss O® necmuyudos.

Knrwyesbie crnosa: opeaHogocham, necmuyud, ph cmabunbHocme,
MOKCUYHOCMb.

CTabuUIHOCT 1 HEYPOTOKCUYHM yTULLaj opraHogocdaTHUX nectuumaa y
BOEHVM cpeanHamMa

BriadaH J. Annhunjesuh?, aytop 3a npenucky, Tamapa Tacuh®,

BedpaH MunaHkosuh®, PadosaH M. Kapkanuh?,

Tamapa [. Nazapesuh Mawtun®

aYHuBepanTteT onbpaHe y beorpaay, BojHa akagemuja,
Beorpag, Penybnuka Cpbuja

5 YuusepauteT y Beorpagy, VIHCTUTYT 3a HykneapHe Hayke ,BuHya” -
MHCTUTYT 0of HaumoHanHor 3Havaja 3a Peny6nuky Cpbujy,
Beorpag, Penybnuka Cpbuja

OBJIACT: Hayka O XWBOTHOj CpeAMHU, h13nyKa Xxemuja
KATEITOPWUJA (TUIM) YITAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Yeod/uurb: OpeaHoghocchamu daHac umajy wupokKy rnpumeHy. Kopucme ce
Kao necmuyudu, fiekosu, nracmugbukamopu, ycriopugayu riameHa unu
Xemujcku 6ojHU azeHcu. Hbuxoea aKymHa MmoOKcu4YHOcm ce npurucyje
UHXUbuyuju auemunxonuHecmepase (AChE), Krby4yHo2 eH3uma y rpeHocy
HepeHUX umriyrica Ko0 )xueomura. TOKCUYHU eghekmu ce MaHugbecmyjy
aKymynayujoM auemurixonuHa y HepeHUM cuHarcama u moay dosecmu 00
napanuse unu cmpmu. OpeaHomuoghochamHu (O®) necmuyudu ce
Kopucme y 8enluKuM Konu4duHama. Hbuxosu okcoaHano3u ce makohjie moay
Hahu y xueomHoj cpeduHu ycned okcudauuje. Kada ce akymynupajy y
JKUBOMHOj CpeduHu, ucrosrbasajy MOKCUYHe echekme Ha HeuurbaHe
opeaHu3me.

Memode: Cucmemamcku je aHanu3upaHa xudponusa O® necmuyuda y
pasznudumum pH ycriogsuma, npu Yyemy cy rpouerseHa HUuxoea Heypo-
mokcudyHa dejcmea. KoHueHmpauyuja ucriumugaHux O® necmuyuda
mokom pasnazarba rnpaheHa je mMe4yHOM XpomamoepadbujoM yrnmpa-
nepgpopmarHce (UPLC). UcmospemeHo, npumeheHo je cmarere
MOKCUYHOCMU MpemupaHux y3opaka MepereM akmueHOCmU eH3UuMa
AChE.

Pesynmamu: OpeaHomuogocghamHu necmuyudu ce 6p30 pasnaxy y
arnkanHuM 800eHUM pacmeopuma, anu cy eeoma cmaburnHu y Kucernum
pacmeopuma. Xnopriupugoc ce xudponusyje Hajopxe, a dumemoam
Hajcriopuje. TokcuyHocm pacmeopa osux O® necmuyuda ce 8peMeHOM
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cmMarbyje, Wwmo ykasyje Ha mo 0a Ce MOKCUYHUjU Mpou3sodu Hucy
ghopmuparnu.

Sakrbyyak: [NpukasaHu pesynmamu mMoey npyxumu 0obpy ocHosy 3a
Oarbe Hariope y fpoHarnaxery jeOHocmasHuUX U eghukacHux memoda 3a
pasepadry O® necmuyuda.

KmbyyHe pe4qu: opeaHogocghamu, necmuuudu, pH cmabunHocm,
mokKcu4YHocm.
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Abstract:

Introduction/purpose: Rockets with high-explosive (HE) warheads are the
most numerous type used for multiple launch rocket systems (MLRS). They
are used for a wide range of combat tasks. Besides other design
characteristics, the effect on the target depends on the position where
detonation is initiated in their explosive charge. The study analyses the
fragmentation effects of steel balls from the 128 mm M77 HE warhead with
the standard point-detonating (PD) fuze and with a differently positioned
detonating assembly.

Methods: The study uses a simple numerical model for the assessment of
the fragmentation effect, which requires modest resources. A numerical
model of the fragmentation effect was used with Gurney’s model of
explosive propulsion and Taylor’s and Shapiro’s method for the direction of
the fragment velocity vector. The penetration ability of projected steel balls
through hard homogenous steel was analysed using the Project Thor
analytical model of kinetic energy projectile penetration.

ACKNOWLEDGMENT: The authors are grateful for the financial support from the
University of Defence in Belgrade (project: VA-TT/1/22-24).
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Results: The results indicate that a change in the position of the initiation
point can improve the fragmentation effect of steel balls. The most
significant improvement is increased fragment dispersion, causing much
larger fragment impact zones. A modest increase in the fragment velocity
is observed as well, mainly because the direction of the fragment velocity
vector is changed. Also, the penetration ability of both types of steel balls at
distances up to 50 m is sufficient for the anti-personnel role, while larger
steel balls have anti-material capabilities as well.

Conclusion: Changing the fuze on high-explosive warheads in order to
change the position of the initiation point can be used to improve the
fragmentation effect.

Key words: warhead, detonation, fragmentation, explosive propulsion.

Introduction

Rockets with high-explosive (HE) warheads are the most often used
for weapon systems that are used for combat support, such as multiple
launch rocket systems (MLRS) on land or air platforms. Their effectiveness
is based on a detonation of their explosive charge, where fragmentation
and blast effects are produced in accordance with specific design features
of a warhead. Such designs are considered to have characteristics that
provide nearly universal purposes. Thus, rockets with HE warheads can
be used in different combat situations and against different targets, usually
with appropriate fuze settings.

The fragmentation effect has been of interest in military research and
development activities, since it has proven to be very effective against soft
targets, like manpower and combat systems without or with light armour
protection, especially when concentrated in bases, on landing zones, etc.
Such targets require a small amount of kinetic energy or a large number
of small perforations (Carlucci & Jacobson, 2018, p.429). There are many
numerical models developed for reliable predictions of explosive
propulsion and fragmentation effects (Zukas & Walters, 1998; Orlenko,
2004; Gold, 2017). It depends on design features of an explosive
ordnance, whether during the fragmentation process, explosive propulsion
or fragment flight. Preformed fragments are used in many modern designs,
due to a complex nature of naturally fragmented parts of a warhead, where
a wide range of fragment dimensions is expected. The main advantage of
preformed fragments is a reliable prediction of fragmentation effects, since
shape and dimensions can be considered constant during the effect.

Most HE projectiles have a point-detonating (PD) fuze, so that a
detonation wave is traveling towards the base of a projectile. Such design
is often used mainly because that the position of a fuze offers the earliest
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possible and reliable interaction with a target. Additionally, that position is
easily accessible for preparation, removal or replacement of a fuze.
However, it is possible to use fuzes that are point-initiated and have the
detonating assembly positioned elsewhere in the projectile, providing
different detonation processes.

Numerical modelling of the fragmentation effect

A simple numerical model will be used to calculate the parameters
that are necessary to access the fragmentation effect of the 128 mm HE
M77 warhead, used on rockets for domestic multiple launch rocket
systems (MLRS), such as Oganj and Morava. The same numerical model
will be used to analyse the fragmentation effects of modified designs of the
warhead with different positions of the buster: at the base and in the central
part of the warhead. The model is not resource demanding and is
applicable for engineering purposes, especially in the preliminary analysis
of the HE explosive ordnance design.

Design characteristics of the 128 mm M77 HE warhead

The rockets with the 128 mm M77 HE warhead are primarily used
against manpower and materiel in open and in field fortifications. They are
used for intense and quick fire missions against important targets, such as
command posts, telecommunication centres, military bases, depots,
airfields, ports, etc.

The main parts of the warhead without a fuze are presented in Figure
1. The warhead is primarily used with the point-detonating fuze UTU M77
that is threaded to the fuze well after the closing plug (1) is removed. The
UTU M77 is an impact fuze that can be pre-set for super-quick or delay
action. The rocket motor is, during the production, permanently attached
to the base parts of the warhead.

1 2 3 4 5 6 4 7

Figure 1 — Main parts of the 128 mm M77 HE warhead:
(1) fuze well closing plug, (2) explosive charge, (3) warhead body, (4) smaller steel balls,
(5) liner, (6) larger steel balls and (7) warhead base
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The hollow steel warhead case (3) is filled with explosive charge (2)
made of 4.050 kg of explosive composition (45 % RDX, 40 % TNT and
15 % aluminium powder). Upon detonation of the explosive charge, the
main fragmentation effect is provided by the matrix of steel balls (4) and
(6), arranged between the warhead case (3) and the liner (5). Two types
of steel balls are used: 930 larger (diameter 10.32 mm, 30 rows with 31
balls each) and 2562 smaller steel balls (diameter 6.35 mm), which are
arranged in two layers (6 rows with 47 balls each, and 40 rows with 57
balls each). It should be mentioned that additional fragments are expected
to be formed from other metal parts of the warhead (case, liner, base and
fuze) and the rocket motor, which will be naturally fragmented.

Numerical model of the warhead fragmentation effect

The Gurney model of explosive propulsion was chosen due to its
simplicity. This model has some limitations, but in many similar research
studies (Carlucci & Jacobson, 2018; Catovic & Kljuno, 2021) the results
have shown an acceptable correlation with experimental results. The
following assumptions and approximations have been included in the
model:

— detonation process is stationary and in accordance with the
model of ideal detonation, so a detonation wave has a
spherical shape and all detonation parameters are constant;

— position of a fragments is equal to the position of its centre of
mass;

— points of initiation are considered to be on the central
longitudinal axis of the warhead; and

— gravitational force is neglected.

Meanwhile, significantly more complex numerical models have been
developed, based on the finite element method and hydrocodes
(Tanapornraweekit & Kulsirikasem, 2012; Ugrci¢ & IvaniSevi¢, 2015),
which require more resources.

Considering that the warhead is a cylindrical explosive propulsion
system with axial symmetry, the velocity of a fragment vie caused by the
explosive propulsion can be calculated using the following equation
(Gurney, 1943):

Vre

(1)
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where m is the mass of metal fragments, me is the mass of the explosive
charge and vg is the Gurney velocity in m/s, which is a function of the

Gurney energy Ec:
v = 2Eq (2)

The Gurney velocity and energy are expressing the propelling ability
of an explosive charge and have constant values for an explosive
composition. It can be determined experimentally or using an appropriate
numerical model. The Koch’s model (Koch, 2002) was used in this
research:

D
Y6 = 0.308 ®)
where D is the detonation velocity in m/s.

Since D = 7495 m/s (Kaye & Herman, 1980, p.328) for a very similar
explosive composition (a charge diameter of 51.8 mm and an initial density
of 1.81 kg/dm?®) as the warhead explosive charge, so vc = 2433 m/s for all
further calculations. Equation 1 and the data for the 128 mm M77 HE
warhead (me=4.050kg and my=15.480 kg) yield the velocity of
fragments of vie = 1170 m/s.

The initial velocity of a fragment depends on the movement of a
projectile in the moment of explosion as well. Thus, the initial fragment
velocity is a sum of the velocity vectors:

Vo = VetV + Uy (4)

where v, is the projectile flight velocity and v, is the tangential velocity as
a consequence of projectile rotation. Accordingly, the intensity and
direction of the initial fragment velocity during a flight are significantly
different from those involving static explosive ordnance. It must be noted
that static conditions are very usual in most of experimental warhead
effectiveness methods, i.e., “arena” tests. The rocket rotates very slowly
after leaving the launcher tube (380 rotations per minute), so the tangential
velocity v, is approximately 2.4 m/s and was neglected in this study.

The Gurney model assumes that fragments move in the direction
perpendicular to the layer of fragments. However, the fragment velocity
vector is deflected in the direction of the detonation velocity vector by an
angle O, that can be predicted using Taylor's method and Shapiro’s
formula (Lloyd, 1998, p.374):

6 =tan! (va—;) cos (g +a- ﬁ)) (5)
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where a is the angle between the detonation wave front and the free
surface of fragments and 8 is the angle between the warhead axis and the
line perpendicular to the free surface of fragments (Figure 2).

For known coordinates of characteristic points, all angles can be
calculated using trigonometric functions, for example:

a =tan?! (—yl YI) (6)
Xi —Xp
where xi and x; are the axial coordinates and y; and y, are the radial
coordinates of the " steel ball and the initiation point I, respectively.
During the flight, air drag constantly decreases the velocity of a
fragment. Since steel balls in the warhead are symmetrical and have
known dimensions, the velocity at the distance x can be written as
(Carlucci & Jacobson, 2018, pp.202-210):
PaAfCax
Uf’x = ‘Uf'o e ZImf (7)
where p, is the density of air, Ar is the surface area of the fragment
silhouette in a plane that is perpendicular to the velocity vector vix, ms is
the mass of the fragment and Cp is the drag coefficient. The following
values were adopted for further calculations: p, = 1.225-10 kg/dm?® and
Cp =0.95. In order to simplify the model, the constant value Cp was
adopted. This can be acceptable because its value does not change
significantly for short flight distances of spherical fragments at supersonic
velocities (Mach number M between 2 and 4) (Moxnes et al, 2017).

Figure 2 — Direction of the fragment velocity vector:
DW: detonation wave; F: position of a fragment; I: initiation point
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Penetration ability of the fragment depends on target and fragment
characteristics at impact conditions (mass and dimensions, velocity and
angle). It can be evaluated using the numerical model developed in the
Project Thor (Zook, 1977), which was used in similar studies (Wang et al,
2014; Rotariu & Trana, 2016). Evaluation can be done using the empirical
equation for the residual fragment velocity vires (ZOOk, 1977, p.9):

U res = U — 1061 (e - A7) *m (sec ) av e, (8)

where h; is the thickness of the target, ¢ is the angle of incidence at impact,
while Ci, C,, Cs, Csand Cs are the empirical coefficients. The empirical
coefficients are derived for parameters in the imperial units (dimensions in
inches, mass in grains and velocity in feet per second). The following
values for hard homogenous steel were used for further calculations:
C1=6.475, C>=0.889, C3=-0.945, C4=.1.262 and Cs=0.019. The
maximum penetration hmax is when the fragment impact is perpendicular
to the target surface (¢ = 0) and vires = O criterion is met.

Results and discussion

Numerical modelling of the fragmentation effect for the
128 mm M77 HE warhead

The axial coordinates x and the radial coordinates y; of all steel balls
were measured from the central point in the mouth of the fuze well, and
are listed in Tables 1 and 2.

Table 1 — Positions of larger steel balls

Coordinates of a Coordinates of a
Number of a fragment Number of a fragment
fragment, i fragment, i
Xi (mm) yi(mm) Xi (mm) yi(mm)
1 190.0 51.5 16 354.3 51.5
2 201.0 51.5 17 365.2 51.5
3 211.9 51.5 18 376.2 51.5
4 222.9 51.5 19 387.1 51.5
5 233.8 51.5 20 398.1 51.5
6 244.8 51.5 21 409.0 51.5
7 255.7 51.5 22 420.0 51.5
8 266.7 51.5 23 430.9 51.5
9 277.6 51.5 24 441.9 51.5
10 288.6 51.5 25 452.8 51.5
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Coordinates of a Coordinates of a
Number of a fragment Number of a fragment
fragment, i fragment, i
Xi (mm) yi(mm) Xi (mm) yi(mm)
11 299.5 51.5 26 463.8 51.5
12 310.5 51.5 27 4747 51.5
13 321.4 51.5 28 485.7 51.5
14 3324 51.5 29 496.6 51.5
15 343.3 51.5 30 507.6 51.5
Table 2 — Positions of smaller steel balls
Number of a Coofn;c;lgra:]t:ﬁtof a Number of a Coofn;c;lgra:]t:ﬁtof a
fragment, i fragment, i
Xi (mm) yi(mm) Xi (mm) yi(mm)
1 151.5 48.1 24 354.2 58.3
2 158.4 48.1 25 361.1 58.3
3 165.2 48.1 26 368.1 58.3
4 1721 48.1 27 375.0 58.3
5 178.9 48.1 28 382.0 58.3
6 185.8 481 29 388.9 58.3
7 236.0 58.3 30 395.9 58.3
8 243.0 58.3 31 402.8 58.3
9 249.9 58.3 32 409.8 58.3
10 256.9 58.3 33 416.7 58.3
11 263.8 58.3 34 423.7 58.3
12 270.8 58.3 35 430.6 58.3
13 277.7 58.3 36 437.6 58.3
14 284.7 58.3 37 4445 58.3
15 291.6 58.3 38 451.5 58.3
16 298.6 58.3 39 458.4 58.3
17 305.5 58.3 40 465.4 58.3
18 3125 58.3 41 472.3 58.3
19 319.4 58.3 42 479.3 58.3
20 326.4 58.3 43 486.2 58.3
21 333.3 58.3 44 493.2 58.3
22 340.3 58.3 45 500.1 58.3
23 347.2 58.3 46 507.1 58.3

Since all steel balls are embedded in the matrix that is parallel to the
longitudinal axis of the warhead, then 8= 1/2 and Equation 5 can be
written as:
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6 =tan™! (va—;) cos oc) 9)

The fuze well in the 128 mm M77 HE warhead is 43.2 mm deep, so it
is considered that the initiation point is positioned at the same axial
distance on the longitudinal axis (y: = 0). According to that and the data in
Tables 1 and 2, projection angles of steel balls ©; were calculated using
Equation 9 for the static warhead. Negative values indicate that a fragment
is projected “backwards”, i.e., towards the base of the warhead.

After that, projection angles of steel balls were calculated for flight
conditions according to Equation 4, where the value for the rocket velocity
after the end of rocket motor propulsion v, = 647 m/s was adopted.

The average fragment velocity and the maximum penetration of steel
balls himax at distances between 5 and 50 m from the point of warhead
explosion for both conditions were calculated using Equation 8 and
Vires = O criterion.

The results are listed in Table 3.

Table 3 — Results of the fragmentation effect for the 128 mm M77 HE warhead

Parameter Fragment type Conditions
gmentiyp static flight
Angle of fragment projection (%) smaller steel balls -41--44 25.7-255
g gment proJ larger steel balls 42--45 258255
Average fragment velocity at | smaller steel balls 1072 — 487 1186 — 539
distances 5-50 m, vix (M/s) | larger steel balls 1109 — 683 1226 —755
Maximal penetration at distances| smaller steel balls 43-1.8 48-2.0
5-50 m, hAtmax (Mm) larger steel balls 79-4.6 8.8 —5.1
Surface area of the fragment |m£)act zone at 16.3—217.3 16.3—214.8
distances 5-50 m (m?)
Areal density of fragments atzdlstances 5-50 m 214.1—16.1 214.4—-12.9
(fragment/m?)

Numerical modelling of the fragmentation effect for the
modified 128 mm HE warhead with a base detonating
assembly

The direction of a detonation wave in an explosive charge directly
depends on a position where the detonation is initiated. Change in the
position can significantly affect the fragmentation effect of a warhead.

A possible modification of the 128 mm M77 HE warhead is to position
the detonating assembly in the base of the explosive charge while the
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space in the fuze well for the detonation booster is filled with explosive.
Such a warhead can have a fuze that has two separate assemblies, like
modern electric point-initiated base-detonating (PIBD) fuzes. The main
parts of such a modified warhead without a fuze are presented in Figure
3.

The coordinates of the initiation point are: x; = 464 mm and y; = 0 mm.
Since no other design changes were made, the parameters of the
fragmentation effect were calculated using the coordinates x; and y; of all
steel balls in Tables 1 and 2, and the results are listed in Table 4.

0000’00000’00000’0000’0’0000’

To% ’0 eeee%
5 e RSO
000’0’0’0’0’ R SRRSI0Rs

Figure 3 — Main parts of the 128 mm HE warhead with a base detonating assembly:
(1) fuze well closing plug, (2) explosive charge, (3) warhead body, (4) smaller steel balls,
(5) liner, (6) larger steel balls and (7) warhead base

Table 4 — Results of the fragmentation effect for the 128 mm HE warhead with a base
detonating fuze assembly

Parameter Fragment type - Conditions -
static flight

Angle of fragment projection (%) smaller steel balls 44 --2.7 32.3-26.7
larger steel balls 4.4--29 32.3-26.9
Average fragment velocity at | smaller steel balls 1072 — 487 1251 — 569
distances 5-50 m, vix (M/s) | larger steel balls 1109 — 683 1294 - 797

Maximal penetration at distances| smaller steel balls 43-18 51-21

5-50 m, Amax (Mm) larger steel balls 7.9-46 9.4-55

Surface area of the fragment im;)act zone at 351-20956 |35.3—2111.9
distances 5-50 m (m?)
Areal density of fragments atzdistances 5-50 m 99.5 1.7 99.0-17
(fragment/m#)
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Numerical modelling of the fragmentation effect for the
modified 128 mm HE warhead with a central detonating
assembly

Another possible modification of the 128 mm M77 HE warhead is to
position the detonating assembly in the central part of the explosive
charge. As with the previous warhead, the fuze with two separate
assemblies can be used, so that the coordinates of the initiation point are:
xi =350 mm and y; = 0 mm. The main parts of such a modified warhead
without a fuze are presented in Figure 4.

The results of the numerical modelling are listed in Table 5.

7

T Ly S AT,
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=7
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RIS SO0 0 O L e e e
-»’0’0’0‘0’0’0"0’0“0’0’0’0’0’0’0’0‘0‘0‘0’0’0’0’0’0’0’1

Figure 4 — Main parts of the 128 mm HE warhead with a central detonating assembly:
(1) fuze well closing plug, (2) explosive charge, (3) warhead body, (4) smaller steel balls,
(5) liner, (6) larger steel balls and (7) warhead base

Table 5 — Results of the fragmentation effect for the 128 mm HE warhead with a central
detonating fuze assembly

Parameter Fragment type Conditions
9 yp static flight

Angle of fragment projection (%) smaller steel balls 44 —--42 32.2-256
9 gment proj larger steel balls 43--43 322-257
Average fragment velocity at | smaller steel balls 1072 — 487 1225 — 557
distances 5-50 m, vix (m/s) larger steel balls 1109 — 683 1267 — 780

Maximal penetration at distances| smaller steel balls 43-18 49-21

5-50 m, htmax (Mm) larger steel balls 79-46 92-53

Surface area of the fragment |m£)act zone at 30.0 24808 |39.0— 24815
distances 5-50 m (m?)
Areal density of fragments atzdlstances 5-50 m 89.7 — 14 89.6 — 1.4
(fragment/m?)
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Analysis of the results

The results in Tables 3, 4 and 5 show that, for all warheads in static
conditions, fragment sprays are directed nearly perpendicular to the
warhead longitudinal axis. Fragment sprays from warheads detonated
during flight are directed approximately 25-32 °towards the frontal part and
have greater velocities. Also, a warhead flight velocity has the most
significant influence on the direction of the fragment velocity vector. Thus,
the effect of fragments on the target is significantly better than in static
conditions. That fact must be taken into consideration when experimental
data on the fragmentation effect are analysed.

The fragment sprays for all considered warheads are graphically
represented in Figure 5.

The results of the numerical modelling also show that change in the
position of the initiation point can improve the fragmentation effect of steel
balls. A fragment spray from a warhead with a PD fuze is very narrow
because all the fragments have nearly parallel trajectories, resulting in a
small impact zone with an extremely large areal density of fragments.
Practically, steel balls will achieve 100 % hit probability in such an impact
zone, but 0 % outside of that zone.

y

Figure 5 — Graphical representation of fragment spray directions in static (left) and flight
conditions (right) for the 128 mm HE warhead with the point-detonating fuze (top), the
base (middle) and the central detonating assembly (bottom)
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If an explosive charge is detonated from the base or centrally, steel
balls will be projected with a slightly higher velocity and in significantly
wider sprays due to divergent trajectories of fragments. Both effects will
increase the efficiency of a fragmentation warhead. Fragment impact
zones are many times larger than those from a warhead with a PD fuze.
For both types, at distances up to 50 m, the areal density of fragments is
larger than 1 fragment per m? (1.7 and 1.4 fragments per m?, respectively),
which is a threshold for the lethal zone in many methods and standards.

Both types of steel balls show penetration abilities at distances up to
50 m which are much better than needed for the anti-personnel role.
Penetration abilities of larger steel balls are significantly better compared
to smaller ones. According to the results, it can be expected that larger
steel balls are effective in the anti-materiel role as well, even against lightly
armoured targets.

Conclusion

Changing the position of the initiation point can be used to improve
the fragmentation effect of high-explosive warheads. That can be done
using an appropriate fuze system which has the most appropriate position
of a detonating assembly for required capabilities. Such designs can
achieve a better fragment dispersion, so that fragment impact zones are
larger, and a slightly larger fragment velocity.

References

Carlucci, D.E. & Jacobson, S.S. 2018. Ballistics: Theory and Design of Guns
and Ammunition, 3rd Edition. Boca Raton, FL, USA: CRC Press. Available at:
https://doi.org/10.1201/b22201.

Catovic, A. & Kljuno, E. 2021. A novel method for determination of lethal
radius for high-explosive artillery projectiles. Defence Technology, 17(4), pp.1217-
1233. Available at: https://doi.org/10.1016/j.dt.2020.06.015.

Gold, V.M. 2017. Fragmentation model for large L/D (Length over Diameter)
explosive fragmentation warheads. Defence Technology, 13(4), pp.300-309.
Available at: https://doi.org/10.1016/j.dt.2017.05.007.

Gurney, RW. 1943. The Initial Velocities of Fragments from Bombs, Shell
and Grenades. Fort Belvoir, VA, USA: Defense Technical Information Center
[online]. Available at: https://apps.dtic.mil/sti/citations/ADA800105 [Accessed:
9 June 2024].

Kaye, S.M. & Herman, H.L. 1980. Encyclopedia of Explosives and Related
Items. Volume 9. Fort Belvoir, VA, USA: Defense Technical Information Center
[online]. Available at: https://apps.dtic.mil/sti/citations/ADA097595 [Accessed:
9 June 2024].

294



Lloyd, R.M. 1998. Conventional Warhead Systems Physics and Engineering
Design. Reston, VA, USA: American Institute of Aeronautics and Astronautics.
Available at: https://doi.org/10.2514/4.472558.

Moxnes, J.F., Fragyland, @., Qye, |.J., Brate, T.l., Friis, E., ddegardstuen, G.
& Risdal, T.H. 2017. Projected area and drag coefficient of high velocity irregular
fragments that rotate or tumble. Defence Technology, 13(4), pp.269-280.
Available at: https://doi.org/10.1016/j.dt.2017.03.008.

Orlenko, L.P. 2004. Fizika Vzryva. Moscow: Fizmatlit. (In the original: OpneHko,
J1.IM. 2004. ®u3suka espbisa. Mocksa: ®dusmatnurt). ISBN: 5-9221-0219-2.

Rotariu, A. & Trana, E. 2016. Modelling and simulation for ballistic protection.
In: GSEBS-2016: Greener and Safer Energetic and Ballistic Systems, Bucharest,
Romania, May 16-28.

Tanapornraweekit, G. & Kulsirikasem, W. 2012. FEM Simulation of HE blast-
fragmentation warhead and the calculation of lethal range. International Journal
of Mechanical and Mechatronics Engineering, 6(6), pp.1070-1074 [online].
Available at: https://publications.waset.org/6890.pdf [Accessed: 9 June 2024].

Ugrcic, M. & IvaniSevic, M. 2015. Characterization of the Natural
Fragmentation of Explosive Ordnance Using the Numerical Techniques Based on
the FEM. Scientific Technical Review, 65(4), pp.14-27 [online]. Available at:
http://www.vti.mod.gov.rs/ntp/rad2015/4-2015/2/2.pdf [Accessed: 9 June 2024].

Wang, J., Wang, Y.-c., Zhu, S.-q., Ren, W.-h. & Niu, T.-I. 2014. Improvement
and Simulation of THOR Formula with Yaw Angle. Journal of Engineering Science
and Technology Review, 7(2), pp.106-112 [online]. Available at:
http://www jestr.org/downloads/Volume7Issue2/fulltext167214.pdf ~ [Accessed:
9 June 2024].

Zook, J. 1977. An Analytical Model of Kinetic Energy Projectile/Fragment
Penetration. Fort Belvoir, VA, USA: Defense Technical Information Center
[online]. Available at: https://apps.dtic.mil/sti/citations/ADA086546 [Accessed:
9 June 2024].

Zukas, J.A. & Walters, W.P. 1998. Explosive Effects and Applications. New
York, NY: Springer. Available at: https://doi.org/10.1007/978-1-4612-0589-0.

Estudio numérico sobre la influencia de la posicién del punto de
iniciacion en el efecto de fragmentacion de una ojiva de cohete de alto
poder explosivo

Jovica D. Bogdanov?, autor de correspondencia, Mihailo M. Marinkovi¢a,
Branislav M. Jovanovi¢2®, Zoran J. Baji¢?*°

a Universidad de Defensa de Belgrado, Belgrado, Republica de Serbia

b Academia Militar

¢ Departamento de Ingenieria Quimica Militar

CAMPO: tecnologia quimica, ingenieria mecanica
TIPO DE ARTICULO: articulo cientifico original

295

Bogdanov, J. et al, Numerical study on the influence of initiation point position on fragmentation effect of high-explosive rocket warhead, pp.282-299



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 1

Resumen:

Introduccién/objetivo: Los cohetes con ojivas de alto poder explosivo (HE)
son el tipo mas numeroso que se utiliza en los sistemas de lanzamiento
mdltiple de cohetes (MLRS). Se emplean para una amplia gama de tareas
de combate. Ademas de otras caracteristicas de disefio, el efecto sobre el
objetivo depende de la posicion en la que se inicia la detonacién en su
carga explosiva. El estudio analiza los efectos de fragmentacion de las
bolas de acero de la ojiva HE M77 de 128 mm con la espoleta de
detonacion puntual (PD) estandar y con un conjunto detonador ubicado en
una posicion diferente.

Meétodos: El estudio utiliza un modelo numeérico simple para la evaluacién
del efecto de fragmentacion, que requiere recursos modestos. Se utilizé un
modelo numérico del efecto de fragmentacion con el modelo de Gurney de
propulsion explosiva y el método de Taylor y Shapiro para la direccion del
vector de velocidad de los fragmentos. La capacidad de penetracion de las
bolas de acero proyectadas a través de acero duro homogéneo se analizé
utilizando el modelo analitico de penetraciéon de proyectiles de energia
cinética del Proyecto Thor.

Resultados: Los resultados indican que un cambio en la posicion del punto
de inicio puede mejorar el efecto de fragmentacion de las bolas de acero.
La mejora mas significativa es el aumento de la dispersion de los
fragmentos, lo que provoca zonas de impacto de fragmentos mucho mas
grandes. También se observa un aumento modesto en la velocidad de los
fragmentos, principalmente porque se cambia la direccion del vector de
velocidad de los fragmentos. Ademas, la capacidad de penetracion de
ambos tipos de bolas de acero a distancias de hasta 50 m es suficiente
para el papel antipersonal, mientras que las bolas de acero mas grandes
también tienen capacidades antimateriales.

Conclusién: Cambiar la espoleta de las ojivas de alto poder explosivo para
cambiar la posicion del punto de iniciacion puede servir para mejorar el
efecto de fragmentacion.

Palabras claves: ojiva, detonacién, fragmentacién, propulsion
explosiva.

WccnepoBaHme BAMSIHUS NONOXEHUSA TOYKM NHULUMNPOBaAHNA Ha OCKOJ104YHOE
[EeNCTBME rofIoBHOW YacTu peakTUBHOrO CHapsida C UCNOoSib30BaHMEM
YUCMEHHOW Mogenu

Nosuya Ox. EOfﬂaHOBa, KOPPECMNOHAEHT, Muxauno M. MapuHkoBm420,
Bparucnae M. NlosaHoBny@®, 3opan U. Banny?%®

2 YHuBepcuTeT 060poHkbl B . benrpaga, r. benrpag, Pecny6nvka Cepbus
6 BoeHHas akagemusi

& [lenapTamMeHT BOEHHOTO XMMUYECKOTO UHXUHUPUHTA
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PYBPUKA TPHTW: 61.43.29 B3pbiByaTthle BelLecTBa,
78.25.16 BoopyXeHune n TexHnKa pakeTHbIX BOMCK
BWO CTATbW: opurmHanbHas HayyHas ctaTbsl

Peswome:

BeedeHue/uenb: PeakmueHblie CcHapsidbl C OCKOJSI04YHO-¢hyaacHoU
207108HOU Yacmbio Aensgomces Hauboree pacrnpocmpaHeHHbIM MuUrom
boernpunacos Onsi peakmueHbIX cucmem 3annogoeo o02Hsl. OHu
ucrnosnb3yrmcsi Ol 8bINOIHEHUS WUPOKO20 criekmpa 6oesbix 3adady.
Helicmeue  Ha  uenb, NOMUMO  Opyaux  KOHCMPYKMUBHbIX
ocobeHHocmel, 3a8uUcuUm om OI0XEHUST, 8 KOMOPOM UHUUUUPYemcsi
demoHauyus pa3pbleHo20 3apslda. B uccnedoeaHuu aHanusupyemcs
ocKoJsioyHoe Oelicmeue cmaribHbIX Wapukos 8 128-MM OCKOOYHO-
¢hyeacHux eornosHbix Yacmel M77 co cmaHOapmHbIM KOHMAaKMHbIM
83pbigamernieM u ¢ OpyauM pacrionoxeHuem 0emoHUpyoulezo y3na.

Memodsr: B 0QaHHOoM uccrnedosaHuu ucrnonb3yemcsi npocmasi
yucrneHHass mMoldenb Onsi onpedesieHUs OCKOIo4Ho20 Oelicmeusi, He
mpebyrowas bonbwux pecypcos. YucneHHas Modesnib codepxxum
modenb MemamernbHol criocobHocmu [epHu u memod Tednopa-
Lanupo 0nsa onpedeneHuUst HarpasieHUs 8eKmMopa CKOPOCMU OCKOJIKa.
lMpobusHas crnocobHOCMb cmalbHbIX WAapuKo8 CK803b maeepdyto
20MO2EHHYI0 cmarib aHa/u3uposasiacb C MOMOWbK aHanumu4eckol
modlenu KUuHemu4yeckoeo npobumusi OCKOIKos, paspabomaHHoU 8
pamkax «lpoekma Top».

Pesynbmamsbi:  Pe3ynbmambl  rokasblgalom, 4Ymo  U3MEeHEeHUe
MOJIOXKEHUS MOYKU UHUYUUPOBaAHUSI MOXem yiy4Yuumb OCKOI0OYHOe
Oelicmeue cmarlbHblX  Wapukos. Haubosee  3Ha4YUMeErIbHbIM
yryHweHUeM Sesemcs yeesudeHUe pacceusaHusi OCKOJIKO8, 4mo
npugodum K yeeriudeHuUt0 30H riopaxeHus. Takxe Habrwodaemcs
He3Ha4YumesibHoe yg8erludyeHuUe CKOpocmu OBUXEHUS  OCKOJIKOS,
251aeHbIM 06pa30oM U3-3a U3MEHEHUST HarpaessieHUs1 8eKmopa cKkopocmu
0suxeHUs1 ockornkos. Nomumo moeo, npobusHasi criocobHocmMb 0boux
muroe cmaribHbIX WapuKkos8 Ha paccmosiHuu 0o 50 m docmamoyHa 0nsi
60opbbbl ¢ nexomol, 8 Mo epeMsi Kak bosiee KpyrHble cmaribHble
wapuku makxe obniadarom aHmumMamepuarnbHbIMU ceolicmeamu.

Bbi80d: UsmeHeHue e3pbieamerisi Ha OCKOSIOYHO-Ghy2aCHbIX 20/108HbIX
yacmsix peakmueHo20 cHapsida C Uesibio U3MEHEHUST MOMIOXEHUSsT MOYKU
UHUYUUPOBaHUSI MOoxem  6bimb  UCMOSIb308aHO  Orist  YAyHWeHUsI
OCKOI104HO20 Oelicmeus.

Knioyesble crioga: 20/108Hasi Yacmb pPeakmueHo20 CHapsioa,
demoHauyusi, OCKoJio4Hoe Oelicmeue, MemamersibHasi criocobHocmpb
83phblea.
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UcTpaxunsare yTuLaja nonoxaja Mecta nHuumparwa Ha napyagHo
OejcTBo pasopHe 6ojHe rnase pakeTe nomohy HymepuyKkor moaena

Josuua B. BorgaHos?, aytop 3a npenucky, Muxauno M. MapuHkosuh?a0,
BpaHucnae M. JosaHoenh?®, 3opan J. Bajuhate

a3 YHuBepauteT onbpaHe y beorpaay, beorpaa, Peny6nuka Cpbuja
6 BojHa akagemuja
B KaTteapa BOjHOXEMMWjCKOI MHXeH-epcTBa

OBNACT: xemujcke TEXHOMOINje, MaLMHCTBO
KATEFOPWUJA (TWIM) YNAHKA: opuriHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: Pakeme ca pa3opHomM 60JHOM 2/1a8oM HajzacmyrrbeHuja cy
8pcma ybojHuUx cpedcmaesa 3a suweyesHe naHcepe pakema. HamereHe
Cy 3a usepuwer-e Hajeehez dena bopbeHux 3adamaka. Hbuxoeo dejcmeo
Ha yurby 3asucu, noped odpeheHux Kapakmepucmuka KoHcmpykyuje, u
00 nornoxaja uHuUyUparsa rpoyeca demoHauyuje y eKCrisio3USHOM IyH-EHb).
AHarnu3supaHo je nap4yadHo Ogjcmeo YeruyHUX Kyanuya nabopucaHux y
mpeHymHo-ghyeacHe 6ojHe anase 128 mm M77 ca crnaHOapOHUM 20pHsUM
ynarbadyeM U ca yrnasbaduma 4uju ce ocuaypaHu demoHamop Hanasu y
Opyaum rosioxajuma.

Memode: Y ucmpaxusarsy je kopulwheH jedHocmagaH HyMepu4yKu modern
3a odpehusarse napyaGHo2 Oejcmea, Koju 3axmesa CKPOMHE pecypce.
Hymepudku moden cadpxu [ypHuje8 MoOes eKcrifio3usHe rporiynauje u
Tejnop-LLanupogy memody 3a odpefjusare cmepa eekmopa 6p3uHe
napyadu. CriocobHocm npoduparka YermuyHUX Kyenuua Kpo3 mepiu
XOMO2€eHU Yesnuk aHanuaupaHa je nomohy aHanumuykoe moderna
npodupara KUHeMUYKUX [pojekmurnia, Koju je pa3sujeH y OKaupy
L pojekma Top”.

Pesynmamu: Yka3aHo je Oa rpomeHa rofioxaja madyke UHUUUPaH-a
€KCr103uUsHoe ryHerHa Moxe Oa rnobosrbwia nap4yadHo dejcmeo YenudHux
Kyenuua. HajaHayvajHuje noborbwar-e yo4yeHo je y rnosehary Oucriep3uje
napyadu, 4ume ce ocmeapyjy MHo20 eehe 30He rnapyadHoe Oejcmea.
Takohe, 3anaxeHo je u marsno noeehare bp3uHe nap4yadu, WMo je, rpe
ceeea, nocneduya rnpomeHe cMmepa gekmopa bpsuHe napyadu. [Nloped
moeaa, npobojHocm obe epcme YesmuYHUX Kyanuya Ha darbuHama 0o 50 m
omozyhaea npomuernewadujcky HameHy, 0ok eehe 4denuyHe Kyanuue
umajy u criocobHocm dejcmea npomue MamepujasiHux cpedcmasa.

Sakrbyyak: lMpomeHa ynarbada Ha pa3opHumM 60jHUM 2rnasama, padu
rpoMeHe r1osioXxaja Mecma UHUUUpara eKCriyio3UsHOR MyH-eH-a, MOXe Ce
Kopucmumu 3a nobosbwarke napyadHoz dejcmea.

KbyuyHe peyu: 6ojHa eanasa, OemoHauuja, nap4yadHO Oejcmeo,
eKcrio3usHa nponynsuja.
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Abstract:

Introduction/purpose: The present work aims to carry out a static and
dynamic investigation of composite beams composed of two elements

300



https://www.google.com/maps/place/Universit%C3%A9+Mustapha+STAMBOULI+de+Mascara/@35.4137949,0.129647,13z/data=!4m5!3m4!1s0x0:0xb22d42be63a55f03!8m2!3d35.4137949!4d0.129647
mailto:rm.kirachai@univ-mascara.dz
https://orcid.org/0009-0004-7530-433X
mailto:noureddine.elmeiche@
mailto:ismail.mechab@gmail.com
mailto:hi_abbad@yahoo.fr
http://orcid.org/
http://orcid.org/
http://orcid.org/
http://orcid.org/
http://orcid.org/

connected together, with a partial interaction between the beam layers,
while taking into account the interlaminar sliding effect.

Methods: A new interlaminar slip field which takes into account, for each
layer, the axial displacement, the rotation due to bending, and the high-
order transverse shear with a new warping shape function, has been
introduced in this study. The equilibrium equations were solved analytically
based on the principle of Hamilton. In addition, the numerical resolution of
these equations was based on the principle of minimizing all energies using
the Ritz method, while taking into account different beam theories.
Afterwards, a comparative study was carried out in order to calculate the
natural vibration frequencies of two composite beams made of steel and
wood materials.

Results: It was found that the results obtained for the ten natural vibration
frequencies are in perfect agreement with those reported in previous works
found in the literature.

Conclusion: Further, a detailed study was conducted, depending on the
geometric and material parameters, for the two mixed materials, i.e.,
concrete-wood and steel-concrete, with two interlaminar sliding fields,
namely the classical sliding field based on the Timoshenko beam theory
and a new interlaminar sliding field that is based on the high order theory.
Furthermore, bending was studied in the static case in order to examine the
effect of the interlaminar shear force on short and long beams.

Keywords: static and dynamic study, composite beams, partial
interaction, new interlaminar slip field, high order transverse shear, new
warping shape function, Ritz method.

Introduction

Sliding in mixed structures is a complex phenomenon that often
occurs at the interface between two or more different materials, under the
effect of variable static, dynamic or thermal stresses which may engender
some deformation or critical damage. It should be noted that the
connection between a concrete slab and a steel or wooden beam, for
example, is generally ensured by shear connectors placed in the
composite beams. The role of these connectors is to prevent the
occurrence of shear at the interface, along the composite beam, which is
subjected to a bending load. The interface is an essential element that
plays an indispensable role in the behavior of the composite beam. Indeed,
if the concrete slab and the beam are freely superimposed, then the two
elements flex independently and considerable sliding occurs at their
interface. Therefore, in order to reduce or eliminate this sliding, it is
deemed appropriate to have a sufficient number of shear connectors at
the interface between the slab and the beam. This technique allows
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transferring the forces between the two materials, and therefore producing
a mixed bending of one single element that is more resistant and has
higher rigidity. It was revealed that numerous works have been carried out
on the topic under study. Regarding Xu & Wu (2008), they examined the
free vibration and buckling of composite beams with interlayer sliding
based on a two-dimensional theory, and using semi-analytical solutions,
under boundary conditions that were determined with a coupling between
the Differential Quadrature method and the State Space method. As for
Nguyen (2009), he developed numerical models that are capable of
predicting the instantaneous and delayed behavior of composite steel-
concrete beams. Similarly, Le Grognec et al. (2012) proposed an exact
buckling solution for two-layer Timoshenko beams with interlayer slip.
Likewise, Lenci & Clementi (2012) examined the effects of shear stiffness,
rotary and axial inertia, and interface stiffness, on the free vibrations of a
two-layer beam. With regard to Castel (2013), he presented a model that
can be employed to describe the vibrational behavior of composite
structures, i.e., plates that are partially covered with passive constrained
layer damping (PCLD) patches that play the role of damping elements. He
investigated the energy of the system under study using three different
methods, namely the Rayleigh-Ritz method, the Navier method, and the
finite element method. On the other hand, Galuppi & Royer-Carfagni
(2014) investigated the buckling of three-layer composite beams with
viscoelastic interaction. Furthermore, Cas et al. (2018) proposed an
analytical solution to the two-layer three-dimensional composite beam with
interlayer slips. Likewise, Perkowski & Czabak (2019) described the
behavior of composite wood-concrete beams under hygrothermal loading.
The two materials, i.e., wood and concrete, are linked by a joint. In this
case, the eventual interlayer sliding and the joint uplift were taken into
account in order to determine the rigidity of the composite beam and also
to estimate the shrinkage/swelling that is due to humidity of wood and
concrete in the long term. This allowed them to propose a model and
formulate an inverse problem. As for Adam & Furtmuller (2020), they
studied the bending vibrations of composite beams presenting geometric
nonlinearities, and subjected to interlayer sliding. In addition, Santos
(2020) analyzed the buckling of two-layer laminated composite beams,
with interlayer sliding, using the finite element method. It should be noted
that the geometrically nonlinear beam elements have a single flexible
shear interface and each layer is modeled using the Timoshenko theory.
Subsequently, the inter-element equilibrium as well as the Neumann
boundary conditions was applied while using the Lagrangian multiplier
method. On the other hand, Lemes et al. (2021) carried out a numerical
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analysis of composite steel-concrete beams, with partial shear interaction,
in order to theoretically determine two-dimensional displacement using the
plastic-hinge approach. Moreover, Lemes et al. developed an effective
numerical method for the purpose of analyzing mixed steel-concrete
structures while taking into account the nonlinear geometric and material
effects. Afterwards, a methodology based on the Refined Plastic Hinge
Method (RPHM) was developed and the stiffness parameters were
obtained by considering a homogeneous cross section of the structure.
The strain compatibility method (SCM) was applied to evaluate the
strength of structural elements. Likewise, the Newton-Raphson method
was adopted to solve nonlinear global and local equations, at the cross
section level. The results obtained were then compared with the others
found in the experimental and numerical databases available in the
literature (Lemes et al, 2017). With regard to Barbosa et al. (2019) they
presented an experimental study with a view to developing a Truss
connector in a mixed concrete-steel beam and also to analyzing the
behavior of failure loads, the transverse displacements between concrete
slabs, and the relative vertical sliding between the reinforced concrete
slabs and the metal profiles of the developed models. Further, Yoo et al.
(2021) presented a nonlinear analysis method to evaluate the bending
behavior of a composite beam while taking into account partial interaction.
They applied the Fourier series for the purpose of determining the shear
interface forces in the composite beam while taking into consideration the
sliding effect between steel and concrete, and by considering the inelastic
behavior of the steel beam and the nonlinear behavior of the ultra-high
performance fiber-reinforced concrete (UHPC). As for Honarvar et al.
(2020), they examined the steel-concrete composite beam with bolt shear
connectors. The composite beam was subjected to three different loading
conditions, including pure bending loading and simultaneous bending
loading, with two alternative torsional loading modes. The results obtained
were analyzed using a 3D nonlinear finite element model. This study was
aimed to carry out the analysis of the mid-span deflection, rotation and
sliding of composite beams, under different loading conditions. In addition,
the effect of the type and number of shear connectors on the sliding of the
composite beam was also investigated.

The findings indicated that the slip between the steel beam and
concrete slab, along the composite beam, increased in the direction of
increasing bending load, while torsion load had a slight effect on sliding. In
this context, Carvalho et al. (2021) developed two methods which are
based on plane displacement with concentrated nonlinear effects for the
numerical analysis of composite beams. It should be noted that the effects
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of geometric nonlinearity, plasticity, and partial shear connection are taken
into account. In the two approaches used, the co-rotational system is
defined in such a way as to allow large displacements and rotations in the
numerical model. The first method is based on the strain compatibility
method. In this case, the deformations of the sections and the sliding at
the steel-concrete interface are analyzed as well as the axial and bending
rigidity of the cross section. The second approach is based on the finite
element method in order to simulate plasticity. All the numerical results
obtained by these two approaches turned out to be quite accurate. They
are close to the experimental data reported in the literature (Carvalho et
al, 2021). In this regard, Oliveira et al. (2021) carried out a study on the
serviceability limit state of excessive deflections by adopting two simplified
approaches, namely Eurocode 4:2004 (European code) and AS/NZS
2327:2017 (Australian code). The results obtained were compared with the
experimental ones that have previously been reported by other authors in
the literature. The occurrence of non-uniform shrinkage becomes a
relevant aspect due to the impermeability of the face that is favored by the
steel decking. Based on the above, it was deemed appropriate to neglect
the deflections when Eurocode 4 was adopted. At the same time, the
simplified AS/NZS 2327 approach, which explicitly takes into account non-
uniform shrinkage, gave results that are more precise than those obtained
by the experimental method. In addition, several studies were carried out
using the First-order Shear Deformation Theory (FSDT) which applies in
the case of short beams. This theory is based on the principle which states
that after deformation the plane section remains plane but loses its
perpendicularity with respect to the mean line of the beam. This is due to
the transverse shear occurring through the thickness of the beam that was
initially discovered by Timoshenko. The First-order Shear Deformation
Theory (FSDT) is attributed to Reissner (1945) and Mindlin (1951) who
developed the Reissner-Mindlin plate model. Other similar works, such as
those carried out by Timoshenko & Woinowsky-Krieger (1959), Whitney
(1969), Reddy (1984), Kant & Swaminathan (2001), Della Croce & Venini
(2004), Wang et al. (2000), Valizadeh et al. (2013), Mechab (2005), also
deserve to be mentioned.

The primary purpose of this investigation is to conduct an analytical
and numerical study on free vibrations and the interlaminar bending shear
force. For this, a new interlaminar sliding field of a composite beam was
introduced. This field takes into account the axial displacements, rotations,
as well as the warping effect of the section of the two composite beams.
Furthermore, a new transverse shear strain shape function was introduced
in order to see the transverse shear influence of short beams. For this, two
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types of composite beams were studied, i.e., one composite steel-wood
beam and one steel-concrete beam. The numerical results were compared
with the ones found in the literature and in other deformation theories.

Equation of interlaminar slip between layers

Balance of forces

Consider a composite beam composed of two different materials in
partial connection (Figure 1). This beam is subjected to bending under
uniformly distributed loading. Figure 2 shows the free-body diagram of an
infinitesimal element of length dx of the composite beam subjected to an
external force distributed along the element. The bending moment, the
shear force, and the normal force are denoted by M, Q, and N,
respectively.

Ei, Gy I, As, 1 Partial shear connectors

|
¥ O =1  |® s-----|- A AEp
L} Ll L] L} L]

h @ X Centroid of sub-element

Centroid of whole Cross section entroid of sub-element

Ez, G2, In, Az, p2 |

Yv L Cross section

@ (b)

Figure1 — Composite member and the coordinate system; (a) elevation; (b) cross-section

Figure 2 — Internal forces acting on an infinitesimal element of the composite beam under
bending
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According to the small deformation hypothesis, the dynamic
equilibrium equations of the force applied along the x and y directions and
the bending moment can be expressed using the three equations given
below:

N=F

Here, F is the applied axial force

do &y dM —dzé)
P =qtpA SN, T =0l (1)

with
pA=p A1+p,As, pl=p 11 +p 15 . (2)

It should be noted that the small deformation hypothesis is part of the
small disturbance hypothesis which is the combination of two hypotheses,
namely the small deformation hypothesis and the small displacement
hypothesis.

It is to be noted that N1, N2, M1 and M represent the axial forces and
the bending moments for the two elements 1 and 2, respectively. In
addition, the axial force N and the bending moment M of the entire section
are assumed to be applied at the center of gravity of the solid composite
section. Then, using the static equilibrium equations allows writing:

N=N]+N2=F
N,=F-N; (3)
M= M1+M2-N]h+Ny2

Furhermore, the sliding at the interface between the two elements 1
and 2 is taken into account. Figure 3 clearly depicts the normal force
applied on each element, including the shear force produced by the shear
connectors, as well as the two normal forces N1 and No.

Hence, considering the equilibrium of forces in the axial direction
helps to determine the shear force at the interface between the two
elements as follows:

dN; dN,
— == 4
dx dx QS 4)
The shear force Qs between the two elements is then determined as:
O, =ku (5)

where us denotes the slip filed between the two elements, and ks is
stiffness of the shear connector.
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Figure 3 — Forces applied along the axial direction of the composite beam

Kinematics of the interlaminar slip field

Considering Figure 4, and according to Timoshenko's hypothesis, the
interlaminar sliding field us between the materials of the composite beam
is a function of the longitudinal displacements of each element and the
overall rotation of the beam. It can be expressed in the following form:

=10 (53)-10y (5.) ;- 0C6) +h00) @)
=105 (5)-10y (5.) +h0)

P

. - L —
> e— up—uy T
» 1l

Figure 4 — Sliding diagram of the two elements, considering the Timoshenko beam theory

The interlayer shear strain may be determined by deriving equation 6
with respect to x, which gives:

duy_dux(ey) duy(x) - dOG)

dx dx dx dx (7)
dug N do(x)
dx —ert dx
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where €4, and €, are the normal deformations, in the x direction, with
respect to the centers of gravity of elements 1 and 2, respectively. They
can be determined as:
N N,
Up=e = g e (8)
Furthermore, the Timoshenko beam theory may be used to express
the bending moment as follows:

do do
M1:E111a,Mngzlza,kGA:k1G1A1+k2G2A2 (9)

Here ks and k: are the coefficients of the shear connectors used in the
beam under study. They depend on the shape of the cross section of the
elements of the composite beam.

Then, deriving equation (6) with respect to x gives:

Ug =l -ty ThO(X), (10)

Likewise, deriving equation (5) with respect to x leads to:
0, =k s, (11)

Next, equation (8) is substituted into equation (11) to get:

N, N
0.~ (g 10, (12)

After derivation and some substitutions, the following differential
equation is then obtained:
lex N2xx 'ng
F-N; N;
Nio=hs (EZAZ-EIAI hg(x))
N kN[ + ]] k<F+h6())
LBty E2A2 E]A] ) EA2 K

] ] F M+Nh-Fy,
N”“'kst[EA "Ea ]:' \EA "V ELVE
242 1411 242 111 242

1 W 1 hy, Mh
P ()
E2A2 E]A] E111+E2]2 E2A2 E111+E212 E111+E2[2

N, -02N;= ot M-k, ! . Lk F
Lo EL+EL  C\E)A;, Ejl+E;L

&N, 2y = k,h Mk, 1 hy, -
o2 TS EL "\ 54, S EL

N kN, l

(13)
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with
M M M+N;h-F
00).,= EI;I - Ezjz ~ R iEzgz
M;=-E1;-0(x),,
M;=-E>1,-0(x),
M=M;+M-Nih+Fy,=(EI;+E>1,)0(x) -N h+F

z Eil; =E 1, +E>] (14)
where a is the connector shear parameter.

1 1 W 1 1 "
a2 :kv + + :kv + + (1 5)
C\ExA; EjA; EHEL| U \EA, E Ay Y E

Dynamic analysis using shear deformation theories

Timoshenko’s first-order shear deformation theory

Consider a mixed beam that is composed of two elements. According
to the Timoshenko hypothesis, there is a uniform shear and deformations
due to transverse shear should not be neglected, which requires the
introduction of a shear correction factor. In this case, the displacement field
may be written in the following form:

u; (x,z)=ugp; +z60(x)
uz(x,2) =1, +26(x) (16)
w(x,z)=wy
where uo1, Ug2 and wp are unknown displacements of the midplane of each
element of the beam, and f(z) represents a shape function that describes
the variation of transverse shear stresses and that of stresses through the
beam thickness. The deformation relations are given by:

ou;(x,z)
|( Exxl ™ Ox :u()],x +Ze,x
Ou,(x,z
{ Exx2~ % U2 x +Z‘9,x (1 7)
| ou;(x,z) ow(x,z)
=y = + =0+
U}xz] ysz oz Ox 0 Wx
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Equations of motion
The equations of motion are obtained using Hamilton's principle which
is expressed as follows:

15
((6T-0U-0Uy)) dr=0 (18)
4
Here 8U is the variation of the virtual strain energy, 8U; is the variation
of the strain energy of the connectors, and &T is the variation of the total
kinetic energy.
The deformation energy of the beam is given by the following relation:

1
U= Ejf.[ (GIXX'glxx+0-2xx'82xx+‘[1xz'lez+T2XZ'y2xz) dxdde:0 (1 9)

1
. EW (B +E2 (6207461 (7, +G2.(0,,.) ) dedydz=0 (20)
with

o=E.&, et 1.=Gy

1
U=3 .Uf ((E 1 (g1 x +Z9,x)2 TEz. (g2 +Z€,x)2

+G,. (w,x+0)2+G2. (w,x+¢9 )2)> dxdydz

(21)
Hence, minimization of the strain energy allows writing:
6U=-f(E1A15u01,x.u01,x+E111.Hlxﬁ@,x)dx
—f(E2A2.Ll()z)xé‘l/l()g,x"‘Ezlz.g,x.ég’x)dx
+ f KGA' (0+w,)(00+w )dx
+ j KGA? (6+w ) (060+w . )dx
’ ’ (22)

with
[ Eydydz = E1 Ay, [[ Esdvdz=E>A,, [[ E;Z°dydz=E,1,,
ff Ezzzdydz=E212 (23)
where K is a shear correction factor used for transverse shear stress
correction. The deformation energy due to the interlaminar sliding of the

layers of the composite beam is given by the following relation (Type | slip
field):
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1
—__ Y 2

After minimization, the following expression is then obtained:
5Us = fKS(uog-u()]-hH)(5u02-5u01-h59)dx (25)
The kinetic energy of the composite beam under study is then given
as:

1 1
T =§me2 dx=§f(m1 +m)Ww’ dx (26)
After minimization, the kinetic energy then becomes:
8T= f (m;+m>)w 6vwdx (27)

Subsequently, substituting equations 22, 25 and 27 into equation (18)
gives the following equilibrium equations:

f f (0T-0U-0Uy) dt= f (m ;+my)w dwdxdt
- f (EyA18ugy - Uorx + E1ly. 0,56, )dxdy
- f (E;A5.up5Ougy +E;1.0.,.06 ) dxdy
+ j KGA'(6+w ) (66+0w  )dxdt

+ j KGA*(0+w ) (66+0w . )dxdt

- f KS(Moz-M()]-hg) (§M02-5M01-h59)d)€dt (28)
Afterwards, integration by part allows obtaining the system of
differential equations describing the free vibration motion of a mixed
Timoshenko beam:
2
eql= Esd, (a— uoz(x)> K (g2 ()19, () +hO(x))

o’

82
eq2=E 4, P g (x) | +Ks(ugr(x)-1g; () +hO(x))

ea3= (Eil+Esl)) (j— 6(x)> (K1 GoA HKGodo) (S () +000))
(29)
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+Ksh (192 (x)-1t9; () +h6(x))

2
eq4= (K;G;4;+K,G,45) <a—w(x,t)+a%9(x)> -ma’w(x,t)

o’

High order shear deformation theory

Unlike the classical theory and the Timoshenko theory, which are both
based on the linear distribution of displacement through the beam
thickness, the high order theory is based on a nonlinear distribution of
fields through the thickness. For this reason, it was deemed necessary to
take into account the effects of the transverse shear strain and the
transverse normal strain. It should be noted that the models considered do
not require a correction factor. This theory is more precise than the first
order theory as it introduces a function that takes into account the warping
phenomenon. The present study takes into account the warping effect
which uses a new transverse deformation function and can be written in
the following form:

5
(U2 =1 (5,02 (5D 2.0, (50)

0
lUg (x,z,)=u,(x,0)-z Ew w(x,£) +(2).0,(x,1) (30)

W(x,z,0)=w(x,t)

Substituting the strain energy into equation (19) gives:

1 % oU,(x,z,t) ? % oUyx,z,t) ?
1 1(%.Z, 2X,Z,
U_2 th EIbI( ox ) dz+fhz EZbZ( Ox ) dz

h h
7 OU, (x,2,)\° 7 oU,(x,20)\°

+J- K]G]b] <—) dZ+f K2G2b2 e — dZ dx
% 0z % 0z

2

(31)
hi 5

7, (e 0 Ny .
U—z P Eb; aul(x,t)—z@w(x,t) ﬂz)a j(x,t) zZ

2
h2
7E b 0 7 0 6 d:
+ 12 E2b2 aug(x,t)-z@w(x,t)-i-f(z)a H(x,1) Iz

2 (32)
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hi 2

+ .hz—]kaIGI 'aW(x,t)-i-(Eﬂz))HI(x,t) dz

h2
Z 0 d

+ k2b2G2 ——w(x,t)+ —f(Z) Qg(x,t) dz |dx
h2 ox dz

2

The present theory is based on a new interlaminar slip field that was
initially developed by N. Elmeiche, I. Mechab, and F. Bernard. This field
takes into account the longitudinal sliding of the two elements of the
composite beam, the rotating sliding, and the sliding that is due to the
transverse warping of the beam (new type Il slip field):

1 h h
U= [ 3 (10606 5-0,0-%.0:)

(o) (@ +0, (x>)
=5 X

2
OW(x,z,t)
- <f(Z)| _h_2> : (a— +62(x)> dx
z 2 X
(33)

In addition, the kinetic energy along the three directions, with the
rotational inertia (RT), can be expressed in the form:

T= éf(wz (bj.pl.(Uj(x,z,t))Z
+ (bg.pz. (U2(X,Z,t))2 +(b1.p1 +b2.p2). (W(x,z,1))?)dz)dx (34)
7= éf (w2b1u1(x,t)z(fpldz)-a)zblul(x,t) (%w(x,t)) (fpjzdz)
+w’bu, (x,t)@l(x,t)fplf(z) dz
1 5 0 2 2 0
+to b; (aw(x,t)) (fplz dz)bl (aw(x,t)) 91(x,t)(fplzf(z)dz)
+§w2b1 91(x,t)z(fplf(z)zdz)-kébgug(x,t)z(fpzdz)

@by 1) (2wC0D) ) (] o) +s1x (600 06.)([ p:fi2)d2)

2
+§w2b2 (%W(x»f)) (f pyz*dz) (35)
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-b, (a_ax w(x, t)) 02e0) ([ pAf(E)d2)+ 50030 (et (f pof(e)d)

1 1
+3b1 w(x,5)? (fpldz)-i-szbgw(x,t)z(fpzdz)) dx
with
hi
2
[11, 121,131: Jhl {]’Z’Zz}pj dZ
2
h2
2
]12, 122,132: hz{],Z,Zz}pZ dZ

J e (36)

2 2
1411151’161: hl{],Z,Z }pl'f(Z)dZ
2
h2

2
L Ispdsr= |, {1.2f(2)}p, fl)dz
\ 7

The new warping shape function, previously developed by N.
Elmeiche and I. Mechab, gives:

3

fi2) = z+éW (37)

Static analysis using shear deformation theories

The composite beam is subjected to a uniformly distributed bending
load. The work of the external force is then given as:

1
B~ J o (W(xz,0)) (38)

Using the displacement field expressed in equation 30 allows writing
the total energy of the composite beam as:

Eq=E,,-U-U, =
hi1
h1 , ,

2
0 0 0
5 J;l E1b1<au1(x,t)—z@w(x,t)+f(z)a@(x,t)) dz

1

(39)
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h

hi
2

+ Zkb G (—ﬁw(xt)Jr(if(z))@ (xt)) dz
e >

1

2
h2
2

+ 2kb G (-iw(x t)+(£f(z))6 (xt)) dz | dx
L e e 2

2

1
3 k(120000506 0,00 (101 )

)
2
0 V2, 0 z,
-(@w](x))—(f(z)l ) ( e ))
X =3

1
+ EJ q(W(x,z,t))de

Numerical solution by the Ritz method

Consider a simply supported composite beam of the length L. The
numerical resolution of the problem, using the Ritz method, consists of
minimizing the total energy related to the amplitudes of the displacement
and rotation fields:

=), (v G) - G-1)
)= "0 0 () 1)
0= [on () (1) o)
000- o2 &) C-1)]
I,
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After the substitution and the minimization of the Ritz solutions in
equations 32 - 36, a square matrix of the dimension 5.(n+1).5.(n+1) may
then be obtained in the following form (see Appendix):

(A4, 11[A4:1[415][4 14114 51; (LU ({0:h
/ [A211[A22][A231[A424][A455]; {Ux} {0}
| [45:1[45:1[A4551[4541[455]; | {013 =410} (41)
\[Am[A42][A43][A44][A45], {621} {03

s s3] dlass)/ oy \omd) o, o),

In dynamics, the determinant of the system of equations gives the
natural vibration frequencies:

w’=det[A] (42)

Digital application

The numerical calculation of the natural frequency of vibration and the
interlaminar shear force of two types of simply supported composite
beams with a partial connection between the materials was carried out.
The first composite beam is made of concrete-wood materials, with a T-
shaped cross section. It is composed of a concrete slab, rectangular in
shape in its upper part, while the lower part is made of wood.

The other composite beam has an |-shaped cross section. It is made
of a concrete slab, rectangular in shape in its upper part, while the lower
part has a HEA steel profile in the form of the capital letter I. The properties
of each composite beam are presented in Figure 5.

Furthermore, a validation study of the ten free vibration frequencies
was carried out using the first order shear deformation theory of the
composite beam made of concrete-wood materials. The results, depicted
in Table 1, were verified and then compared with those reported in the
work of Xu & Wu (2008). In this study, a shear correction factor equal to
5/6 was used. The relative frequency error, for all modes, did not exceed
0.37%, which means that the frequency values found in the present work
are in good agreement with those reported in the literature.
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Figure 5 — Types of the beams under study:(a) Mixed beam in concrete-wood materials
(materials 1);(b) composite beam in steel-concrete materials (materials Il)
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Figure 7 — Convergence test of the vibration frequency for the composite beam Il
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Table 1 — First ten vibration frequencies (Hz) of the composite beam made of material |

with a sliding field of type |
Xu & Wu (2008)
L/H Mode Present Relative error %
Exact DQM
1 10.2787 10.2768 10.3023 0.02
2 33.1627 33.1771 33.3569 0.04
3 65.2411 65.3343 65.8811 0.14
4 107.0528 107.3095 108.6140 0.24
20 5 158.6972 159.2021 161.9071 0.32
6 219.8142 220.6233 225.6710 0.37
7 289.8239 290.9092 299.5853 0.37
8 368.0599 369.2557 383.2073 0.32
9 453.8387 454.7913 476.0263 0.21
10 546.5014 546.6124 577.4941 0.02

Table 2 — Natural frequency of the composite beam made of concrete and wood materials
as a function of the shear parameter a2 of the connectors, with shear deformation (SD)
and rotary inertia (RI), for a type Il slip field

Number of interpolation N=9,Present with (SD and RI)

L/H=5 L/H=10

Theories PSDBT HSDBT Present Error PSDBT HSDBT Present Error
qZ

1038 79.159 80.461 81.070 0.76% |39.330 39.939 40.248 0.77%
102 79.186 80.489 81.097 0.76% |39.344 39.953 40.261 0.77%
10" 79.462 80.760 81.363 0.75% |39.484 40.090 40.395 0.76%
1 82.095 83.390 83906 0.62% |40.752 41336 41.607 0.66%
10 101.394 102.504 102.664 0.16% |48.564 49.025 48.885 0.29%
50 140.572 141.081 141.127 0.03% |58.094 58.404 58656 0.43%
10? 160.831 160.992 161.128 0.08% |61.399 61.667 61.877 0.34%
5.5.10? 194.117 194.142 194.099 0.02% |65.130 65.349 65549 0.31%
108 199.265 199.229 199.203 0.01% |65.575 65.790 65.989 0.30%
5.5.10® |205.015 204.911 204.193 0.35% |66.041 66.253 66.455 0.30%
104 205.676 205.559 205.57 0.01% |66.094 66.304 66.506 0.30%

Number of interpolation N=9, Present with (SD and RI)

L/H=15 | LiH=20
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Theories PSDBT HSDBT Present Error |PSDBT HSDBT Present Error
q2

103 25.887 26.516 26.757 091% |19.499 19.884 20.010 0.63%
102 25.897 26.526 26.766 0.90% |19.506 19.890 20.016 0.63%
10" 25994 26.615 26.854 0.90% [19.574 19.957 20.082 0.63%
1 26.811 27377 27603 0.83% |20.109 20.483 20.597 0.56%
10 30.670 31.056 31.240 0.59% |22.227 22539 22.641 0.45%
50 34.142 34410 34595 0.54% |23.707 23.948 24.089 0.59%
102 35.002 35248 35440 0.54% |24.029 24254 24410 0.64%
5.5.10? 35.867 36.091 36.291 0.55% |24.341 24549 24718 0.69%
103 35.961 36.185 36.385 0.55% |24.374 24582 24.751 0.69%
103 36.060 36.292 36.482 0.52% |24.408 24616 24.785 0.69%

Table 3 — Natural frequency of the composite beam made of concrete and steel materials
as a function of the shear parameter a2 of the connectors, with shear deformation (SD)
and rotary inertia (RI), for a type Il slip field

Number of interpolation N=9, Present with (SD and RI)

L/H=5 L/H=10

Theories PSDBT HSDBT Present Error |PSDBT HSDBT Present Error
q2

103 29.468 29.956 30.153 0.66% |13.804 14.103 14.124 0.15%
102 29.589 30.075 30.271 0.65% [13.868 14.167 14.186 0.13%
10" 30.772 31.234 31420 0.60% |14.484 14786 14.784 0.01%
1 40.241 40.566 40.686 0.30% [19.982 19.304 19.182 0.63%
10 79.833 80.132 79.876 0.32% |33.475 33.485 33.305 0.54%
50 122.680 123.310 122.502 0.66% |42.668 42.665 42.644 0.05%
10? 136.870 136.326 136.530 0.15% [44.629 44616 44596 0.04%
5.5.10? 153.651 153.362 153.268 0.06% |46.496 46.478 46.454 0.05%
103 155.769 155.467 155.370 0.06% |46.706 46.691 46.661 0.06%
5.5.10° 158.435 157.983 158.739 0.48% |46.989 46.962 46.895 0.14%
104 159.121 158.748 159.133 0.24% |47.065 47.029 47.027 0.00%

Number of interpolation N=9, Present with (SD and RI)

L/H=15

| LiH=20
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Theories | PSDBT HSDBT Present Error | PSDBT HSDBT Present Error
qZ

103 9.029 9.179  9.235 0.61% |6.715 6.839 6.870 0.45%
102 9.073 9.222  9.277 0.60% | 6.748  6.871 6.902 0.45%
10" 9.481 9.623 9.675 0.54% | 7.048 7.167 7.195 0.39%
1 12.214 12324 12.348 0.19% |8.889 8.990 9.000 0.11%
10 19.039 19.110 19.083 0.14%|12.469 12582 12.557 0.20%
50 21.898 21921 21919 0.01%|13.587 13.620 13.645 0.18%
10? 22391 22417 22408 0.04%|13.756 13.791 13.809 0.13%
55.102 |[22.829 22.851 22.881 0.13% [13.903 13.939 13.951 0.09%
108 22.867 22.887 22914 0.12%|13.919 13.955 13.967 0.09%
55.10° [22.936 22.959 22968 0.04% [13.939 13.977 13.987 0.07%
1038 22952 23.010 22984 0.11%|13.944 13.956 13.992 0.26%

Tables 2 and 3 present the variation of the natural vibration
frequencies of the composite beam in concrete-wood and concrete-steel
materials as a function of the shear parameter of the connectors with
transverse shear deformation (SD) and rotational inertia (RI). The results
of the present theory with a new warping shape function (equation 37)
were then recorded and compared with those given by the parabolic shear
strain beam theory (PSDBT) and the hyperbolic shear strain beam theory
(HSDBT). For the different slenderness values of the two types of beams,
the relative error did not exceed 0.91% for the beam in material | and
0.66% for the beam in material Il. The results obtained for the two types of
beams are in good agreement. This is certainly due to the perfect
convergence of the Ritz method and the new shear strain function.

The dynamic analysis of the natural frequency of vibrations with
transverse shear deformation (SD) and rotational inertia (RI) of the
composite beam made of concrete-wood materials and concrete-steel
materials is presented in Figures 8 and 9. The values of the connector
shear parameter a? are given by a logarithmic scale with the new
interlaminar slip field (type |l slip field). The frequency is stationary for low
connector parameter values, i.e., a? between 10~ and 10™". This frequency
gradually increases while exhibiting a non-linear behavior, and the
deviation point of the curves is observed at a? = 10. In addition, the
difference between the maximum frequency, which corresponds to a? =
104, and the frequency that corresponds to a? = 10 and which is considered
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as the point of deviation of the curves, varies from 55.33% to 1.42% for
type | material and from 52.46% to 8.24% for type Il material. The
maximum deviation is obtained with the short composite beam (L/H = 5)
and the minimum deviation is observed with the slender composite beam
(L/H = 20). The nonlinear behavior of the beam is due to the fact that the
significant effects of transverse shear and warping of the short composite
beam, for type | and Il materials, are taken into account.
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Figure 8 — Variation of the natural frequency of the composite beam made of concrete
and wood materials as a function of the shear parameter a? of the connectors, for a type

11 slip field
180
4 Present with SD and RI
160 —=—LH=5
] —e—um=10 /r"/f
1404 L/H=15
| —v—UH=20 /f
120 52.46%
3100-
g
8
g 80
o i
£ 60
40 et 0 g
- e P e R e '
] E—— i v 8.24%
0

10° 102 10" 10° 10"

of(1/m?)

10°

1o

Figure 9 — Variation of the natural frequency of the composite beam made of concrete
and steel materials as a function of the shear parameter a? of the connectors, for a type Il

slip field

322



Analysis of bending

The static analysis is based on the numerical calculation of the
bending of the two composite beams made with materials | and II. The two
beams are simply supported and are subjected to a uniformly distributed
load, with g = 15 KN/m and q = 4 KN/m, respectively. Figures 9 and 10
illustrate the variation of the interlaminar shear force as a function of the
shear coefficient of the connectors.

110
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4 —*— v e,
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Figure 10 — Variation of the interlaminar shear force Qs for the composite beam made of
steel-concrete materials
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Figure 11 — Variation of the interlaminar shear force Qs for the composite beam made of
concrete-wood materials
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Figures 10 and 11 show the variation of the interlaminar shear force
for the two materials | and Il, with two interlaminar slip fields, i.e., a classic
sliding field of the Timoshenko beam, and a new sliding field proposed
using the higher order theory. The deviation of the interlaminar shear force,
for the two slip fields, varies from 22% to 11%, and to 5%, respectively, for
the beams of material | with the slenderness (L/H) equal to 5, 10 and 20.
The deviation of the interlaminar shear force for the two slip fields varies
from 34% to 10.7% and to 2.8%, respectively, for the beams of material Il
with the slenderness (L/H) equal to 5, 10 and 20. These findings suggest
that the introduction of the warping effect into the new interlaminar slip field
of a composite beam is significantly important, which is not the case for
the slender beam because in this case the transverse shear and the
warping effects are negligible. Based on the above, it can be said that the
composite beam behaves like an Euler-Bernoulli beam.

Conclusion

The present study primarily focused on the detailed investigation of
the dynamic part and the static part of a composite beam that was
analyzed using different theories. A new interlaminar slip field of a
composite beam was then introduced in the method used. This field
accounts for the warping effect with a new transverse shear strain shape
function. The equations of motion were deduced and solved using the Ritz
numerical method, while considering two different types of composite
beams, i.e., a composite beam made of steel and wood materials and
another made of steel and concrete materials. The numerical results
obtained were compared with those found in the literature. These results
were also compared with others obtained from deformation theories. It was
found that the free frequency of vibration with transverse deformation
shear and rotational inertia of the two composite beams in steel-wood and
steel-concrete materials with a new interlaminar slip field was quite
significant for the short beam but not very important for the long beam.

A similar remark was made for the static case of the interlaminar shear
force. This was primarily due to the introduction of the new shear strain
shape function in the equilibrium equations and in the new interlaminar slip
field. These findings describe quite well the behavior of composite beams
with cross-sectional warping. Furthermore, it turned out that the proposed
sliding model can be employed in characterizing the real behavior of short
composite beams undergoing small and large deformations.
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Estudio estatico y dinamico de vigas compuestas con un nuevo campo
deslizante interlaminar utilizando diferentes teorias de vigas
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Resumen:

Introduccién/objetivo: El presente trabajo tiene como objetivo realizar una
investigacion estatica y dinamica de vigas compuestas por dos elementos
conectados entre si, con una interaccion parcial entre las capas de la viga,
teniendo en cuenta el efecto de deslizamiento interlaminar.

Meétodos: En este estudio se ha introducido un nuevo campo de
deslizamiento interlaminar que tiene en cuenta, para cada capa, el

328



https://doi.org/10.1016/j.compstruct.2012.11.008
https://doi.org/10.1177/002199836900300316
https://doi.org/10.1016/j.jsv.2007.12.029
https://doi.org/10.1016/j.jobe.2020.101887

desplazamiento axial, la rotacién debida a la flexién y el corte transversal
de alto orden con una nueva funcién de forma de alabeo. Las ecuaciones
de equilibrio se resolvieron analitcamente basandose en el principio de
Hamilton. Ademas, la resolucién numeérica de estas ecuaciones se basé en
el principio de minimizar todas las energias utilizando el método de Ritz,
teniendo en cuenta diferentes teorias de vigas. Posteriormente se llevé a
cabo un estudio comparativo para calcular las frecuencias de vibracion
naturales de dos vigas compuestas de acero y madera.

Resultados: Se encontré que los resultados obtenidos para las diez
frecuencias de vibracién naturales concuerdan perfectamente con los
reportados en trabajos previos encontrados en la bibliografia.

Conclusién: Ademas, se realizé un estudio detallado, dependiendo de los
parametros geométricos y materiales, para los dos materiales mixtos, es
decir, hormigén-madera y acero-hormigén, con dos campos de
deslizamiento interlaminares, concretamente el campo de deslizamiento
clasico basado en la teoria de la viga de Timoshenko y un nuevo campo de
deslizamiento interlaminar que se basa en la teoria de orden superior.
Ademas, se estudio la flexién en el caso estatico para examinar el efecto
de la fuerza cortante interlaminar en vigas cortas y largas.

Palabras claves: estudio estatico y dinamico, vigas compuestas,
interaccion parcial, nuevo campo de deslizamiento interlaminar,
cortante transversal de alto orden, nueva funcién de forma de alabeo,
método de Ritz.
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PYBPUKA TPHTW: 67.11.00 CTponTenbHble KOHCTPYKLUK
B[O CTATbW: opurmHanbHas HayyHas ctatbsl

Pe3some:

BsedeHue/uenb: Llenbio Hacmosiwel cmambu si8/15emcsi npoesedeHue
cmamu4yecko2o U OUHaMUYeCcKo20 Uccrie0o8aHusi KOMIMO3UMHbIX
barnok, cocmosuwux u3 dgyx cOeOUHEHHbIX 3/1eMeHmMOo8 ¢ YaCmuYHbIM
g3aumoldelicmeuem mex0y crosmu banku u ¢ ydyemom 3ahghekma
MEXKCII0UHO20 CKOJIbXKEHUS.

Memoosi: B daHHOM uccriedoeaHuu 6bilo 88e0eHO HOo8oe roJie
MeXCII0lIHO20 CKOJIbXXEHUSI, KOmopoe y4umbi8aem 0Ce8oe cMeleHue
rno kaxdomy crioro, nogopom uzauba u rnonepeyHsili cdsue ebicLIe20
rnopsidka ¢ Hoeol ¢hyHKkyuel ¢hopmbl usauba. YpasHeHuUs pasHogecus
6bIIU  peweHbl  aHanumuyecku, OCHO8bI8asiCb  Ha  NpuHUUM
Famunsmona. lNomMumMo moeo, YUCeHHoe peweHUe 3mux ypasHeHul
6bI/I0 OCHOBAHO Ha MPUHUUNE MUHUMU3auuu 6cex 3Hepaull ¢
ucnonb3oeaHuem Memoda Pumua ¢ y4emom pa3snudHbiX meopull
ny4ykos. 3amem rposedeH cpasHUMEsbHbIU aHamu3 ¢ Uesnbio pacdema
cobcmeeHHbIXx 4acmom KosiebaHuli 08yx KOMIMO3UMHbIX bariok,
U320Moe/eHHbIX U3 cmarnu u depesa.

Pesyribmamai: bbirio 06HapyxeHo, 4mo pe3ynbmamsal, ofy4eHHbIe 10
decsmu  cobcmeeHHbIM  Yacmomam  KosiebaHuli,  [ofIHOCMbHO
coenacylomcs C pesynbmamamu, pedcmassieHHbIMU 8 paHee
onybnukoeaHHbIx pabomax.

Beigod: [anee 6bi1o nposedeHo OemarnbHoe  uccriedogaHue
3agucuMoOCmU OmM 2e0MEempPUYECKUX MapamMempos U rnapamempos
Mamepuasios 08yX KOMIMO3UMHbIX Mamepuasos, mo ecmb bemoHa,
depesa u cmanebemora ¢ 08yMsI MEXCITOUHbIMU MOSISIMU CKOJIb)XEHUS], a
UMEHHO, KJ1aCCUYECKUM [10/1IeM CKOJIb)XXEHUS], OCHOBaHHbIM Ha Mmeopuu
6anok TUMOWEHKO, U HOBbIM MEXC/IOUHbIM [1051eM CKOJIbXEHUS,
OCHOBaHHbIM Ha meopuu ebicwezo rnopsioka. lNomumo mozo, usaub b6bin
U3y4eH 8 CMmamu4YyeCKOM PEXUME C UEeNblo U3y4YeHUs  8rlusiHUsI
MexcolHoU cusibl cOsuza Ha Kopomkue U OrnuHHbIe barku.

Knroueeble cnosa: cmamu4yeckue u OuHamuyeckue uccriedoeaHus,
KoMmro3umHbie 6arnku, 4Yacmu4yHoe e3aumoodelicmeue, HO80€e [10/1e
MEXCIIOUHO20 CKOJIb)XXEHUS, MonepeyHbili cdsua 8bICOKO20 rnopsokKa,
Hoeasi (yHKUus popmMbi uzauba, memod Pumua.

CTaTn4KO M OMHAMWYKO NpoyYaBake CMpPEerHyTMxX Hocava ca HOBUM
WHTEpPNamMUHapHUM cMu4yhM norbem KopuwheweM pasnnunTmx
Teopuja Hoca4a
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OBJIACT: rpaheBnHapcTBO
KATEIFOPUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: Y osom pady cy cmamuyku u OuHaMU4Ku rpoyvyasaHu
cripeeHymu Hoca4u cacmaesbeHu 00 08a criojeHa Oena ca napuujasHom
UHMepakuujom usmeRy criojeea Hocaya, rpu 4emy je y3em y 063uUp
eghekam uHmMepIaMuHapHo2 CMUYar-a.

Memode: Yeodu ce Ho80 UHMepriaMUHapHO rosbe cMularba Koje 3a ceaku
croj yauma y ob3up akcujasiHu romepaj, pomauujy ycred casujarba U
MOMNpPeyYyHo cMuuare BUCOKoe peda ca HOB8OM (byHKUyujom obruka
casujarba. JeOHa4YuUHe pasHOMeXe Cy peuweHe aHarumuyku Ha OCHO8Yy
XamunmoHogoe rpuHyuna. lNpu mome je HyMepuyko peliasare 08UX
JjedHayuHa busio 3aCHO8aHO Ha MPUHUUMY MUHUMU3UPaH-a CeUuX eHepauja
Kopuwhermem Puyosoz memoda u pasnudumux meopuja Hocehux epeda.
3amum je ypaheHa KomnapamueHa cmyduja padu u3padyHasarba
ppekseHyuja npupodHux subpaluja 08a cripeeHyma Hocadya 00 Yesnuka u
dpsema.

Pesynmamu: YmepheHo je Oa cy pe3ynmamu O0obujeHu 3a Oecem
ppekseHyuja npupoOHUX subpauuja y caspwieHom ckriady ca OHuMa U3
npemxodHo objasrbeHux padosa.

Bakbyyak: YpaheHa je OemarbHa cmyduja Ha OCHO8Y Mapamemapa
eeomempuje U Mamepujana 3a 08a Komrio3uma (6emoH-0p8o U YerluK-
bemoH) ca 0ea UHMepramMuHapHa frosba CcMuyaH-a, OOHOCHO ca
Kracu4yHUM rosbeM CMuyarsa Ha 0CHo8y meopuje epede TuMoweHKa u ca
HOBUM UHMeEpiaMuHapHUM MorbeM CMUlaH-a Ha OCHO8Y meopuje 8LUCOKo2
peda. Casujame je aHanusupaHo U cmamudku padu ucrnumuearba
ymuuyaja uHmepnamMuHapHe cusie cMulaH-a Ha Kpamke Kao U Ha Oy2ayke
epede.
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FIELD: telecommunications
ARTICLE TYPE: review paper

Abstract:

Introduction/purpose: The presented review paper deals with the
standardization proces for 5G technology and beyond and its impact on
military communications.

Methods: Dominant methods such as analyzes and syntheses were
provided for considering the key aspects of the 5G standardization evolution
process through presentations of the roles of different Third Generation
Partnership Project (3GPP) standard releases and its implementation and
usage in military communication networks environment.

Results: The background and key areas in 5G evolution and beyond are

presented. Also, 5G standardization and military issues and challenges are
discussed.
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Conclusion: Standardization for 5G and the emerging 6G landscape is
extremely complex and highly innovative with many rapidly evolving
industry-driven and societal requirements. Standard development
organizations, industry, and academia need to collaborate on
standardization to facilitate worldwide interoperability. The paper gives
an overview of standardization functionalities and efforts to improve 5G
system performance as well as its impact on military communications
and services. It analyzes the areas of major enhancements for the
existing features and expansion to new use cases and industries as well
as to military usage through the 3GPP Releases, starting from Release
15 as 5G Basic, over 16 and 17 as 5G Evolution, up to 18 and 19 as 5G
Advanced which precede the upcoming Release 20 and the initial 6G
network whose launch is expected by the end of this decade.

Key words: the fifth generation (5G) technology, 5G standardization
process releases, 5G functionalities, 5G interoperability.

Introduction

Standardization on a global level is of fundamental importance and
even more for wireless networks because of the need for worldwide
interoperability (Shafi et al, 2017). First of all, the data rate supported by
each generation of mobile networks has significantly increased over time.
The advantages of 1G technology included service areas. There was
neither roaming between operators of various networks nor a capability of
networks to use different frequency bands. The widespread adaption of
1G enabled the introduction of 2G mobile networks, in spite of these
shortcomings. 2G networks have a throughput of 9.6 — 236 Kbps. 3G
increased this range to 42 Mbps, while 4G further improved it from 100
Mbps to 1 Gbps. 5G has made a leap with of 10 Gbps to 20 Gbps. As for
6G, it is expected to reach 100 Gbps to 1 Tbps. Latency has decreased
significantly with each generation. For example, 2G had a latency of 300-
1000 ms, 3G reduced it to 100-500 ms, while 4G further decreased this to
30-100 ms. As for 5G, it has lowered latency to 1-10ms. 6G is expected to
achieve submilisecond latency. 2G had low spectrum efficiency, while 3G
and 4G made significant improvements. 5G has very high spectrum
efficiency thanks to Multiple-Input-Multiple-Output  (MIMO) and
beamforming technologies. For 6G, it is expected to push the limits of
spectrum efficiency further using THz frequencies as well as advanced
network architectures (Fowdur et al, 2024). Nowadays, there is a focus on
wireless regional network standards. Scientific efforts for the fifth
generation (5G) specification are going to be finished with the full phase,
soon. Also, today there are different studies towards the sixth generation
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(6G) standardization. The 3GPP and its first full Release for 5G started
with Release 15. Release 15 consists of the Non-Stand Alone and the
Stand Alone specifications. Also, Release 15 is recognized as the
foundation for network implementation and devices. Release 15 becomes
an excellent performance for mobile communication broadband service,
that is, data rate, spectral efficiency and latency. The Release 15
performance is recognized as excellent in the Key Performance Indicators.
Therefore, Standard Development Organizations and academic society
are necessary to cooperate in the standardization process to facilitate
interoperability (Abdelkafi et al, 2021).

The evoluton of 5G standard started from Release 15 as 5G Basic,
continues with Releases 16, and 17 as 5G Evolution, and achieves
Releases from 18 to 21 as 5G Advanced. Next, Release 21 will establish
a road map for the 6G standard. Currently, Releases 18 and 19 are open
while Releases 20 and 21 are planed.

Key areas in 5G evolution and beyond

It is projected that 5G networks will be widely available all over the

world because of some key features such as:

- Data transfer rates on 5G networks are expected to be significiantly
higher than those of previous mobile network generations (10 Gbps
or more),

- Latency reaching levels are as low as a few miliseconds,

- 5G networks are designed to support a larger number of devices
and connections, enabling new applications and services, and

- 5G networks offer improved coverage and reliability.

The first official specification to outline a complete 5G network was
Release 15 available in 2018. It includes the specifications for 5G New
Radio (NR) (Kim et al, 2019). Representing the current state-of-the-art in
cellular network technology, Release 15 forms the basis for the
deployment of 5G network all over the world (Bertenyi, 2021).

Releases 16 and 17 respectively belong to the key standardization of
the 5G evolution system (Bertenyi, 2021). The specifications for Release
16 were frozen up in the first half of 2020. Next, the Release 17
specification process was underway towards its completion at the end of
2021. The main focus of both Releases 16 and 17 is to expand the
ecosystem in order to provide possibilities of different industries to use 5G
advantages (Wang et al, 2014). Both releases contain many features in all
the key areas of 5G environment, i.e., Industrial Internet of Things, vertical
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industries (Ghosh et al, 2019), network deployment and automation, and
device evolution.

Releases 15, 16 and 17 unified platforms for innovations in
technological advancement of the 5G 3GPP (Lin & Lee, 2021).

The most recent Release 18 named 5G Advanced brings a new wave
of innovations especially in the area of Atrtificial Intelligence and Machine
Learning (AI/ML). Further enhancements in Al/ML are expected in the
forthcoming Release 19. The first 3GPP standards release for 6G is still
several years away, while the work being done today gives the foundation.

Role of Release 16

Additional improvements to the 5G NR air interface brings Release 16
in 2020. In that way, Release 16 complements the full 5G specification
which allows for the advanced use cases and applications such as network
slicing (NS) and enterprise services (Wijethilaka & Liyanage, 2021).
Release 16 expanded on the success of Release 15 conserving consumer
and enterprise service field. Two examples of new services and
applications it supports are: mission-critical communication as well as the
Internet of Things (loT). Release 16 includes the next main areas such as:
massive machine — type communication, ultra — reliable low-latency
communication and improved mobile broadband. In order to help cellular
networks to continue with progress, additional technical improvements and
support for new frequency bands are included in Release 16 (Chen et al,
2021).

The Ultra Reliable Low Latency Communications (URLLC)
functionality, critical for Industrial loT (lloT) scenarios is completed in
Release 16.

Release 16 introduces support for Time Sensitive Communication
including integration with Time Sensitive Networking.

Also, Release 16 introduces some significant features which allow NR
to use the unlicensed radio spectrum.

Access to the NR-Unlicensed Spectrum (NR-U) provides an important
tool to increase capacity for both service providers and private networks.
Release 16 NR-U uses the same flexible frame and slot structure, physical
layer design, and protocol as NR Release 15 (Milovanovic et al, 2020). In
that way, the magnitude of changes to the user equipment compared to
the licensed-band operator is limited. The fact that Release 15 provides
the basic positioning protocol support is extended in Release 16 to include
the capability of locating devices using 5G radio signals themselves
leading to an expected accuracy in the order of metrics for a vast majority
of users.
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The means to reduce operating expenses of running 5G systems
enables new application capability for communication service providers. In
order to improve the overall separability and automation of network slice
deployments, Release 16 is applied. It allows the operator to outsource
network slice subscription management to third parties who are using the
operator's networks to provide services to their customers. Release 16
introduces network slice-specific authentication and authorization which
allows a third party to manage a user's subscription to a particular slice
without requiring the operator to be involved in managing transportation.
Integrated access and backhaul (IAB) has been introduced in Release 16
as a key enabler for fast and cost-efficient applications, mainly targeting
dense mmWave deployments outdoor when using the same spectrum and
air interface for access and backhaul, creating a hierarchical wireless
multi-hop network between sites. The main purposes for deploying IAB
nodes are: to have isolated coverage gaps, to provide backhaul with filter
deployment sparse, to enhance system capacity, and to bridge coverage
from outdoor to indoor. There are some aspects of 5G standards that
directly impact the energy efficiency of devices. Release 16 introduces
signaling from the network to the devices enabling the device power
consumption to be well optimized during the period of additive
transmission and reception.

In Release 16, the 3GPP further expanded the 5G NR frequency
spectrum in order to support operation with bands starting from under 1
GHz up to 52.6 GHz with 5 MHz and more channel bandwidth.

Also, Release 16 further enhances the NR support for URLLC
services by enabling latency in the range of 0.5 to 1 ms and improved
reliability with a target error rate of 106 in order to provide new use cases,
such as factory automation and transport industry as well as to improve
use cases such as Augmented Reality (AR)/Virtual Reality (VR) and
gaming.

Also, NR Release 16 introduces native positioning support not only
for regulatory but also for commercial and other use cases with positioning
accuracy down to at least 3 meters and end-to-end latency less than 1
second for commercial use cases.

The improvements due to Release 16 are described in Table 1
(3GPP, 2021).
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Table 1 — Areas with the improvements due to Release 16

IMPROVEMENTS DESCRIPTIONS
« Strong management to increase connection stability
Massive MIMO e Enhance coverage at the cell edge

o Full power uplink for MIMO-capable devices

Enhanced Ultra-
Reliable, Low-latency
Communication
(eURLLC)

o Vertical user cases (industrial automation)

e High connection dependability provided by improving the
5G URLLC architecture

o Strict latency restriction

e Continues communication even if one link is temporally
blocked

Power saving

o Low power optimization

e Overhead reduction

o Better power control techniques

Integrated Access and
Backhaul (IAB)

e Combine access and backhaul to reduce the cost of mm
Wave densification

* Allows a single base station to serve as a wireless access
point for end devices and a backhaul node

e Operators may add more base stations on the fly without
having to deploy extra fibers for more backhaul capacity

* More adaptable densification plan

Unlicensed spectrum
(NR-U)

e Enabling 5G service in unlicensed bands

o Cellular technology can operate "standalone" in unlicensed
spectrum

Time-Sensitive
Networking (TSN)

e Introduced support for TSN which can guarantee time-
deterministic delivery of data pockets

Cellular-Vehicle-to

Everything (CV2X)

o Prioritizes the use of 5G to improve automotive safety

Role of Release 17

Release 17 was published in March 2022. It refers to further
enhancements and improvements to the 5G NR air interface. The Release
17 development is the result of evolving needs and requirements of the
mobile industry. The first stage decade’s technological evolution area
concluded with Release 17. The 3GPP is part of the Release 16 and
Release 17 specifications. These enable 5G media streaming and
enhancements edge processing, analytics and event presentation as well
as extended reality (XR) experiences.
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Enhancements to IAB in Release 17 will improve the options for
multiplexing concerning links of an IAB node. Also, increased flexibility and
robustness in the network topology will be improved.

In both Releases 15 and 16, the design of 5G NR allows the network
to operate in the conventional cellular radio spectrum and the mmWave
spectrum up to 52.2 GHz.

The 3GPP makes effort to provide new bands together with band
communications for 5G implementation (Zong et al, 2019).

The main goal was to recognize demands of network operators
worldwide.

The major step in Release 17 in this domain is the introduction of
support for 5G NR in the 52-71 GHz frequency range.

Release 17 scales the existing 5G NR design to expand the mmWave
spectrum range from 24.25—52.6 GHz to up to 71 GHz in order to cover
the original 60 GHz band (57-66 GHz) as well as the 66-71 GHz frequency
band together with 5 MHz and more channel bandwidth.

Also, Release 17 scales down the wideband 5G NR design (i.e., 100
MHz bandwidth) to 20 MHz/100 MHz in the sub-7/mmWave to efficiently
support lower complexity loT devices.

In the focus of Release 17 is power saving for devices in order to
improve the battery life (Milovanovic & Bojkovic, 2020).

Release 17 seeks to provide time-sensitive communication (TSC),
offering in that way enhanced specific tools for the 5G system in order to
support TSC in the application domain.

In that way it is possible to allow the implementation of private wider
area networks (WANSs).

Release 17 private network support is being further extended in order
to support neural host models where the network owner and the service
provider need not to belong to the same entity. This provides accessing
private networks together with public network operators.

Release 17 offers support of the |oT by NR, in order to support optimal
operational device type’s characteristic for the lloT network services.

Next, Release 17 has potential to enhance NR to address the
following use cases in the Industrial l1oT and other verticals:

» Industrial wireless sensors with 99.99% availability, latency less

than 100ms in general and 5-10ms for safety-related sensors, and
a medium data rate (<2 Mbps), and a battery life of a few years,

» Video transmission with 99%-99.9% reliability, latency less than

500ms, and a medium to high data rate (2-25 Mbps), and

» Wearables with a high data rate (up to 150 Mbps for downlink and

up to 50 Mbps for uplink) with a long battery life (up to 1-2 weeks).
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In order to support enhanced positioning in Release 17, the study item
focuses on more high-accuracy positioning targeting commercial loT use
cases such as location of assets and moving objects within factories, with
sub-meter-lever accuracy and end-to-end latency less than 100 ms.

Release 17 supports a wide but key range of military services,
Enhanced Mobile Broadband (eMBB), URLLC, and Massive Machine-
Type Communications (MMTC). The description of the improvements due
to Release 17 are presented in Table 2 (3GPP, 2022).

Table 2 — Capabilities for primary use cases in Release 17

CAPABILITIES DESCRIPTION

o Support for 5G NR from 52.6 MHz to 71GHz frequency range

e Thanks to the expansion of the NR frequency range, more
spectrum up to and including the unlicensed 60 GHz is
available

o Multicast and broadcast services such as vehicle-to-vehicle
(V2X) public safety, IP multicast, software delivery, and loT
are the primary targets

o Allows the network notification and the avoidance of paging
collisions when the user equipment changes networks

e Support for non-terrestrial networks

e Through the use of high-altitude platforms, better coverage
can be achieved in remote places

o Sidelink relaying including single hop, User Equipment (UE)
to UE and UE to network relaying

e Enhanced physical layer feedback for manufacturing
automation

e Positioning, reduced latency, especially for loT applications

e Sidelink, V2X, public safety, resource allocation

URLLC enhancement

» Continuity mechanisms for ultra-radio access technology

o UE can quickly read the cell that provides the desired slice

e Anything reality (XR) evaluations

o Help for a wide variety of XR applications

o Small data transmission in the inactive state

e Sensors benefit from lower connection establishment

mMTC overhead

o Support of reduced-capabilities NR devices

o Useful for transmitting data over machines

eMBB
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Role of Release 18

Release 18 refers more to 5G Advanced, which is represented in
industry and technology that comes between 5G and 6G (Lin & Lee, 2021).
It has started in the second quarter of 2022 as the first standard which will
witness a greater emphasis on Al, ML and extended reality (XR). Also, it
should be noted that there will be a greater focus on sustainability
initiatives. The initial freeze data for this standard package was planned in
December 2023. After that time, vendors will start integrating the approved
changes into commercial equipment. 5G Advanced with XR applications
such as video streaming, remote sensing, etc. will create financial
improvement in the consumer enterprise market. In order to encourage
mass market adoption, 3GPP working groups are going to enhance XR-
specifies traffic performance and power consumption. AlI/ML is also
becoming of great interest for future networks. As for generators, they
need to save system-level energy in order to reduce deployment costs and
maintain network performance for a range of use cases (Lin, 2022).

The key features in Release 18 involve the 20-MHz or 5-MHz
bandwidth (in Frequency Range 1), full duplex/half duplex and time
division signal duplication, 64-level QAM (256 optional), and 10 Mbits/sec
maximum data speeds (Downlink and Uplink).

Also, Release 18 includes enhancements to the 5G NR technology that
enables lower latency, down to less than 0.5 ms in some cases. These
enhancements include improvements to the scheduling algorithms and
support for low-latency services such as URLLC.

Next, Release 18 has included advancements in spectrum operation
utilization for 5G NR, important for networks which require mission critical
communications. In order to achieve this, the 3GPP has introduced
operation in a narrowband spectrum with channels smaller than 5 MHz,
i.e., it specified a new channel bandwidth of 3 MHz, as well as a new
synchronization raster (600 KHz) and the technique of SSB
(Synchronization Signal Block) puncturing.

The 3GPP radio access network (RAN) approved a work package for its
Release 18. It represents a major emulation in the first release of 5G-Advanced.
The work package includes diverse study and work items which will significantly
contribute to a variety of new use cases. The works conducted in 5G Advanced
will shape the evaluation of wireless networks on the path to 6G. In Release 18,
the standardization sidelink (SL) communication was extended to the
unlicensed spectrum, while the SL positioning is standardized with the licensed
spectrum (Lin, 2022). The notable changes and description of the capabilities
from Release 18 as well as future research are given in Table 3 (3GPP, 2023).
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Table 3 — Description of the capabilities offered by Release 18 and further research

CAPABIITIES DESCRIPTION AND FURTHER RESEARCH
¢ Aslicing on network energy has to be correctly done for NR.
Network energy saving Also, new methods for maximizing network energy

efficiency are welcome

¢ Mobility focuses on improving conditional handover support

Mobility support ¢ UE gets a handover command with a condition from the
network

e Support for antenna ports in the uplink and simultaneous
multipanel uplink

MIMO evaluation e Better support advanced UEs such us customer premise
equipment

¢ Fixed wireless access devices and vehicular UEs

e Increase resources efficiency in RAN sharing scenarios
and extend multicast support to UEs

e Make enhancements to allow UEs in connected state to
receive broadcast service and unicast services
simultaneously

e Accuracy, integrity, and power efficiency along with
positioning

Multicast and
broadcast

Improved positioning

Role of Release 19

Release 19 is the second release of 5G Advanced. Not only is it a
continuation of Release 18, but it also represents a bridge towards 6G
technology of new capabilities and efficiency. As for the specifications,
they are expected to be finalized and frozen in March 2025. What has
emerged, for example, is a set of features which will offer services such as
extended reality.

In Release 19, at least for the 7-24 GHz spectrum, the 3GPP will
validate its existing channel models and if necessary, adopt them to take
into account spatial non-stationarity. As the second Release of 5G
Advanced, Release 19 will focus primarily on the commercial deployment
needs by further enhancing performance, evolving network topology,
improving energy efficiency and utilizing Al/ML. Here the innovation work
carried out will provide the baseline for 6G standardization.

The 3GPP 5G Work Plan for Release 19 deals with the problems such
as: support frequencies up to THz, advanced radio interface including full
duplex, joint sensing and communication, energy harvesting and passive
0T, and cognitive access to wireless technologies cellular satellite WiFi
(Chen et al, 2023).
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Current expectations

Release 20 workshop in July 2024 defined the scope of technology
foundation for the next generation innovation platform going towards its
finalization in September 2026. The current expectations are that the
official specification work on 6G standards will start around 2025.
Anticipating supporting use cases requirements in 2030 and beyond, the
first 6G standard Release 21 will need to be completed and redefined by
early 2028.

5G standardization - military issues and challenges

5G technologies are important in the military environment because it

supports various applications. 5G can be implemented for different

purposes from the traditional ones such as Intelligence, Surveillance, and

Reconnaissance (ISR) systems capabilities for decision making in

command and control (C2), over training, maintenance, logistics, up to

autonomous vehicles, Al, augmented and virtual reality (MiliCevi¢ &

Bojkovi¢, 2024).

Also, 5G wireless technology brings significant benefits for military

forces. Some of them are (Maris, 2024):

1. Enhanced Communication, Control and Operational Efficiency: The
high data rate, ultra-reliable and low latency of 5G enable more efficient
communication and information exchange technology in the battlefield,
improving command and control capabilities.

Command and Control (C2) which is now expanding to incorporate
computers, intelligence, surveillance, target acquisition, reconnaissance
and cyber (C5ISTAR) technologies is incorporating all domains of
traditional warfare theatre which involve air, land, sea and space for
combat operations. To be important in the military domain, C2 has
necessity to follow modern technology advancements in order to
respond to the challenges and requests of modern warfare in combat
fields. In line with this, 5G plays an important role in the optimization and
transmission of leading military C2 applications.

From the military perspective, 5G with its main characteristics has
huge potential to be vital for effective C2 communication systems in
order to provide secure and resilient information exchange between
units and commands as well as for intelligence collaboration in the
battlefield, coupled with real-time data that are processed in different
combat networks.

5G provides enhanced C2 by real-time data transmission with ultra-
reliability and low latency and in that way it allows Real-time situational
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awareness and Distributed Command and Control for military purposes.
In Real-time situational awareness, combat staff have possibility of
faster decision making upon receiving critical information from the
battlefield (video stream, sensor data, and etc.) On the other hand, by
Distributed Command and Control, units operate independently while
staying connected to the central command and can use for this purpose
a 5G robust, high-speed network.

The ability to run secure C2 applications on 5G ensures that both
superiors and subordinates in chain of command can see, monitor and
track the same combat or non-combat activities at the same time as well
as use C2 services which must be able to share and access data at any
time from any location.

2. Real-time Data Processing and Support for ISR systems: 5G allows for
the ultra-rapid processing and sharing of large volumes of data, crucial
and critical for ISR operations.

5G can enhance Intelligence, Surveillance, and Reconnaissance
(ISR) capabilities for military matters by high-bandwidth data rate
transmission and edge computing. High-bandwidth data rate
transmission has potential to provide transmission of HD (high-
definition) and beyond for imagery and video formats from different
surveillance platforms (drones and others). Also, implemented support
for 5G edge computing has purpose to process data closer to the source
and in that way reduces latency and allows for faster analysis and
response.

3. Autonomous and Remote Operations Capabilities: The reliable and fast
connectivity of 5G supports the deployment of different kinds of modern
autonomous systems which are increasingly becoming integral and
important to modern warfare.

5G is a technology platform which provides reliable communication
links important to ensuring uninterrupted connectivity for remote control
and autonomous operations as well as high-speed data transfer which
enables real-time video streaming and sensor data transmission for
navigation and mission implementation. Both mentioned characteristics
provided by 5G are important for the operation of autonomous vehicles
and drones.

Autonomous transportation and Remotely Operated Vehicles (ROVSs)
enabled by high capacity, low latency wireless 5G technology are
developed to execute high-risk combat missions without endangering
soldier lives, different navigation tasks in hazardous environments, as
well as special tasks like reconnaissance and explosive disposal.
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Also, they can be used to ensure timely delivery of supplies, provide
real-time intelligence, and support decision making.

Generally, in 5G, anything can be user equipment, not only traditional
cell phones, but also different types of assets like aircraft, ships, as well
as combat and non—combat vehicles.

Equipped with 5G for long-haul communication systems, these
vehicles can use the 5G network to enable communications, high-data-
rate video conferencing, and Internet of Things sensors to become self-
driving or autonomous vehicles in order to remove, for example, soldiers
from some missions, regadless of the fact that someone is required on
board to oversee the vehicle performance.

Also, different vehicles, from base-contained vehicles to field and
combat vehicles equipped with radar, lidar, and sensing techniques to
identify and understand their surroundings, which use artificial
intelligence and machine learning to sort through, process, and act on
this information, can use the potential of 5G to connect all this
information.

4. Augmented Reality (AR)/Virtual Reality (VR)/Extended Reality
(XR)/Artificial Intelligence (Al) enabled simulations and training.

Simulations and training are essential for military units combat
readiness and exactly 5G networks are improving military training
capabilities by implementing advanced AR, VR, XR, and Al
technologies. In the process of implementing military training,
simulations are increasingly used so that accurately reflect real combat
scenarios. Precisely speaking, 5G networks, thanks to their high
bandwidth and ultra-low latency in real time, can provide support for the
modern training process.

The 5G communications capabilities, together with AR for military
training, provide a multi-participant training process by an experienced
trainer in order to provide military personnel with remote access to the
best possible training staff for different specialist jobs as well as to
simplify access to cutting-edge programs and platforms for training,
regardless of where they are stationed, installed or deployed.

5G enables training and simulation in such a way that military staff can
engage in realistic training scenarios using AR/VR as well as in mission
operation planning by AR/VR in order to visualize mission conditions and
plan operations in a virtual environment.

Also, the high bandwidth and ultra-low latency of 5G ensure real-time,
immersive simulations that mirror actual combat scenarios with
precision. Soldiers benefit from interactive environments where AR
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overlays critical information, and VR and XR offer dynamic, scenario-
based exercises.

5. Improved Network-Centric Warfare and Interoperability Concept: 5G’s
ability to connect numerous devices and systems in such a manner to
support the concept of network-centric warfare, enhancing
interoperability among different military forces in operations.

For example, 5G has capacity and flexibility to provide military tactical
networks well known as Mobile Ad Hoc Networks (MANets). MANets
represent some kind of a nomad type of networks that has possibility of
self-configuring (reconfiguring) in order to provide connectivity between
deployed military commands/units without necessity to build fixed
infrastructure in the area of operation, for enabling for users real-time
data sharing, coordination and security in dynamic military operational
environment. Above all, 5G MANets could enhance situational
awareness and have huge impact on a quicker decision-making process
in order to improving operational efficiency by providing rapid
deployment and reconfiguration in response to changing battlefield
conditions.

5G for tactical communications increased flexibility for use cases from
enhanced mobile broadband to ultra-reliable low-latency and massive
machine-type communications, as well as increased security. Also, 5G
tactical networks can provide augmented/virtual reality in combat
situations and training, telesurgery on the battlefield, tactical self-driving
vehicles, ad hoc secure communications, and the interconnection of
different battlefield assets.

Also, the 5G tactical network can be used in different combat/exercise
scenarios, for example, to transfer high-speed, secure and reliable data
from different sensor platforms over the C2 system or Command
Information Systems (CIS) to the command post, for example to choose
targets, and from the command post over the C2 system or CIS to
artillery units that use this data for calculations and after that for acting
on targets in a short period of time in order to eliminate threats on the
field. The positive characteristic of the previous scenario is a possiblity
to fast deploy eMBB, URLLC and mMTC 5G tactical networks with a
smaller propagation footprint for a reliable and resilient communication
data flow in order to plan and solve military tasks. On the other hand,
the negative characteristic will be a possbility of jamming, intercepting
and interupting 5G tactical network communication by enemy electonic
warfare systems.

6. Cybersecurity Challenges and Resilient Communications: With rapidly
increasing cyber threats, 5G’s advanced security features are essential
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to answer to them by protecting sensitive military communications and
ensuring resilient networks.

The advanced key security features that are implemented in 5G
networks for protection against cyber threats are: network slicing and Al-
driven security. Network slicing can enhance security and performance
by creation of separate network segments for different applications. On
the other hand, Al algorithms have a possibility to detect and respond to
threats in real time, promising the integrity of military communications.
7. Improving military logistics and supply chain management.

5G supports automated inventory management by applied loT
devices connected via 5G to monitor and manage inventory in real-time
enabling. Also, 5G supports enhanced tracking and delivery in order to
track in real time supplies, assets, and equipment thus ensuring timely
delivery on the location of interest and reducing the risk of shortages,
especially those of critical supplies.

5G can enhance logistics military operations through:

e Enhanced communication with 5G - integrating 5G in logistics
enables providing a high bandwidth that offers speedy data
movement to multiple systems in real time and allows in that way
devices and systems to interact and share critical information for
logistic operations.

¢ 5G loT application in logistics - is suitable for real-time tracking that
helps transmit real-time data across long/short distances in order to
improve supply chain visibility for command staff with possibility to
track and monitor assets shipment status.

¢ 5G network for smart warehouses — through effective, reliable and
faster data transmission for devices in smart warehouses via 5G
technology, it can be possible to establish smart inventory tracking
and a smart shelves system, because loT sensors can detect and
alert if any product in the inventory is getting out of stock and needs
to be restocked.

e Autonomous vehicles for logistics — applying 5G technology allows
autonomous vehicles to self-regulate themselves reliably, accurately
and safely with its high-speed data transmission, bandwidth and
granular data. These self-driven autonomous vehicles are confined
to warehouses but can also move onto public roads or off-roads.

¢ Optimizing transport routes — optimized routes are important to save
expenses, fuel usage, and environmental damage. Still, in
emergencies situation, it is necessary to change routes immediately
to avoid any disruptions and delays. 5G technology has potential to
take action and optimize new and better routes.
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e Augmented Reality and Virtual Reality training in logistics — 5G, with
its robust technology, higher bandwidth, and fast speed, can help
boost applying augmented reality and virtual reality as technologies
that can be used to train logistic staff to make them more skilled in
their jobs by offering a virtually simulated environment for education
in logistics.

8. 5G transforms medical care for military personnel.

The 5G-enabled AR training platform which could provide warfighters
with more quality military care by enabling 5G AR telemonitoring for
medical procedures, which would allow streamlined communication
between centrally located medical specialists and their patients in
remote locations.

It means that 5G enables a new application that promises to transform
medical care for military personnel: robotic surgery. With robotic surgery,
military doctors could quickly perform operations from a distance using
robotic arms and cameras. Housing such equipment on medical vehicles
would eliminate the need to transport patients elsewhere to begin
treatment.

From the military point of view, Spectrum, 5G New Radio, 5G Core
Network, Proximity Services, and Non-Terrestrial Networks (NTNs)
(Bastos et al, 2021) are recognized as 5G technology enablers which have
interesting potential and opportunities to be in connection with 5G
Releases 15, 16 and 17, respectively.

One of important 5G technology enablers for military applications is
the available radio-frequency spectrum. A significant amount of the
spectrum for military usage which is arranged in multiple bands from high
or mmWaves bands (above 6 GHz), over medium bands (between 1.5 and
6 GHz) to low bands (below 1 GHz) will be targeting bands for
implementing 5G military technology in order to provide trade-off between
capacity and coverage as well as mobility. The implementation of 5G in
different sub-bands of the spectrum assigned to the military can provide
cost-effective capabilities for 5G military systems.

Next, an important enabler for the military ecosystem is the 5G New
Radio (NR) concept because it offers most prominent features from
supporting several significant frequency ranges (from 410 MHz up to 7
GHz and from 24 GHz up to 52 GHz), over psychical layer design (using
Orthogonal Frequency Multiplexing modulation (OFDM), providing
Frequency Division Duplexing (FDD) and Time Division Duplexing (TDD)
modes, as well as using a massive Multiple Input Multiple Output (MIMO)
concept of active antennas which allow beam forming and steering in order
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to reduce self and external interference and contribute the lower probability
of interception as well as improve the link budget) to Integrated Access
Backhaul (allowing 5G NR base stations to communicate mutually over the
5G NR air interface without the need to be connected on the backbone
network and offer various opportunities to rapid deployment of sustainable
5G networks in the battlefield).

Also, 5G Core Network can play a significant role to support military
usage requirements through network slicing (possibility to define the
subsets of the main network (slices) which can be optimized for particular
military service and performances required of the available network). Also,
together with virtualization, it offers new opportunities to the military. On
the other hand, Mobile Edge Computing (cloud computing can be
distributed to the edge of the network (close to the Radio Access Network
(RAN)) in order to provide low latency and independent operation of 5G
clusters).

5G Proximity services (i.e. D2D technology as 5G Sidelink) have
significant potential to provide reliable and secure communication between
5G military user equipment, especially in some military critical scenarios
without necessity to use 5G RAN and core network infrastructure.

Finally, Non-Terrestrial Networks (provided by 5G satellites, aircraft
or any other airborne vehicles) can extend 5G NR technology in order to
provide military services with a lower propagation delay in the locations
where terrestrial networks are not available. In that way, Non-Terrestrial
Networks (NTNs) create opportunities to extend tactical communications
and application services. Non-terrestrial networking is shown in Figure 1.
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Figure 1 — Non-terrestrial networking presentation
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Also, some of interesting 5G device-to-device use cases for the
military are vehicle-to-everything communication (V2X) and soldier safety.
The block scheme of the V2X communication modes is presented in Figure
2.

Figure 2 shows the basic concept of V2X communication modes
where in some combat scenarios the combat and command vehicle as the
main 5G station is interconnected with other combat vehicles by the
Vehicle-to-Vehicle (V2V) mode, with soldiers by the Vehicle-to-Soldier
(V2S) mode, with field command posts by the Vehicle-to-Network (V2N)
mode, and with stationary command posts by the Vehicle-to-Infrastructure
(V2l) mode using 5G communication infrastructure.

Wherever the network coverage is available, V2X (Vehicle-to-Vehicle,
Vehicle-to-Infrastructure, Vehicle-to-Soldier and Vehicle-to-Network) can
be supported via the stations using the URLLC functionality of NR together
with edge computing to deliver low latencies. To support military safety
applications, enhancement to the side link and proximity services are
introduced. An example of the usage is when sidebank power saving
features are introduced for handheld or manpack devices which are also
used as position devices designed to communicate directly with combat
vehicles in order to provide soldier safety.
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Figure 2 — V2X communication modes
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Next, in the available literature, there are elaborated examples of
different scenarios in several 5G military application domains which refer
to deployable Communication and Information Systems (CISs), land
tactical operations, maritime operations, and static communications
(Bastos et al, 2021).

From the military point of view, Releases 18 and 19 are interesting
because of their focus on Al/ML. Different forms of artificial intelligence
incorporated in 5G communications can support military operations in
order to provide operational success in various situations and scenarios
as well as asset survivability through, first of all, faster situational
awareness based on efficient data sharing together with effective
collaborative decision making. Also, in 5G, the military’s network Al will
apply different techniques to provide an appropriate level of intelligence to
connect different domain architectures and perform dynamic
reconfigurations of the network topology at the edge in order to increase
node and data security and to be more resilient to attack. The ML and
heuristics as forms of Al will enable automation in the process of tracking
and predicting the position of military units and resources, using the
weather forecast systems, detecting different obstacles, rapidly rebuilding
parts of the infrastructure, and expanding or contracting the network as
needed. Al can support deploying swarms of drones in order to form
autonomous, adaptive 5G cellular relays stations, which can continually
adjust their positions to optimize network communications for mobile
combatants and military equipment. For Al, data collection and processing
is necessary to be performed between network edge devices and clouds
or data centers. 5G and Al together can better support combatants,
improve equipment survivability, and contribute to mission operational
success in the battlefield.

Finally, different international organizations including NATO bodies
and the European Defense Agency (EDA) have considered models of
usage of 5G technology for military operations. Generally, they recognized
5G usage potential and benefits for defense reasons especially in the
areas of deployed facilities, support, and battle zones (Zmystowski et al,
2023).

Conclusion

One of the main ways to represent slicing as a powerful tool is to apply
this technology in 5G and beyond to mobile communication systems. On
the other hand, an important feature of the 3GPP Releases 15 and 16 is
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that they pave the way for the introduction of 5G and 5G Advanced as well
as for further development.

In the next period, it will be enabled for use cases to increase mobile
broadbands. This is the time of industrial productivity resulting from the
introduction of Release 16 and Release 17. The initial 6G networks will
start with basic research. Network slicing is one of the types in 3GPP
Release 16 and further addressed in Release 17 which were in progress
in 2021 and 2022, respectively. This motivates an integration of security
aspects in network slicing. Also, Release 18 which represents the first
release named 5G Advanced puts the main focus on Al, ML and XR.
Release 19 as the second release of 5G Advanced with its new capabilities
and efficiency such as a set of features which will offer services based on
extended reality as well as enhancements in AlI/ML will be the next step
towards 6G technology.

Next, Release 20 as one more step closer to 6G is expected in the
near future.

It is evident that the 5G and emerging 6G landscapes are extremely
complex with many complementary technologies and standardization
effects, spectrum usage models, and industry-driven consortium
developments. In the next period, in no more than five years, it will be
evident that 5G and beyond networks will enable different use cases and
mobile broadbands to increase. This relates, first of all, to the 3GPP
features to be provided with Release 16 and 17. The end of the decade
will witness the appearance of the initial 6G networks, already in
development.

The standardization process for 5G different functionalities and
capabilities contained in 5G Releases up to now as well as in the near
future are recognized as the key enablers suitable for implementations in
the military environment in modern warfare in order to provide: support for
enhanced communication; control and operational efficiency; real-time
data processing and support for ISR; autonomous and remote operations
capabilities; improved network-centric warfare as well as the
interoperability concept and cybersecurity challenges and resilient
communications.
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TIPO DE ARTICULO: articulo de revision

Resumen:

Introduccién/objetivo: El presente articulo de revision trata sobre el proceso
de estandarizacion de la tecnologia 5G y mas alla y su impacto en las
comunicaciones militares.

Métodos: Se proporcionaron métodos dominantes como analisis y sintesis
para considerar los aspectos clave del proceso de evolucién de la
estandarizacion 5G a través de presentaciones de los roles de diferentes
lanzamientos de estandares del Proyecto de Asociacion de Tercera
Generacion (3GPP) y su implementacion y uso en el entorno de redes de
comunicacion militar.

Resultados: Se presentan los antecedentes y las areas clave en la
evolucion de 5G y mas alla. Ademas, se discuten la estandarizacion de 5G
y los problemas y desafios militares.

Conclusiéon: La estandarizacion para 5G y el panorama emergente 6G es
extremadamente compleja y altamente innovadora con muchos requisitos
impulsados por la industria y la sociedad en rapida evolucion. Las
organizaciones de desarrollo de estandares, la industria y el mundo
académico necesitan colaborar en la estandarizacion para facilitar la
interoperabilidad mundial. EI documento ofrece una descripcion general de
las funcionalidades de estandarizacién y los esfuerzos para mejorar el
rendimiento del sistema 5G, asi como su impacto en las comunicaciones y
servicios militares. Analiza las areas de mejoras principales para las
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caracteristicas existentes y la expansion a nuevos casos de uso e
industrias, asi como al uso militar a través de las versiones 3GPP,
comenzando con la version 15 como 5G Basic, pasando por la 16 y 17
como 5G Evolution, hasta la 18 y 19 como 5G Advanced que preceden a
la proxima version 20 y la red 6G inicial cuyo lanzamiento se espera para
fines de esta década.

Palabras claves: la tecnologia de quinta generacion (6G), lanzamientos
del proceso de estandarizacion 5G, funcionalidades 5G,
interoperabilidad 5G.

CTaH,lJ,apTI/I3aLI,I/IF| TexHonormm 5G u He TOMbKO: BNIMSIHWE Ha BOEHHbIE
KOMMYHUKauunm

3opar M. Munnuesny?, 3opaH C. Bonkosuy®,
Hamawa 3. bonkoBuy®, TaHs M. >KnusonnHosmy®

@ BoopyxeHHble cunbl Pecnybnukn Cepbus, MeHepanbHbiii WTab,
YnpaeneHne TenekoMMyHUKaumi U MHPOPMaLIMOHHLIX TEXHOMOrMn (J-6),
r. benrpag, Pecny6nuka Cep6usi, koppecnoHaeHT

6 Benrpaackuin yHuesepcuteT, . Benrpag, Pecny6nvka Cepbus

& Benrpafckuit yHuBepcuTeT, hakynbTeT JOPOXHOIO ABUKEHMS,
r. benrpag, Pecny6nuka Cepbus

PYBPUKA TPHTWU: 49.33.29 CeTu cBa3n
BWO CTATbW: o630opHas ctaTtes

Peswome:

BeedeHue/yenb: [NpedcmaesneHHass 0030pHasi cmambsi  MocesieHa
npoyeccam cmaHOapmusayuu mexHonoeuu 5G u nocnedyrowux
mexHonoauli, a makxe ee 8/USHUI0 Ha B0€HHbIE KOMMYyHUKaUUU.

Memodei: Ha paccmomperue bbinu 8biHeceHb! GOMUHUpYrowue Memookl,
makue KaK aHa/u3 U CUHMEe3 KITIo4es8bIX acreKkmoes rpouecca pas3gumusi
cmarO@apmu3zayuu 5G nocpedcmeom rnpe3eHmauuu porel pasuyHbIX
ebinyckoa cmarHOGapmoe [poekma napmHepcmea mpembeao MOKOIEHUST
(3GPP), a makxe e20 8HeOpeHUsI U UCIO/b308aHUs1 8 cpede 80€HHbIX
cemel ces3u.

Pesynbmambi: B cmambe ripedcmaerneHbl npedbicmopus, KiodYeable U
npoyue obnacmu paseumus 5G. Takxe obcyxdaromcs npobremsl
cmarB@apmu3sayuu 5G, 80eHHbIE 80POChI U 8bI308bI.

Bbigodbi: CmaHdapmu3sayusi 5G u ¢hopmupyrowie2ocsi pbiHka 6G
se/1iemcsi ype3sbiyaliHo CHOXHOU U UHHO8aUUOHHOU OesimesibHOCMbIO,
MOCKOMbKY MHO2Ue mpebosaHusi, NPedbsssieMble MPOMbILUIEHHOCMbIO U
COUUYMOM 8 UesloM, CKOpOMmeYHO MeHsitomes. B OanHoU cessu
op2aHu3ayusim, 3aHUMarWUMCs paspabomkoli cma+O@apmos,
MPOMBIWIIEHHBIM rPednpusmMuUsiM U Hay4YHoMy coobuecmeay Heobxodumo
compyOHU4amb 8 obsiacmu cmaHdapmu3lauyuu Onsi moeo, 4mobbl
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obecrnequms cosMecmumMocmb 80 8ceM mupe. B cmamee npedcmasrneH
0630p QYyHKUUOHaIbHbIX 803MOXHOCMeU cmaHdapmusayuu u ycuut rno
M08bIWEHU0 npou3sodumeribHocmu cucmembl 5G, a makxe ee 6/usiHusI
Ha 80eHHYI0 c853b U ycriyeu. Takxe 8 cmambe aHanusupyromes obracmu
enasHbIX yryduweHul cyuecmsyrowux yHKUUU U ux pacrnpocmpaHeHust
Ha  Hoeble  eapuaHmbl  UCIMOMb308aHUS8  pasHbIX  ompacrisx
MPOMbIWIIEHHOCMU, 8 MOM YUC/Ie 8 80EHHOM MPUMEHEHUU C MOMOWbIO
ebirnyckos 3GPP, HaduHas ¢ 15-20 ebirycka nod HasgaHuem 5G Basic,
npodomkasa 16-m u 17-m nod HazeaHuem 5G Evolution u 3akaH4yueasi
ebinyckom 18-m u 19-m nod HazeaHuem 5G Advanced, komopble
npedwecmeytom ripedcmosiwemy 20-my ebirlycKy u nepeol 6G cemu,
3aryck Komopoli oxxudaemcsi 8 KOHUE 3mo20 0ecamuiemus.

Knrouesbie crioga: mexHosnoausi rnsimoeo rnokomneHuss (56N, ebinycku
npoyecca cmaHOapmu3ayuu 5I, yHKyuoHarbHble 803MoxHocmu 5l
cosmecmumocms 5[,

CraHgapausauuja 3a 5[ TexHonorujy: ytuuaj Ha BojHe KOMyHUKauuje n
ocTtane obnactu

3opaH M. Munuuesuh?, 3opaH C. Bojkosuh®,

Hamawa C. bojkoBuh®, Tara M. XXusojuHoBuh®

2 Bojcka Cpbuwje, NeHepanwTab, YnpaBa 3a TenekoMyHukaumje u
nHcopmaTuky (J-6), Beorpaa, Penybnvka Cpbuja, ayTop 3a npenucky

6 Yuusepautet y Beorpagy, Beorpan, Peny6nuka Cp6uja

B YHuBep3uteT y Beorpagy, CaobpahajHu dakynrer,
Beorpag, Penybnuka Cpbuja

OBJIACT: TenekomyHukaumje
BPCTA YITAHKA: nperneaHu pag

Caxemak:

Yeod/yurb: Osaj npeeanedHu pad b6asu ce rpouyecom cmaHdapdusayuje 3a
mexHoroaujy neme 2eHepauuje (5) u mweHUM ymuuajem Ha e60jHe
KOMyHUKauuje u ocmarne obnacmu.

Memode: [JomuHaHmHe Memode Kao WMO Cy aHanusa u cuHmesa
KopuwheHe cy 3a pasmampaHe Kiby4YHUX acriekama rpoueca esorsiyyuje
cmaHOaplusauuje 5 kpo3 npeseHmauyuje yroza  pasIUHUMUX
cmaHOapOHuUx uslarba [lpojekma napmHepcmea mpehe zeHepauyuje
(3ITIM) u Hesoge umnnemeHmMauuje U yrnompebe y OKPYXeHy B0JHUX
KOMYHUKaUUOHUX Mpexa.

Pesynmamu: [lpedcmasrbeHe cy no3aduHa U Kiby4dHe obracmu y
esonyyuju 5. Takohe, duckymyje ce o cmaHOapdusayuju 5 u eojHUM
numarbuma u uzazosuma.

Sakrbyuyak: CmarOaplusauuja 3a 5 u 67 OKpyxere y Hacmajary
U3y3emHO je crioxeHa U eeoMa uHosamusHa U Mopa 3a0080sbUMmu MHoze
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3axmeese uHOycmpuje u Opyuimea Koju ce bp3o pa3ssujajy. OpaaHu3ayuje
3a pas3eoj cmaHOapda, uHOycmpuja U akadeMcka 3ajedHuuya mopajy Oa
capaflyjy @ Ha  cmaHOaplusauuju kako 6u ce  onakwana
uHmeponepabunHocm wupom ceema. Y paldy cy HasedeHe
yHKYuoHanHocmu cmaHOapdu3ayuje u Hacmojarba 0a ce rnoborbwajy
nepgpopmaHce 5" cucmema, Kao U He208 ymuuaj Ha 80jHe KOMyHUKauuje
u ycniyee. AHanuaupaHe cy obriacmu gesnukux noborbwarka 3a nocmojehe
¢byHKYUje u npowuperba Ha Hoee criy4ajese ynompebe y uHlycmpuju, kao
U 3a 80jHy yriompeby kpo3 usdarsa 3ITIl, noyeswiu 00 usdarsa 15 kao 5
OcHosa, npeko 16 u 17 kao 5I Paseoj, na Hasuwe do 18 u 19 kao 5
Hanpednu koju npemxode npedcmojehem usdarwy 20 u noyemHoj 6
MpeXU Yuje ce naHcupar-e o4yekyje 00 Kpaja oge deueHuje.

KrbyyHe pedu: mexHorioauja neme eeHepauuje (5I), usdara rpoueca
cmard@apousauuje 5I, b pyHkyuoHanHocmu, 5" uHmeponepabunHocm.
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CABPEMEHO HAOPYXAHE 1 BOJHA OMNPEMA
COBPEMEHHOE BOOPY>XEHVE 1 BOEHHOE OBOPYJOBAHVE
MODERN WEAPONS AND MILITARY EQUIPMENT

HoBM BUCOKOEHEPreTCKN Naku fiacepckn cucteMu'’

LITE BEAM

Nspaencka opnbpambeHa komnaHuja Rafael Advanced Defense Systems
HajaBuna je yBohewe HajHOBWje Bep3uje CBOI BMCOKOEHEpreTcKor racepckor
cuctema opyxja LITE BEAM Ha nsnoxbu ogdpambeHnx cuctema (AUSA) 2024.
roauHe. Cuctem je npojektoBaH 3a 6p30 1 NPeLnsHO HeyTpanucarwe NpeTHhn 13
BasgyLlHOr npocTopa, YKibydyjyhu pojeBe ApOHOBa, U MNpeacTaBrba 3Ha4vajaH
Hanpedak y npeumsHoj oabpaHun. Oeaj nacepcku cuctem oa 10 kW HamerseH je
noborbllaky 3aWTUTe cHara y MObunH1MM KONHEHUM onepauujama, KOMOMHyjyhu
edmKacHOCT ca ucnnaTneom ynotpebom.

lMNozodaH 3a naka eo3una, LITE BEAM ce moxe pacriopedumu y pasnuqyumum
orniepamusHUM 30Hama, Wwmo My oMoayhaea da ce cynpomcmasu WupoOKOM CrieKmpy
npemmbu, 00 OpoHo8a U pakema 00 MuHobauaykux epaHama. (M13eop cpomoepachuje:
komnaHuja Rafael Advanced Defense Systems)

1 Defense News Army 2024 (7 October, 15 October, 8 October)
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LITE BEAM npepnctaBrba [eo cTpaTervje komnaHuwje Rafael 3a
npoLUMpere NPUMEHe opyXja YCMepeHe eHepruje 3a cy3bujate pasHnx NpeTHu
u3 BasfgylHor npoctopa v ca 3emrbe. OBaj MobunHM mMogen npeacTasrba
apgantauujy Padaenosor cuctema lron Beam, doukcHor nacepa og 100 kW koju
MOXe Aa YHULLTU MeTe Ha yaarbeHOCTU 04 HEKOJTUKO K1roMeTapa.

MorogaH 3a naka Bosuna, LITE BEAM ce wmoxe pacnopegutn y
pasnMuMTMM onepaTMBHUM 30Hama, WTo My omoryhaBa Ada ce CynpOTCTaBu
LUMPOKOM CMEKTPY MpeTHW, o4 APOHOBa M pakeTa A0 MUHODauavkux rpaHara.
Mopen Tora, oBaj cucTeM MOXe fda HeyTpanuwe wuaeHTudrkoBaHe
umnpoBm3oBaHe ekcnnosvmeHe Hanpase (IED) u gpyre npetwe ca 3emrbe, LWTO
ra Y HM CBECTPaHUM Ha BOjHOM NorbY.

Hoea Bep3awnja cuctema LITE BEAM, npenctaerbeHa Ha cajmy AUSA 2024,
nva nosehaHu kanauutet of 10 kW, y ogHocy Ha npetxogHux 7,5 kW, na ce
MOXe nopeauTu ca cuctemMuma kao wTo cy Jupiter komnauvje MBDA n
Rheinmetall. Ca edeKkTMBHUM OOMETOM Of HEKOMNWKO CTOTUHA MeTapa [0 OKO
2.000 m, LITE BEAM ce oanukyje cnocobHowhy ga npeumsHo npatn uuroese
nyTeMm HanpegHor cuctema npahewa, Koju ce Takohe Moxe WHTerpucatm y
apyre cucteMe npoTtms 0ecnunoTHux netenuua (C-UAV).

Hberosa moaynapHocT omoryhaea vHcTanauujy Ha pasnuyuTe nnatgopme,
ykrbyyyjyhin oknonHa soauna, 6pogose n dukcHe 3emarscke nnatdgopme. LITE
BEAM je dbniekcubunaH, jep ce MoOXe Hanajatv unu au3en reHepatopuma unm
BGaTepujama, y 3aBUCHOCTU 0, onepaTMBHUX notpebda.

TexHonornja BUMCOKOEHEPreTCKMX facepckux cuctema 6p3o Hanpeayje u
Kog ApyrMx MeRyHapoAHWX KOHKypeHaTa, Kao WTo cy komnaHwje MBDA,
Rheinmetall, Lockheed Martin n Raytheon koje Takohe pa3ssujajy pelwiera og 10
kW. Mehy wuma, cuctem ATHENA komnanuje Lockheed Martin omoryhasa
KoMbuHOBaH-€ BuLLE flacepa kako 6u ce nocturna manasHa cHara og 30 kW, gok
je cuctem komnanunje Raytheon HELWS npojekToBaH 3a eKCTPEMHY MOBUINHOCT
N MOXE Ce UHCTanmMpaTy Ha 0BMYHO TEPEHCKO BO3WIIO.

Mako je jow yBeKk y paHoj hasn passoja ca MHOMMM cuUCTeMuMma, Y
UCTpaXMBaky WM TecTupaky, OBa TexHosorvja npeacraBrba noTeHuujan 3a
oyoyhe opbpambeHe annukauuje. CnocobHocTt cuctema LITE BEAM pa
06e36eaum 6p3y u NpeLmsHy nacepcky oabpaHy y MOBGUNHOM CNeKTpy Hanpeaak
je komnaHuje Rafael y oBoj obnacTtu, jep ra no3vuMoHUpa Kao MOTEeHUMjarnHo
CTpaTeLLKO CPeACTBO 3a cy3bujare HOBUX NPEeTHU.

Stryker C-UAS DE

KomnaHuje Leonardo DRS w BlueHalo npowussene cy HOBY BapwjaHTy
6opbeHor Bo3una newaauvje Stryker, knacudukaumnje 8x8, koja npeacrasrba
cuctem 3a oabpaHy o 6ecnunoTHMX NneTenuua YCMEepeHOM €HEeprujoM umm
Counter-Unmanned Aircraft System (C-UAS) Directed Energy (DE) Stryker. Oa
Bep3vja 6opbeHor Boauna, Koja je npeAcTaBibeHa Ha U3NoXOM Haopyxaha
AUSA 2024, onpemsrbeHa je nacepcknm YCMEpPEHWM EHEPreTCKUM OpyXjem,
nacepcku BoheHum paketama 70 mm, aytomaTtckum torom 30 MM M pasHUM
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pagapuma u ceHsopumMa. KomnaHwje cy HegasHo u3Bene 6ojeBy geMoHcTpauunjy
Y KOjOj Cy ycneLuHo HeyTpanucaHe meTe 6ecnunoTtHe netenuue rpyne 1-3.

T

':(, LECIN "B »~"— :

] ;
Counter-Unmanned Aircraft System (C-UAS) Directed Energy (DE) Stryker onpemrbeH je
J1acepcKu yCMepeHUM eHep2emcKuM opyxjeM, nacepcku eoheHum pakemama 70 mMm,
aymomamckum morom 30 MM u pa3Hum padapuma u ceH3opuma. (M3eop pomoepadpuje:
Army Recognition)

sl

Tokom pemoHcTpauuvje, koja je oapxaHa 2024. npen 3BaHUYHMUMMA
amepunyke Bojcke y Cokopy, y HoBom Mekcuky, mobunHu cuctem C-UAS
KOpUCTMO je nacepcku opyxaHu cuctem (Locust Laser Weapon System)
BlueHalo 26kW TokoM ABa paHa. [lokasaHo je ga oknonHo Bosuno C-UAS
Directed Energy (DE) Stryker moxe 6utu nnatcgopma 3a nacepcko u gpyro
opyxje 3a 6opby npoTMB Bas3dyxOmnnoBa W KOMHEHUX LUMIbEBA, YKIbydyjyhu
nacepcko opyXje M OarbUHCKy OpYxHY cTanuuy (RWS) kanmbpa30 mm 3a
rahawe yuro-esa.

Mpema HaBoguma komnaHwuje Leonardo DRS, 0BO yCMEpPEHO €HEepreTcko
opyXje, nocTaBrb€Ho Ha MOOBMMHOj nnatdopmu y 3agkem Aeny OKMNOMHOr
Bo3una Stryker 8x8, moxe ga ce 6opu npotns BecnunoTHMX netenuua rpyne 1,
2 n 3 (UAS). Takohe, MOxe ce cynpoTCTaBUTU BeCnNUNOTHUM feTenuuama mace
0o 600 kr koje gocTXy BUCKMHE of 5.486 M n Op3nHe go 463 kv/x. Locust Laser
Weapon System je nacep op 26 kW, Bpno je mobunaH u omoryhaea 6p30
pacnopehuBawe. [lopen Tora, WHTErpuwe enemMeHTe 3a KOHTPONy CHoMa,
nopaBHakbe, CHary n TepMuyKy perynauujy yHytap KOMNakTHOr Au3ajHa Koju ce
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MOHTMpa Ha Knu3ade, wTo omoryhasa Aa ra nomepajy ctaHgapgHa Bo3una kao
LUTO CY BUIbYLUKapu U KAMUOHN.

Cuctem je onepaTtuBaH y poky o 15 MUH 04 nNocTaBrbaka, a KOHTponuLle
ra jegaH onepartep npeko MpeXHor mHTepdejca. HberoB MogynapHu ausajH
omoryhaBa ©Op3y 3amMeHy MojeAMHa4YHUX MOACKIONOBa, Moapxaeajyhu
MUHMManHo Bpeme 3acTtoja. Ca ckanabunHum oncerom usnasHe cHare of 2 oo
20 kW, cuctem ce 6GpaHu o BULLECTPYKMX MPETHU M3 Ba3gyLUHOr NMpocTopa
nomohy nyncHor gonnepa, enekTpoHCKM CKeHMpaHOr pagapa 3a NOKPMBEHOCT 04
360 crtenenn. Takohe, nogpxaBa onepauunje NpoTuUB GECnUNOTHUX neTenuua,
NPOTUBBAa3L4YXONMOBHY OAOpaHy N AETEKTYje HenpujaTerbCcKy BaTpy.

Ca ckanabunHum orice2om usnasHe cHaze 00 2 do 20 kW, cucmewm ce 6paHu 00
suwiecmpyKux rnpemru U3 8a3dywHoe npocmopa rnomohy nyncHoe donnepa,
€eN1eKMPOHCKU CKeHUpaHoz padapa 3a rnokpuseHocm od 360 cmeneHu. (U3eop

¢pomoepacpuje: BlueHalo)

KpatkoTanacHa uHdpaupBeHa kamepa SWIR ob6es3behyje Benukun 6poj
¢pejmoBa, uamehy 500 n 2.500 Hz, ca TpocTpyknum yBehawem u ykrbyuyyje
6e3benaH nacepcku parbMHOMep 3a npeumsHo npahewe. OcBeTrbMBay ca
NMOLECMBOM BEMUYMHOM Tauyke nobosbliaBa ChUKY Yy pasfnuynuTtMM YCroBuMMa.
CeHszopu 3a aksusuuumjy page Ha 120 Hz ca pesonyuujom og 1280 x 720,
nokpmeajyhm v BUArbMBM U cpefweTanacHn uHdppaupseHn MWIR cnekTap,
omoryhasajyhu Wwmnpoko nosbe npahewa Manunx LurbeBsa.

MpunarogreMeBM CUCTEM Hanajaka MOXe Aa KOPUCTU KOoHdurypauuje
OaTepuje, reHepaTopa UM KOMHEHE eHepruje n ykibydyje MHTErpucaHn cuctem
xnahewa koju omoryhasa npeko 100 ¢ HenpekugHOr nacepckor paga ca
uuknycom of 25%. KapoaH obesbehyje potaumjy asumyta 3a 360 cteneHu u
pacnoH enesauuje og -30 go +90 cTeneHu, WTO rapaHTyje wupoke MoryhHoCTn
npahema.
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UpaHcKu (KUHecku) iacepcku cucmem

UYUaHn ce pa je WpaH onpemibeH HOBMM HamnpegHuUM  facepcKum
ogbpambeHnm cuctemom, cyaehu npema doTorpadumjym objaBrbeHoj Ha X
Hanory Mehdi H 4, oktobpa 2024. roguHe. lNpBe aHanu3e cyrepuwly ga 6u osaj
nacepcku cuctem morao 6utu kuHeckm Shen Nung (BoxaHcku dapmep) —
nacepckun opbpambenn cuctem Shield 3000/5000, Takohe nosHaTt kao ,Tuxm
noesay’. Morno 6u ce 3akbyuutu pa je WMpaH moxaga HabasBuo oBy
HajcaBpeMeHujy TexHomornjy kako 6u noborbwao cBoje opbpambere
CNocoBHOCTN NPOTUB NPETHU HA ManMm BUCMHaMa.

UpaHcku nacepcku 0dbpambeHu cucmem Shield 3000/5000

Shield 3000/5000je onbpambeHn cncTem 3a Hanag Ha UMibeBE Ha Manum
BucuHama (LASS), kojer kapaktepuwie CnocoBHOCT da uwurba U HeyTpanuiie
B6ecnunoTtHe netenuue (UAV) u gpyre Huckonetehe objekte. BapujaHta , Tuxu
noeau” je CUCTEM FlacepcKor opyXja Ha enekTPU4HM MOroH pasBujeH y KuHu.
Benvka nsnasHa cHara y pacnoHy og 30 go 100 kW omoryhasa my fa edukacHo
raha yurbese Ha pa3nuunMTuM JOMeTMMa U BUCMHaMa.

JedHa of M3y3eTHUX KapakTepucTuka , Tuxor noBua” je Heros MakCumarHu
onepatmBHu gomeT oA 4 kM. Ha yaarseHoctu o 800 mmoxe aa npobuje yenuk
0ebronHe10 MM, WTO yKasyje Ha HeroBy egUKacHOCT MNPOTMB OKMOMHUX
uurbeBa. OBa CNOCOBHOCT YMHU ra 3Ha4yajHMM CpeacTBOM 3a cy3bujare pojeBa
OpOHOBa U 3alUTUTY KPUTUYHE WHAPACTPYKType o nNpeThu u3 BasgyLuHoOr
npocTopa.
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HepnasHe opbpambeHe Bese wu3mehly WpaHa wn KuHe oppaxaBajy
nponyorbnBake CTpaTeLllkor NapTHeEpPCTBa, WTO je noTBpheHo cBeobyxBaTHUM
25-rogniikbum cnopasyMmom o capagwu, notnucadHnm 2021. roguHe. Crnopasym
je HaMereH jayartby MPaHCKUX BOJHUX U TEXHONOLLKUX KanauuTeTa, YyKIbydyje
3aje4HNYKy BOjHY 0OyKy, pasmeHy obaBeluTajHMX nodataka M NoTeHuujanHe
TpaHcepe Haopyxkawa. Takohe, omoryhaBa KuHM ga KOpUCTU uMpaHCcke
Ba3adyxonyioBHe 1 nomMmopcke objekte, nocedHo y lNepcujckom 3anuBy, LITO jaya
nosvuuje obe OpxaBe y peErvoHy ycrned MNpoMeHa reonofnuTUYKUX caBesa.
KuHecka onbpambeHa capagta ykrbydmBana je TpaHcdep TexHonorunje n obyky
pagu jayawa WpaHCKMX CNocobHOCTM MNPOTMB nNpucTyna u yckpahuBama
nogpydja, nocebHo NPOTUB NpeTHM U3 Ba3dyLLHOM NpocTopa U ca Mopa.

Kao peo oBor naptHepctBa, WpaH 6u morao pga p[obuje npuctyn
HanpedHOM KWHECKOM Haopyxamwy, YKIbyyyjyhn cucteme 3a 6opby npoTus
BecnunoTHUX neTenuua, Kao n paketTHy TexHonorujy. Osaj ogbpambeHn cases
nosuumoHupa obe 3emrbe kao cTpaTellky npoTusTexy ytuuajy CAL Ha Bnnckom
nctoky. KumHeckn nacepckum opbpambeHn cuctem ,Tuxm rnoeay”’, HedaBHO
npumeheH y TexepaHy, npeactasrba npumep Moryher TpaHcdepa Haopyxaka
KOjU WTUTK MpaHCKy oabpambeHy MHPacTpPyKTypy of NpeTwn U3 BasgyLuHOr
npoctopa ca Manux BWUCKMHA, O3HayaBajyhu 3HavajaH Kopak Hanpeg vy
OunaTteparnHoj BojHOj capaaMm.

OpyxaHe cHare cmaTtpajy Aa Cy fnacepcku cucTeMyM Beoma eduKacHu y
6opbn npoTuB pAgpoHoBa 3060r HMWXOBE MNPEUU3HOCTM, Op3uHE ©  HUCKKX
onepaTUBHUX TPOLLUKOBA. Jlacepu Mory fa oHecnocobe unu yHuwte 6ecnmnoTHe
neTenuue CKopo TPEHYTHO, LUMIbajyhn HMWUXOBE CEH30pPE WU CTPYKTYpPHE
KOMMOHEHTE, LUTO UX YMHWU MAearnHuUMm 3a CynpoTCTaBibake pojeBMMa Manux,
Huckonetehux ©6ecnunotHux netenuua. OBum cuctemu, Takohe, o06e3behyjy
ckanabunHocT y mM3nasHoj cHasu, omoryhaeajyhm opbpambeHum cHarama na
npunaroge yTpolak eHepruje Ha OCHOBY TuMna MeTe, LWTO je UcCnnatvMeo Yy
nopehewy ca TpaguumMoHanHOM MyHMUMjOM 3a npecpeTawe. [lopen Tora,
nacepcku cucTemMu CTBapajy MMHUMarnHy KonateparnHy WTeTy 1 Mory ga page
HenpekngHo CBe [OK WuMa [AOBOSfbHO CHare, LWTO MX YMHW MOy34aHUM
cpencTeMMa y ogbpaHu oceTrbUBMX fokaumja.

Hekonuko opyxaHux cHara wmpom cBeTa yHanpehyje nacepcke cucteme
opyxja kako 6u ce cynpoTtcTtaBurno pactyhoj npeTwn o4 OPOHOBa U APYrux
uurbeBa y BasayLWHOM NpocTopy. AMepuyka Bojcka, Ha NpuMep, passuja cuctem
nacepckor opyxja Bucoke eHepruje (HELWS) 3a HeyTpanusaunjy 6ecnnmnoTHux
netenuua v pakeTta, ca TeCToBMMa Koju nokasyjy obehaajyhe pesyntate un y
MOKPETHUM W Yy CTauMoHapHUM oabpambeHnm noctaBkama. CrivdHO Tome,
uspaencku ,['Bo3aeHu cHon” (Iron Beam) npeactaBrba nacepckn CMCTEM Benuvke
CHare [aus3ajHMpaH pga npecpehe OecnunoTHe neTtenuue, MuHobauave u
npojekTune wu3 HenocpegHe 6nu3nHe, ponywyjyhm ogbpambeHn cuctem
paketama ,[BosgeHa kynona” (Iron Dome). Y EBponu, Hemauka je Tectupana
COMNCTBEHe nacepcke cucteme y okBupy byHgecBepa 3a cnuuHe ogbpambGeHe
3apgatke npotmB BecnunoTHux netenuua. OBuM passBoju umajy 3a uurb Ada
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o06esbene vcnnaTneo, NPeLn3HO M 0AroBOPHO oabpambeHo pellere 3a NpeThe
OPOHOM KOje eBOnynpajy y CrioXeHoCcTu n obumy.

YBoheHe TakBor cuctema y MpaHcku apceHarn morro 6u nmatu 3HadajHe
UMNIuKaumMje Ha [OuHaMuKy pernoHanHe ©e3begHoctn. To  ykasyje Ha
noTeHumjanHo npoaybrbmBawe BOjHe capage nsmehy VipaHa n Kune, y cknagy
ca CcTpaTelkKMM nHTepecuma obe apxaee. LUtaBuwe, noborbliaBa cnocobHOCT
MpaHa ga OpaHu CBOj BasgylHM MPOCTOP 04 CBe codmcTUUMpaHujux ynaga
GecnunoTHUX neTenuua, KOju Cy MOCTanM KapakTepucTuka MoAepHOor
acMMeTpUYHOr paToBaksa.

HpazaH M. ByukoBuh (Dragan M. Vuckovi¢),
e-mail: draganvuckovic64@gmail.com,

ORCID iD: “E'https://orcid.org/0000-0003-1620-5601

TeHk K3 cnepehe reHepauuje ca NOroHOM Ha BOLOHUK?

Komnanwuja Hyundai Rotem, nogpyxHuua Hyundai Motor Group, HajaBuna
je pa3Boj K3 — npeor 6opbeHor TeHka Ha BOOOHUK Ha CBETY, y NapTHEPCTBY ca
AreHumjom 3a pasBoj ogbpaHe u KopejckuM WUCTpaXunBadkMM WMHCTUTYTOM 3a
nnaHupawe u yHanpehewe onbpambeHe TexHonoruje. [pojekToBaH je Tako Aa
yHanpeau BojHe crnocobHocTn Penybnuke JyxHe Kopeje, OOK MCTOBPEMEHO
ucnywasa rnobanHe uurbeBe eHepreTcke oapxusoctn. OnpemrbeH je
BOOOHUYHUM ropmBHMM henvjama, na ce o4yekyje ga he sameHUTH gusen moTtope
y noctojehum TeHkoBMMa, kao WTO je K2, obes3behyjyhn Tuwe u ckpuBeHuje
ornepaTtmeHe MoryhHocTu.

Capapma nsmehy komnanuje Hyundai Rotem, AreHuuje 3a pa3Boj ogbpaHe
n Kopejckor uCTpauBadkor WHCTUTYTa 3a nNnaHvpawe W yHanpehewe
ogbpambeHux TexHonoruja npeacTaBrba 3HadajaH TEXHONOLWKU Hampeak.
Ouekyje ce na he TeHk K3 6utn onpemrbeH BOAOHUYHUM ropmBHUM henwujama,
HanpegHUM enekTpU4YHMM MoTopuma U nywuBuM baTtepujama, wTo he 6GuTK
€KONOLWKN npuxBaTibuBa antepHaTuBa Amsen motopuma. OBaj MHOBATUBHU
CUCTEM He caMO [a CMakyje emucuje LWTeTHUX racosa, Beh u omoryhasa
OKMOMHOM BO3MNYy fJa pagnm Yy T[OTOBO MOTMAYHOj TULLWHKW,  YBENWUKO
noborebwasajyhm  MOryRHOCTM NPUKPUBEHOCTUM — CYLITUHCKY CTpaTeLlky
NpegHoCT y MOAEPHOM paToBaksy.

MpojekaT TeHka K3 Hyau 3HayajHe onepaTMBHE NPEAHOCTU, YKIbyyyjyhun
MoryhHOCT HaBurauvje Mo TEeWKMM TepeHumMa W CTpMuMM Harmbuma. [lopepg
BOOOHUYHUX ropuBHUX henuja, TeHk he nmaTtu Ton ca rnatkom uesu 130 MM,
3HavajHy Hagorpagwy y ogHocy Ha Ton 120 mm ca TeHka K2, yume ce nosehaBa
berosa BatpeHa moh. Takohe, komnaHuja Hyundai Rotem je oTkpuna nnaHose
3a uHTerpauuvjy BewTadke uHTenureHuuje (Al) y cuctem 3a KOHTpony BaTtpe
TeHka. OBa dyHKUMja, BofeHa BeLUTAYKOM WHTENUreHuujoM, nma 3a uurb aa

2 Defence & Security Industry Technology 2024, 31 October
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noborbla cnocobHocTu rahawa u npeuusHoctu K3, gajyhm my npegHoct vy
NPeBEHTUMBHUM yaapuma v 6p3oj NpoLeHn NpeThe Ha 60jHOM Nosby.

Mponssoawa TeHka K3 ca nyHMM MOrOHOM Ha BOAOHMK MflaHMpaHa je 3a
2040. roguHy. Kao npenasHo pewemne, KomnaHnuja Hyundai Rotem he npBo
npeacTaBvUTU XMbpmnaHn moger, komouHyjyhu cucteme gusena u BogoHunka. Oea
npenasHa asa omoryhuhe Bojcun JyxHe Kopeje Oa WUCKOpPUCTU Heke of
NpegHoOCTN TEXHONOornje BoAOHMKAa JOK ce Mpunpema 3a NoTrnyHW npenasak Ha
OBaj U3BOp eHepruje. 3BaHn4HMUM KoMnaHuje Hyundai Rotem noTBpannu cy ga
he oBa xubpuaHa Bep3nja yckopo OMTU onepaTuBHa, nogpxaeajyhu cTparteLuke
unrbeBe JyxxHe Kopeje ca cmaweHMM emucujama Ha GojuwiTy, y3 ogpkaBare
CHaXkHe BOjHEe e(pMKaCHOCTMW.

Pa3Boj TeHka K3 je y cknagy ca wumpum TpeHOOM NpUMeHe BOAOHWYHOT
ropuea y rnobanHom cektopy ogbpaHe u TpaHcnopTta. Komnanuja Hyundai Beh
je nosHaTa MO CBOM MUOHMPCKOM pajy Ha ropmBHMM henujama un npolunpyje
CBOjy eKCrnepTu3y Ha BOjHY TexHonorujy, gonpuHocehu eBonyumju pellerwa 3a
MoGUMHOCT Ha 6a3u BogoHMKa. Ha npumep, KomnaHwuja je paHuje capafhuBana ca
KnHeckoM komnaHujom WeRide Ha ayTOHOMHUM BO3MnMMa Ha BOOOHUK. CnnyHO
Tome, y CjeguwbeHum [IpkaBama Hanpegak y TEXHONOrMjM BOOOHUKA M3a3vBa
Tanace y koMepuujanHoM 1 BOjHOM NMOMOPCKOM TPaHCMOPTY, ca NPojekTMMa Kao
wto je ,Sea Change”, npBu TpajeKT Ha BOAOHMK Koju je ogobpuna amepuyka
obancka cTtpaxa, koju he yckopo 6uTu NopuHyT y 3anmey y CaH ®paHumcky.
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BopoHnyHa ropmsHa henuja pagm Tako WTO npeTBapa BOAOHWUK U KUCEOHMK
y €enekTpuYHYy eHeprujy, BoAy M TOMMOTY NyTEM enekTpoXemwujcke peakuuje.
Cactoju ce op Tpw rnaBHe KOMIMOHEHTE: aHode, KaTtode W enekTponuta.
BogoHuk, yckmaguwTeH y pesepBoapy, ybpusraBa ce y aHody, rge ce
KaTanus3oM genv Ha NpoToHe U enekTpoHe. [PoTOHU Nponase Kpo3 enekTponuT
Aa 6u cturmu go katoge, OOK eNnekTpOoHM, HecnocobHu aa npefly enekTponuT,
nporase Kpo3 crorballhe Koo, ctBapajyhu ynotpebrbmBy enekTpudHy CTpyjy.
C popyre cTpaHe, KMCEOHWK, Koju ce OBMYHO upnu M3 Basdyxa, yBogou ce Ha
KaTody, roe ce kKOMOWHyje ca MpOTOHMMa W enekTpoHuma u dopmupa Boay,
4YNCTU HyCnpomn3BoA oBe peakumje. OBa TexHonoruja, koja emuTyje camo Bogy U
Tonnoty, obesbehyje oapxus nsBop eHepruje 6e3 sarahewa; ngeanHa je 3a
annvkaumje Koje 3axTeBajy HWCKe aKyCTUYHE M TepMUYKEe KapaKTepucTuke, Kao
LUTO Cy CTENT BOjHe onepauuje.

Y cykoBy nomnyT oHOr y YKpajuHu, TeHK Ha BOAOHUK O6W MMao 3Ha4ajHe
cTpaTelke npegHoCcTH, MOCeBHO y CMUCY MNPUKPUBEHOCTW, ayTOHOMWjE U
OMnepaTMBHOCTN y HeMnpujaTerbCKUM OKpyxewunma. 300r HWUCKOr TepmarsiHor
ofpasa, TeHK Ha BOAOHWYHWU MOroH By OMMO Texe OTKPUTM WHEPaLPBEHUM
cMcTemMuma 3a Hagaop, WwTo 6u omoryhmnno anckpetHe MaHeBpe, HOhHe naTpone
WU MHUNTPauMjy usa HenpujatesbCkux nuHuja. Hberosa nosehaHa ayTtoHoMuWja
O6u, Takohe, omoryhuna OKMoOMHMM jeaMHMUaMa gda npogpy nayorbe vy
HenpujaTerbcky TepuTopujy 6e3 Yector aonywaBara ropmsa, LUTO je AparoueHa
cnocobHocT y obrnacTuma ca CNnoXeHUM NOrncTUYKUM naHumma cHabaesama.
Mopepn Tora, nponssoara camo BoaeHe nape 6e3 3arahyjyhux emucuja y4mHuno
O6u pesepBoap OTMOPHUM Ha AerpagupaHo WU KOHTaMUHMPAHO OKpYXeHse,
TMNU4YHO 3a ypbaHa u uHAOycTpujcka nogpydja norofleHa patoM. Cmamerem
ocnakara Ha docunHa ropusa, oBa BpcTa Bo3una 6y onakwana noructuyke
3axTeBe U 3aWTMTUNa nuHuje cHabgeBawa, KOju Cy YeCTO pawMBU Ha LUuIbaHe
Hanage. KoHayHO, TMXM pag BOAOHUYHE TEXHOSOTMje MOHYauo 6u KibyuHy
npegHoCT 3a 3acedHe akTUBHOCTW WM OAbpaHy y LYyMOBUTUM Unn ypbaHum
nogpy4juma, omoryhaeajyhu TeHKy fja OCTaHe HEOTKPMBEH A0 noyeTka 6opbeHor
gejctBa. [akne, TEHK Ha BOOOHWYHWM MOrOH Morao OvM Ja oAroBopu Ha
jedMHCTBEHE M3a30Be caBpeMeHOor cykoba, nonyT oHor y YKpajuHu, Hyaehu
koMOMHaUWjy AucKpeumje, ayTOHOMMje M OTNOPHOCTM Ha XUBOTHY CpeauHy, LITO
61 3HayajHO Ojayarno onepaTMBHE CNOCOOBHOCTUN Ha TEPEHY.

MpojekTn pasBoja BOjHMX BO3UNA Ha BOAOHMK AobGWjajy Ha rnobanHom
3amaxy, nako je JyxHa Kopeja, ca cojum TeHkom K3, y npsom nnany. Opyre
3eMmrbe 1 ogbpambeHe koMnaHuje Takohe MCTpaKyjy noTeHuujan BOOOHMKA 3a
BOjHY MPUMEHy, Mako cy y TOMe Make Hanpegosane oA komnaHuje Hyundai
Rotem .

Y CjegureHnm [pxaBaMa BOjcka NpoLekyje OOPXMBOCT BOOOHMKA Kao
neo csor nporpama Next Generation Combat Vehicle (NGCV). KomnaHuja
General Motors Defense je, Ha npumep, passuna npototun ZH2, TepeHcko
BO3MIIO Ha BOOOHUK MPOjEKTOBAHO 3@ aMepuyKy Bojcky. OBaj mogen nma 3a Lurb
Aa Tectupa MoryhHOCTU NPUKPMBEHOCTM N ayTOHOMMWje BOAOHWYHE TEXHOOormje
3a mucuje. MNopen Tora, komnaHuje BAE Systems u Oshkosh Defense, ppa
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rmaBHa opbpambeHa wmsBohaya, Takohe uCTpaxyjy XubpuaHe U BOOOHWUYHE
TexHonoruje 3a 6yayhe npuMmeHe, nako je HuxoB OKYC 3a cafa NPBEHCTBEHO
Ha XMbpugHUM BO3NNNMA.

Y Eponu, nporpam MGCS (Main Ground Combat System), 3ajegHo Boge
koMmnaHuje Krauss-Maffei Wegmann (KMW) n Nexter. Pagn ce o Bogehem
npojekTy 3a pa3sBoj 6yayher eBponckor 6opbeHor TeHka. [ok cy jow y ¢asn
crneumdukaumje, pasmartpajy ce xubpugHe n BOAOHMYHE onuuje Kako O6u ce
cmarune emucuje n nobosebana npukpmseHocT. KomnaHnvja Rheinmetall, koja
je Takohe ykrbyyeHa y npojekaT, UCTpaxyje anTepHaTMBHa pellewa 3a MOroH,
anuv Hyje AoHena KoHa4YHy oA4JyKy y BE3W ca YyCBajakbeM TEXHOIOMMje BOAOHMKA.

JanaH je Takohe 3aumHTepecoBaH 3a BOAOHMYHE ropuBHe henuje 3a
OKMoMHa BO3uMa Mnpeko KomnaHwje Mitsubishi Heavy Industries. OBaj
WHOYCTPUjCKM KOHIIIoMepaT UCTpaxyje ynoTpeby TexHonorvje BOOOHMKA 3a
cBoje byayhe 6opbeHe TeHkoBe, pearyjyhu Ha 3axTeBe janaHckor MuHucTapcTBa
oabpaHe 3a pelluerMMa koja noBehaBajy ayTOHOMUjY Y3 CMakeHe YribEHUYHKOT
otucka. Komnanuja Mitsubishi Heavy Industries ce npBeHCTBEHO bokycupa Ha
NMpOTOTMMNOBE M TecTupawe MnepdopMaHCM Ha TEeWKUM TepeHuma Kako 6wu
npoueHnna NPUMEHIBUBOCT BOAOHMKA Y CBOjUM 60p6GeHnM Bo3nnmma.

M3paen je Takohe 3anHTepecoBaH 3a NpegHOCTN BOAOHMKA 3a MUCUje Koje
3axTeBajy HUCKe aKkyCTudyHe W TepMudke KapakTepuctuke. W3paencke
KoMnaHuvje, kao wTo cy Elbit Systems u Israel Aerospace Industries (lAl),
crnpoBoe wucTpaxuBawa O cTent oabpambeHum BoO3uMnMMa W pasmartpajy
anTepHaTuBHa pellewa Oyayher noroHa kako Ou 3agoBorbune cneunduyHe
notpebe W3paencknx oabpambeHux cHara (MWOD), nako o gaHac He MOCToju
3BaHMYHM Nporpam NocBeheH BOOOHUKY.

Mako je Hekonuko 3emarba UK oabpambeHMx KOMMaHWja aKTUBHO
aHraxoBaHO y UCTPaXkMBaky HOBMX MOFOHCKUX TEXHOMOrnja kako u ce cmMamno
YTULUAj BOjHUX BO3WUSIa Ha XXMBOTHY CPeAuHY, Marno X je NoCTaBuSio BOAOHWUK
Kao HenocpegaH npuoputeT. 3axBarbyjyhu npojekty TeHka K3 komnaHuje
Hyundai Rotem, JyxxHa Kopeja cBpcTana ce Ha 4eno pa3Boja 6opbeHux TeHKoBa
Ha BOOOHWK, Hyaehun many nyta 3a gpyre gpxase. OBa nHoBauuja morna 6u ga
noacTtakHe eBpOMCKe, aMepuyke W asujcke KomnaHuje, kao wTo cy BAE
Systems, General Motors Defense, KMW, Nexter v Mitsubishi Heavy Industries,
Aa ybpsajy cornctBeHe nporpame BOAOHMKA, UCTpaxyjyhu noteHuuwjan ose
TEeXHOMoruje 3a BojHy NPUMEHY.

LpazaH M. ByukoBuh (Dragan M. Vuckovié),
e-mail: draganvuckovic64@gmail.com,
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HoBW KnHecKkn pakeTHU cuctem 3emrba-sasgyx HQ-193

PakeTHu cuctem 3emrba-Basgyx HQ-19, nosHat kao Hongqi-19, npBu nyT je
npeacTaBibeH jaBHOCTM Ha cajMy asujauvje u Llyxajy 2024. roguHe. OBagj
npecpetad npotns Banuctudknx npojektuna (ABM), koju je passujeH y KnHu u
NpojekToBaH 3a cy3bujare npeThu o 6anncTUYKMX NpojekTuna yHyTap 1 n3BaH
aTtMmocdepe, ynopeaus je No KOHUENTYy ca amepudknm cuctemom THAAD-ER.
WHaue, HQ-19 je Beh y onepaTtusBHO] ynotpebu BaspyxonnosctBa HapogHe
ocnobogunayke Bojcke (PLAAF).

lMocmampayu cy npumemuriu 0a 6u HQ-19 mozao da ce yriompebu ripomus
banucmuykux fnpojekmura y jy>Hoa3ujckom peauoHy, nocebHo npomus cucmema Kao
wmo cy uHoujcku Agni-4 u Agni-5.

Cuctem HQ-19 je cmellTeH Ha KAMWOHY BUCOKE NOKPETIbMBOCTM 8X8, Koju
nMa KoHgWUrypauumjy naHcepa ca LecT npojektuna. Kopuctn mexaHusam
XNagHor naHcupawa nog CTPMUM YriioMm, WTO My omoryhaBa ga edukacHo
npecpehe ponasehe 6anuctuuke pakete. Pagapcka TexHonorvja cuctema,
YKIby4vyjyhn nHgopmauunonn pagap 670A, OoTKpuMBa uurbeBe Ha gomMeTtMma go
npubnumxkHo 4.000 kM, Nnokpusajyhu noapyyja o ceBepHor aena jyxHe Asuje oo
yHyTpawmwnx permoHa KuHe, kao wTto je TubertaHcka BucopaBaH. Cuctem
KOomMaHaoBawa U koHTpone HQ-19 vHTerpuwe oBe pagapcke nogaTtke Kako 6um
noborbLwao npahewe 1 NpecpeTarwe LnrLesa.

Pa3Boj cuctema HQ-19 gatnpa ns kacHux 90-ux roguHa, Kao Ae0 KMHeCKor
nporpama 863, uunju je npuopuTeT OGMO Hanpegak y BUCOKOTEXHOSIOLLKAM
ogbpambeHnm cnocobHocTma. Cuctem 3a HaBohewe HQ-19 nocepyje
WH(paupBeHn Tparad ca OO4YHMM Npo3opuMa, [Au3ajHMpaH [da CMakbu
aTtMmocdepcke cmeThe M 06e3beaun npeumsHo rafjawbe Ha BENUMKUM BUCUHaMA.

3 Defense News Army 2024, 5 November
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MpojekTvn nokpehe p[BOCTENEHW paKETHW MOTOP Ha YBPCTO TOPUBO, KOjM
YKIbydyje KOHCTPYKUMjY 0f YITbeHUYHMX BriakaHa u 4BpcTto ropuBo N-15B. Oea
KOH(urypaumja paje cneuudpmyan mmnync o 260 c, nogpxasajyhu BUCOKY
MaHeBapCKy CMocoOHOCT 3a npecpeTawe 0OojeBux rmaBa y nokpety. Motop
pakete uma MOryRHOCT OBOCTPYKOr umnyrnca, wto noborbwaBa TepMUHAIHY
KMHETUYKY e(MKaACHOCT M MNpoLuMpyje HeH onepaTtmBHM fomeT. [loborbluaHa
WHOBaUMjama y KOMMNO3UTHMM MaTepujannma, oBa KoHdurypauuja omoryhasa
pakeTn oa MmaHeBpuLle cunama 4o 60 r TokoM npecpeTamsa.

HOomeT npecpetatba HQ-19 HaBogHo ce npotexe Ao 3.000 kM, wTO My
oMoryhaBa rafhawe GanucTuyke pakete y TOM OOMETY, YKIbyyyjyhu HuMxoBe
6ojeBe rnaBse 3a NOHOBHU ynasak. 36or knHeTudke 6ojeBe rmaese cuctema cnaga
Mefy HEeKOnMKO cucTemMa Koju Cy OMPEMSbLEHM TakBMM MEXaHW3MOM, nopen
aMepUYKMX KMHETUYKMX MpojekTuna 3a yHuwTtaBawe (KKV). KuHa je oBnagana
TEXHOJMOrMjOM KMHETUYKOr norafawa 1 HAaBOAHO je 3aBpLumMna ycnewaH npobHu
net 1999. roguHe, WTO je YMHM APYroM ApXXaBOM Koja je pa3Burna oBaj NpucTyn
HaKOH LITO cy BuwecTpykn TectoBn y CALl notBpannun dyHkumoHanHoct HQ-19,
YKIbydyjyhn npecpetakse Ha BuUcuMHM of npeko 200 kKm ca penatvBHUM
OpavHama pgo 10.000 m/c. Y ebpyapy 2021. KMHECKO MWHUCTApPCTBO
HaunoHanHe onbpaHe M3BECTUNO je O TeCTy Koju je noTBpavo fa je HQ-19
UCMyHMO cBa o4vekmBara. KnHa je cnpoBena Hekonuko Takemx tTectoBa o 2010.
no 2021. roguHe, Harnawasajyhu oabpambeHy npupody CBOr cuctema u
HaBoAeNW fa OH HUje YCMepPEH HU Ha jeAHY KOHKPETHY 3eMIbY.

MpeacTtaBbane cuctema HQ-19 Ha cajmy Moxe Aa ykasyje fa je JocTynaH
3a NOTEHLMjanHN M3BO3 Ha TPXKMULLUTMMA Yy permoHMmMa kao To je brnmcku ncTok.
KuHecka opbpambeHa wnHAyCTpuja 3amHTEpecOBaHa je 3a npolwvpene 0Gase
KnujeHaTta, nopes Krby4Hux kao wTo cy MNakuctaH, Cayaunjcka Apabuja n Ernnar,
Kako 6u ycnoctaBuna Behu ¢okyc Ha TpXuwTMMa y pas3Bojy. MoryhHocTu
cuctema HQ-19 y npecpetawy MpojekTuna Mory npeacrtaBrbaTv Oonuujy 3a
3eM/be Koje Tpaxe cnmyHe opbpambeHe cucteme. OBaj npucTyn oppakasa
wnpn uHTepec KuHe 3a jayawe CBOr BOjHOI W3BO3HOI CEKTOpa ynopeno ca
rmobanHUM €KOHOMCKMM [OMETOM, Mpu 4Yemy ce opbpambeHa capagha
nocmarpa kao nyT 3a nsrpagwy 6nvmkux dunartepanHmnx Besa.

Mopen cuctema HQ-19, kuHeckn okBup odbpaHe of GanMCTUYKMX pakeTa
YKIbydyje KOMMneMeHTapHe cucteme kao wWTo cy HQ-9 n HQ-26. Cuctem HQ-
26, ca CBOjUM BWLLEMYSICHUM MOTOPOM Ha 4YBPCTO pPaKeTHO FOpMBO, KOjU je
npojekToBaH fa noborblia TepMUHaNHe KMHeTudke nepdopmaHce, npouunpyje
CcBOj AOMeT u omoryhaea rahawe pasnuuuTux pakeTHUX umrbeBa. Pagap ca
dasHoM peleTkoM cuctema HQ-19, HamerwseH fa paau y cknagy ca OBUM
cucteMmma, npyxa MoryRHOCTU paHor yrnosopewa Koje noapasajy BULLECTIOjHY
npoTuBpakeTHy opbpaHy. Papgapcka noKpvMBEeHOCT cuctema u  MoryhHoOCTm
npecpeTtaka Takohje ra no3nmuMoHMpajy Kao KOHTpamepy NpoTMB NOTEHLMjanHnx
pervoHanHux npeThsu, yKIbydyjyhm cucreme 6anmcTuikux pakeTta us cycegHux
3emarba.

Moxe ce 3akrbyuntn ga HQ-19 npegcraBrba NpumMep HacTaBKa KUHECKMX
Hanopa Aa yHanpene cBoje cnocobHocTu npotuBpakeTHe oabpaHe. MNopehene
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OBOr cuctema ca amepuykmm cuctemuma THAAD wn SM-3 wunsaseano je
MHTEepecoBawe, a HeroBe rnpujaBrbeHe CMNOCOOGHOCTM MOry yTuuaTh Ha
pernoHanHy 6e30egHocHy auHamuky. MocmaTtpauv cy npumetunn ga HQ-19
MOXe MOCMYXWTU Kao KOHTpamepa npoTuMB 6anucTuikmx npojektuna y
jYKHOA3MjCKOM pernoHy, nocebHO NpPOTMB CUCTEMA Kao LITO Cy WHAWjcke
B6anuctnyke pakete Agni-4 wn  Agni-5. Tlpegctasrbakbem HQ-19, KuHa
Harnawaea CBOj CTpaTelK/ Uuib — Mpowmnpewe oabpambeHnx cnocobHocTH,
Kao OAroBop Ha NMPOMEHyY rrnobanHux CTpykTypa Mohu n 36or 3abpuHYTOCTU 3a
pernoHanHy 6e36egHocT.

HpazaH M. ByukoBuh (Dragan M. Vuckovi¢),
e-mail: draganvuckovic64@gmail.com,
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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 Hay4yHn Yaconuc.

BnacHuun vaconuca cy MwuHuctapctBo opbpaHe Penybnuke Cpbuje n Bojcka
Cpbuje. N3pgaBay n cmHaHcujep Yaconuca je YHuBepauteT oabpaHe y beorpaay (BojHa
akagemuja).

Mporpamcka opujeHTaumja 4aconuca 3acHMBa Ce Ha rOAULLIH0j KaTeropusauuju
Yyaconuca, Kojy BpLUN HaANeXHO ApXaBHO MUHUCTaPCTBO Y oapefeHnm obnactuma, kao n
Ha HEeroBOM MHAEKCHpamy y MeflyHapogHUM MHAEKCHUM Gasama.

Yaconuc obyxsata Hay4He, OAHOCHO CTpyYHe 06r1acT y OKBMPY 06pasoBHO-Hay4YHOr
norba NPUPOAHO-MaTEMaTUUYKUX HayKa, Kao UM Yy OKBMPY OBpa3oBHO-Hay4yHOr Morba
TEeXHUYKO-TEXHONOLLIKMX HayKa, a Hapouuto obractm opbpambeHMX Hayka W
TexHonoruja. OO6jaBrbyje Teopujcka W npakTudHa pocTurHyha koja gonpuHoce
ycaBplUaBakwy CBMX MpWNagHvWka cprcke, pernoHanHe u mefyHapoaHe akagemcke
3ajegHuvue, a nocebHO NpunagHMKa BOjCKU M MMHUCTapcTaBa ogbpaHe. MNybnuvkyje pagose
Ca ypaBHOTEeXeHUM unssellTaBakbeM 0 aHalnnTU4kKnum, ekcnepmMmeHTanHnuMmMm u npuMmeHeHnm
NCTpaxuBamwymMa, Kao W HyMepuukum cumynauuvjama, obyxsaTtajyhm pasnuuute
avcumnnuHe. O6jaBrbeHV MaTepujany Cy BUCOKOT KBanuTeTa U peneBaHTHOCTU, HanucaHu
Ha Ha4YMH KOjU UX YMHM OOCTYNMHWMM LUMPOKOj YmTanaykoj nybnmum. CBu pagosBu Koju
M3BelwTaBajy O OpPWUrMHaNHUM  TEOPMWCKUM  W/MIAM  NPaKTUYHO  OPUjEHTUCaHWUM
ncTpaxvisawuma nnu npoLuMpeHum Bepanjama seh objaBrbeHnx pagosa ca KoHdepeHumja
cy aobpogownu. Pagosun 3a objaBrbmBare ofabupy ce OBOCTPYKO CrenvMM MOCTYMKOM
peLeH3nje kako 6y ce ocurypana OpurMHanHOCT, PENeBaHTHOCT U YNTILUBOCT. [putom
uub HMje camo Ada ce kBanuteT objaBrbeHMx pagoBa OOpXwW BUCOKMM Beh u ga ce
06e3beau NpaBoBpPEMEHN, TEMEIBHU N YPaBHOTEXEHU MOCTYNaK peLeHsuje.

YpehuBauka nonutuka BojHOmMexXHUYKO2 eracHUKa 3acHvMBa Cce Ha npenopykama
Opbopa 3a etnyHocT y n3gasawTey (COPE Core Practices) u 3ajegHny4kMM npyHumnuma
TpaHcnapeHTHOCTK 1 Hajborbe npakce y nsgasawtey COPE, DOAJ, OASPA n WAME, kao
1 Ha Hajborbum NpuxeaheHnM npakcama y Hay4yHOM M3aaBaluTBy. BoOjHOMEXHUYKU 21aCHUK
je ynan COPE (Committee on Publication Ethics) oa 2. maja 2018. roguHe n unaH OASPA
(Open Access Scholarly Publishers Association) og oa 27. HoBembpa 2015. roguHe.

MuHucTapcTBO Hayke, TEXHOMOLLKOr pasBoja W uHoBauuwja PenyGnuvke Cpbuje
yTBpauno je gaHa 13. 12. 2024. rognHe kateropusaumnjy BojHomexHu4Koe enacHuka, 3a
2024. roauHy:

— Ha NIUCTN Yaconuca 3a pavyyHapcke Hayke:

KaTeropwuja BPXyYHCKM Yaconuc HaumoHanHor 3Hadvaja (M51),
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— Ha NMCTU Yaconuca 3a eNeKTPOHUKY, TerleKoMyHuKaumje u nHpopmalmoHe
TexHonoruje:
KaTeropuja BPXyHCKM Yaconuc HaumoHanHor 3Havaja (M51),

— Ha NMCTK Yaconuca 3a MallMHCTBO:
KaTeropuja BPXyHCKM 4aconuc 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.

Mogaum o kaTeropusaumju mory ce npatnti un Ha cajty KOBCOH-a (KoHsopuwmjym
6ubnunoteka Cpbuje 3a objeanHeHy HabaBky).

KaTeropusaumja yaconunca 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 npaTu y koHTekcTy Cprickor umtatHor uHgekca — ClUuHgekc (6asa
nogartaka gomahux HayyHux yaconuca), HayyHo-uHdopmaumoHor cuctema Redalyc n
Pyckor uwHgekca HaydHor uutupawa (PWUHLY). TMoasprHyT je ctanHoM BpegHOBawy
(MOHUTOPWHIY) Yy 3aBUCHOCTW OA YTMUAJHOCTU (MMnakTa) y camum Gasama. [letarbu o
WHAEKCcHpawy MOory ce BuAeTM Ha cajTy BojHomexHu4ykoe enacHuka, cTpaHuua
UHdekcuparse vyaconuca.

BojHomexHuuku 2nacHuk, y nornepy CBOr cagpxaja, npyxa moryhHocT oTBOpeHor
npuctyna (DIAMOND OPEN ACCESS) u npumenyje 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 perncrpaunja 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 pykonuc 3a objaBrbuBame Yy
BojHomexHuykom enacHuky peructpyjy y peructap ORCID (Open Researcher and
Contributor ID), npema ynyTcTBY Ha CTpaHuum cajta Peaucmpauuja 3a 0obujarse ORCID
udéeHmugbukayuoHe wugpe.

BojHomexHu4Ku 2nacHuk 06jaBrbyje YnaHKe Ha eHrneckoMm jeauky (arial, BenuuvHa
cnosa 11 pt, npopep Single).

MocTynak npunpeme, nucamwa u 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 (MOTuBauujy 3a pag),
paspagy (ageksaTaH npernes penpe3eHTaTMBHOCTM paga y Hherosoj obnacTtu, jacHy usjasy
0 HOBUWHW Y NpeacTaBbEHOM UCTPaXmBaky, oaroBapajyhy Teopumjcky no3aguHy, jegaH unu
BULLE MpUMepa 3a AEeMOHCTpMpare U ANCKYCUjy O MPeAcTaBibeHNM Maejama), 3akibyyak
n nuTtepatypy (6e3 Hymepauuje Hacnosa u nogHacnosa). Obum 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 nucamwe YnaHka, Koju ce y
€reKTPOHCKOj (hOpMM MOXeE Npey3eTn ca cajta Ha cTpaHmum Obpasay 3a nucar-e YrnaHka.

Hacnos

Hacnos Tpeba fa ofpaxasa TeMy YnaHka. Y MHTepecy je yaconuca v aytopa Aa ce
KOpUCTe peun NpuknagHe 3a MHOEeKCUpake 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 Komumja YnaHaka y enekTpoHCKoM o6nvky. Caapxu npesume u
MHULMjan nMeHa ayTopa (ako ayTopa “ma Bulle, NpeocTanyv 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
OpUrMHanHoOM O6NMKy (Ca CPNCKMM AMjakpUTUYKMM 3HAKOBMMA), HE3ABUCHO Of je3nka Ha
KojeM je HanucaH pag.

Hasue yctaHoBe aytopa (adunujaumja)

HaBoau ce nyH (3BaHWM4YHKU) HA3MB U ceauLLTe YCTaHOBE Yy KOjoj je ayTop 3anocneH, a
€BEHTyarHo M Has3uWB YCTaHOBE Y KOjoj je ayTop o0baBMO MCTpaxkuBakse. Y CIOXEHUM
opraHv3auuvjama HaBogu ce yKynHa xujepapxuja (Hnp. YHusepauteT ogbpaHe y beorpagy,
BojHa akagemuja, Kategpa npupogHo-matemMaTuykmx Hayka). bap jegHa opranusaumja y
xujepapxvju mopa 6utn npasBHO Nnvue. AKO ayTopa uMa BWLIE, a HEKU NOTUYY U3 UcTe
yCTaHoBe, Mopa Ce, MOCeOHUM O3HaKama WNM Ha APYr HauvH, Ha3HauMTU U3 Koje Of
HaBedeHUX yCTaHoBa MOTWYE CBakM Of HaBedeHux ayTopa. Adwvnuvjauuja ce ucnucyje
HenocpeaHO HAaKoH MMeHa ayTopa. PyHKUMja 1 3BaHe ayTopa ce He HaBoAe.

KoHTakT nogaum
Anpeca nnu e-agpeca CBUX aytopa faje ce nopes MMeHa v npesvMeHa aytopa.

KaTeropuja (Tun) unaxka

Kateropusaumja unaHaka obaBesa je ypegHuWwTBa U of NocebHe je BaKHOCTW.
KaTteropujy 4naHka mory npepnarat peueH3eHTW W YraHOBW YpeaHMWLITBA, OAHOCHO
ypeoHvuun pyGpuka, anum OArOBOPHOCT 3a KaTeropusauujy CHOCU UCKIbYYMBO [IaBHU
ypenHuK.

BojHomexHuuku anacHuUK objaBrbyje HayyHe YnaHke.

Hay4Hn ynaHak je:

— opurnHanaH HayyHu pag (pag y kojeM ce M3HOCe MpeTxodHO HeobjaBrbeHu
pes3ynTaTi CONCTBEHNX UCTPaXUBaka Hay4YHUM METOAO0M);

— npernegHn paa (paa Koju cagpXv OpurMHanaH, getarbaH U KPpUTUYKU NpurKas
UCTpaxuBaykor npobnema nnu nogpyyja y kojem je aytop octsapvo ogpeheHun aonpuHoc,
BWALMB HA OCHOBY ayTouuTara);

— KpaTKO NN NPETXOAHO CaonlTEHE (OPUTMHANHN HAay4YHW pag nyHor dopmaTa, anv
Marer obuma unm npenMMUHapHOr kapakTepa);
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— HayyHa KpWUTWKa, OOHOCHO Mofiemuka (pacnpaBa Ha oppeheHy HayyHy Temy,
3aCHOBaHa UCKIbY4MBO Ha Hay4yHOj apryMeHTaumjn) U OCBPTM.

M3y3eTHO, y HekMMm obGnactuma, HayyHW paj Yy 4aconmucy Moxe umaTtn obnuk
MoHorpadcke cTyamje, Kao M KpPUTUYKOr usgawa HaydHe rpafe (MCTOpMjCKO-apXMBCKe,
nekcukorpadpcke, 6ubnuorpadcke, npernega nogataka u cn.), oTag HenosHaTe wnu
HEe[0BOSbLHO MPUCTYNAaYHe 3a Hay4YHa NCTPaXvBam-a.

PapoBu knacudukoBaHn Kao Hay4HU Mopajy umaTti 6ap ABe NO3UTUBHE peLeHsuje.

Ako ce y vaconucy 06jaBrbyjy U Npuno3v BaHHAy4YHOr KapakTepa, Hay4yHW YnaHLm
Tpeba ga Oyay rpynucaHu 1 jacHo M3ABOjeHN Y MPBOM Aeny CBecke.

MoxersbHo je aa 06um KpaTkux caonwTerwa byae 4 A0 7 cTpaHuLa, HAyYHUX YnaHaka
n ctyguja cnyyaja 10 go 14 ctpaHuua, AOK NpernegHyu pagosu Mory 6utn n ayxu. bpoj
CTpaHu1La Huje CTPOro orpaHuyeH 1, y3 ogroapajyhe obpasnoxetre, NpujaBrbeHn YnaHum
Takohe Mory 6utn ayxu unm kpahu.

AKO Cy pagoBM KOju Cy MPETXOOQHO 06jaBrbeEHU Ha KOH(EPEHUMjU MPOLLUMPEHH,
ypegHuum he npoBeputu da nv je Ao4ato AOBOSbHO HOBOP MaTepwjana Koju ucnykasa
cTaHgapae Yaconuca v ksanudukyje nogHecak 3a noctynak peueHsuje. flonatn matepujan
He cme 6uTM npeTxogHo objaBrbeH. HoBu pesynTatm HWUCY HYXHO MNOTPeOHW, anu cy
noxerbHn. Mehytum, nogHecak Tpeba Aa cagpxu NPOLUMPEHE KIbyYHe uaeje, npumepe,
pa3page, UTA., Koju Cy NpeTxoaHo bunu cagpxaHu y NogHECKY ca KoHdepeHLyje.

Je3uk papa
Jesuk paga Tpeba na 6yae eHrnecku.

TekcT Mopa GUTK je3nykm u CTUICKU AoTepaH, cuctemartmsoBaH, 6e3 ckpaheHuua
(ocum ctangapaHux). Cee dusmyke BenuymHe mopajy 6utn nspaxeHe y MehyHapogHom
cuctemy MepHux jeamHuua — Sl. Pegocnep obpasaua (dopmyna) o3HavaBa ce pegHuM
6pojeBnma, ca AecHe CTpaHe y OKpyrivMMm 3arpagama.

CaxeTak

CaxeTak jecTe KpaTak MHMOpPMaATMBAH MpUKas cagpxaja 4naHka Koju uutaouy
omoryhaBa Aa 6p30 1 Ta4HO OLEHN HEroBYy PeneBaHTHOCT. Y UHTepeCy je ypeaHuLITasa un
ayTopa Aa caxeTak cagpXxu TepMUHE KOju Ce YeCTO KOPWCTe 3a MHAEKCUpare 1 npeTtpary
ynaHaka. CactaBHUM OenoBu caxeTka Cy YBOA/UNIb UCTPaxuBara, MeToau, pesyntaTtu v
sakrbyyak. CaxeTtak Tpeba aa nma og 100 go 250 peun n Tpeba ga ce Hanasun usmehy
3arnaerba (HacnoB, MMeHa ayTopa M Op.) W KIbYYHUX PEYU, HAKOH KOjUX CNefmn TEeKCT
YnaHka.

KrbyyHe peun

KrbyyHe peun cy TepMuHM mnn pase Koje adeKkBaTHO MNpeacTaBrbajy cagpaj
ynaHka 3a notpebe MHOeKcupara n npeTpaxvBara. Tpeba nx gogersmeaTti ocnawajyhn
ce Ha Hekn mehyHapoaHuM n3Bop (MONMC, 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 krby4yHux peun He moxe 6utn Behu o 10, a y uHTepecy je ypeaHuwTea
M aytopa Ada y4ecTtanocTt kwuxoBe ynotpebe byaoe wrto Beha. Y umaHky ce nuwy
HernocpeaHO HaKOH caxeTka.

Cuctem ACUCTEHT y Ty cBpxy kopucTu crneuujanty anatky KWASS: aytomaTcko
eKCTpaxoBare KIbyYHMX Peyn M3 OUCUMMIIMHapHMX 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 kaga je ypeaHWLLTBO NPUMUIO YNaHaK, AaTyM Kaja je ypeaHWLLTBO KOHAaYHO
npuxBaTUIo YnaHak 3a objaBrb1Bae, kao U AaTymu kaga cy y meflyBpeMeHy JOCTaBMbeHe
eBeHTyarnHe MCrpaBKe pyKonmuca HaBOAE Ce XPOHOMOLUKMM pefocrniefoM, Ha CTanHoOM
MeCTy, Mo NpaBuIy Ha Kpajy YnaHka.

3axBanHuua

Ha3sume 1 6poj npojekTa, O4HOCHO Ha3uB NporpamMa y OKBUPY KOjer je YnaHak HacTao,
Kao M HasMB MHCTUTYUMje Koja je bMHaHcMpana npojekat Wnu nporpam, HaBoau ce Yy
noce6Hoj HaNoOMeHW Ha CTanHOM MECTY, NO NPaBwiy Npu AHY NPBE CTpaHe YnaHka.

MpeTxoaHe Bep3unje papa

AKO je unaHak y npeTxodHoj Bep3wju OGMo M3NOoXeH Ha CKynmy y BuAy YCMEHOr
caonwTerwa (No4 MCTUM WM CMMYHMM HAacfloBOM), nogaTak o Tome Tpeba ga 6yae
HaBefeH y nocebHOoj HanoMeHK, No NpaBuIy Npu AHY NPBe CTpaHe YnaHka. Pag koju je Beh
oGjaBrbeH y HEKOM vaconucy He Moxe ce 06jaButn y BojHOMEXHUYKOM 2/1aCHUKY
(npewTamnatu), HA NOA CAIMYHUM HACNOBOM U U3MEHEHOM OBNUKY.

TaGenapHu u rpacpmykmn npukasm

MoxereHo je 4a HacnoBwM CBMX NprKasa, a Nno MoryhcTBy 1 TeKCTyanHu cagpxaj, oyay
AaTn ABOjE3NYHO, Ha je3nKy pada 1 Ha eHrneckoM jesuky.

Tabene ce nuLLy Ha UCTU HAYMH Kao 1 TEKCT, a 0O3Ha4vaBajy ce pegHum 6pojeBuma ca
ropwe ctpaHe. PoTorpadmje n uptexu Tpeba ga Oyay jacHu, npernegHn u NOrogHM 3a
penpoaykuujy. Liptexxe Tpeba paguTtun y nporpamy word unu corel. dotorpacdpuje u uptexe
Tpeba NOCTaBUTU Ha XXEIbEeHO MECTO Y TEKCTY.

3a cnuke 1 rpamkoHe He CMe ce KOPUCTUTM CHUMAaK ca ekpaHa padyHapa nporpama
3a NpuKynrbakwe nopataka. ¥ camMoOM TEKCTY uraHka npenopydyje ce ynotpeba cnuka u
rpacpmkoHa HenocpeaHoO M3 nNporpamMa 3a aHanuay nogataka (kao wTo cy Excel, Matlab,
Origin, SigmaPlot n gpyrn).

HaBohewe (untupame) y Tekcty

HauunH nosvBara Ha n3Bope y OKBMPY YnaHka mopa 6utmn jegHoobpasaH.

BojHomexHuuKu enacHukK 3a pedepeHumpare (Uutnpate 1 HaBohere nuteparype)
npumersyje XapBapAcku cuctem pedepeHun, 0gHOCHO XapBapAcku NPUPYYHUK 3a CTUM
(Harvard Referencing System, Harvard Style Manual). ¥ camom Tekcty, y 0GUYHVUM
3arpagama, Ha MecTy Ha KOjeM Ce BpLUM MOo3uBake, OOHOCHO UMTUpake nutepaTtype
HabpojaHe Ha kpajy YnaHka, obaBesHo y 06MYHOj 3arpagmn Hanucatu nNpesnMe LmMTnpaHor
ayTopa, roavHy usgawa nybnukaumje us koje uutmpaTe u, eBeHTyanHo, 6poj cTpaHuua.
Hnp. (Petrovi¢, 2012, pp.10-12).

[leTarbHO ynyTCTBO O HAaYMHY LMTUparsa, ca NnpumepumMa, 4aTto je Ha CTpaHuum cajta
Ynymemeo 3a Xapeapdcku npupydHuk 3a cmusn. NoTpebHo je Oa ce nosvBake Ha
nuTepaTtypy y TEKCTy ypaam y cknagy ca MoOMeHYTUM YyrnyTCTBOM.

Cnctem ACUCTEHT y cBpxy KOHTpone HaBohewa (UMTuparsa) y TEKCTY KOpUCTH
cneumnjanny anaTky CiteMatcher: oTkpmBame M30CTaBIbEHNX LMTaTa y TEKCTy paga u y
nonwucy pedepeHum.

HanomeHe (dpycHoTe)

HanomeHe ce aajy npu gHy cTpaHe Ha Kojoj ce Hanasm TeKCT Ha Koju ce ogHoce. Mory
cagpxaTu Mamwe BaxHe pJeTarbe, [OONyHCKa objalmena, 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.

BojHomexHuU4Ku 2nacHUK, Kao Ha4MH ucnvca nurepaType, npuMmeryje XapBapacku
cuctem pedpepeHun, ogHOCHO XapBapAcku npupyyHuk 3a ctun (Harvard Referencing
System, Harvard Style Manual).

JNutepaTypa ce ob6aBe3HO nuLle Ha nMaTMHWUYHOM NMCMy W Habpaja no abeuenHoM
pepocneay, Hasoaehu Hajnpe npeavmeHa ayTtopa, 6e3 Hymepaumje.

[leTarbHO ynyTCTBO O HauMHy mnonuca pedepeHuu, ca npuMepuma, AaTo je Ha
CTpaHuuum cajta Yrnymemeo 3a Xapsapdcku npupy4Huk 3a cmusi. NotpebHo je aa ce nonuc
nuTepaType Ha Kpajy YnaHka ypaau y cknagy ca noMeHyTUM ynyTCTBOM.

HectaHgapaHo, HEMOTNyHO MNW HegocnedHo HaBofewe nuTepaTtype y cuctemmnmMa
BpeAHOBaHa 4Yaconuca cMaTpa ce JOBOIbHMM pasfiorom 3a ocrnopaBaHe Hay4Hor ctatyca
Yyaconuca.

Cnctem ACUCTEHT y cBpXxy KOHTpOMe MpaBWIHOI ucnuca nucTe pedepeHum
KopucTu cneuujanHy anatky RefFormatter: koHTpona obnukoBara pedepeHum y cknagy
ca XapBapACKUM MPUPYYHMKOM 3a CTUI.

UsjaBa o aytopcTBY

[Nopen unaHka goctaerba ce M3jasa 0 aymopcmey Yy KOjoj ayTopyu HaBOAE CBOj
nojeguHayYHn ONPUHOC Y M3paam unaHka. Takofe, y Toj usjasu noTephyjy Aa cy unaHak
ypagunu y cknagy ca [losusomM u ymymcmeoM aymopuma v M3jasoM o emuykom
riocmynarsy Yacornuca.

CBM pagoBu Noanexy CTPYYHOj peLeH3nju.

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 npou3BoaAuUTCA COOTBETCTBYHLLMM OTpacrneBbiM MUHUCTEPCTBOM, B
3aBMCUMOCTM OT obGnactTu wuccrnegoBaHuid, a Takke Ha ero MHOEeKCMpoBaHN B
MeXayHapoAHbIX HaAyKOMEeTPpU4YeCKUX 6asax JaHHbIX.

XypHan oxsaTbiBaeT Hay4yHble M MpodeccuoHanbHble cdepbl B pamkax y4ebHo-
Hay4yHoON 06NnacTn ecTeCTBEHHO-MaTeMaTM4YECKUX HayK, a Takke B pamkax y4vebHo-
Hay4HON 06NacTn TeXHMKO-TEXHONOrMYECKNX HayK, 0cobeHHO B 06riacTm 060pPOHHbIX
HayKk M TexHomoruu. B xypHane nybnukyloTcs TeopeTudeckMe W npakTuyeckue
OOCTWXEHUS, KOTOpble CMNoCcoBCTBYIOT MOBBIWEHWUIO KBanudukaumm npegcraButenen
cepbcKoro, permoHanbHOro 1 MexayHapoAHOro akagemmyeckoro 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 AncunnnnHbl. Mybnukyemble matepmansl OTINYAIOTCA BbICOKUM Ka4yeCTBOM U
akTyanbHOCTbO. OHWM HanMcaHbl HayYHbIM, HO MOHATHBIM W AOCTYMHBLIM A5 LWMPOKOro
Kpyra umTaTenew s3bikoM. [puBeTCTBYIOTCA BCe cTaTby, coobLiatolime 06 opuriHanbHbIX
TEopeTUYECKNX N/MNKN NPaKTUYECKUX UCCNEAOBaHUSAX UMW pacLUMPEHHbIE BEPCUN paHee
onybnukoBaHHbIX cTaTel, NpeAcTaBneHHbIX Ha kKoHdepeHumsax. CtaTbn Ansa nyénukaumm
oTbMpaloTcAa nyTemMm [OBOMHOTO CIEMoro peLeH3MpoBaHUsl, KOTOpOe rapaHTupyet
OPUIMHaNbHOCTb, akTyanbHOCTb W ygobouuMTaemocTb. Llenb cocToutT He TOnMbkO B
noaAepXKaHnm BbICOKOTO KayecTBa Mybnukyemblx cTate, HO M B obecneyeHnn
CBOEBPEMEHHOTO, TLWaTeNbHOro 1 COOTBETCTBYHOLLErO NpoLecca peLeH3npoBaHus.

PepakunoHHas nonutuka xxypHana « BoeHHO-mexHu4ecKul 8eCmHUK» OCHOBaHa Ha
pekomeHaaumsx KomuteTa no atuke Hay4Hbix nybnukaumii (COPE Core Practices), 06wwmx
npuvHUMNax 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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MWHNCTEPCTBOM Hayku, TEXHOMOrMYecKoro passBuUTUS W MHHOBauui Pecnybnuvku
Cepbus ytBepxaeHa 13 gekabps 2024 r. kaTeropusaums xypHana «BoeHHo-mexHu4eckull
secmHuk» 3a 2024 roa:

— O6nacTb KOMNbIOTEPHbIE HAYKU:
BeAYLLMI XXypHan rocygapCcTBEHHOro 3HayeHus (M51),

— O6nacTb 3NEeKTPOHUKM, TENTEKOMMYHUKaLMA U MHOPMALIMOHHBIX TEXHONOTUNA:
BeAYLUMI XXypHan rocyaapcTBeHHoro aHaverus (M51),

— O6bnacTb MalWMHOCTPOEHMUS:
BeAYLLMI XXypHan rocygapCcTBeHHOro 3HayeHus (M51),

— O6nactb MaTepuanoB U XMUMUYECKON TEXHONOTUN:
HaUMOHAanbHbIN XypHan MexayHapoaHoro 3Havenusi (M24).

C vHopmMaLumen oTHoCUTENbHO kaTeropusauum 3a 2024 rog MOXHO O3HAKOMUTLCS
Ha CTpaHuue canTa «BoeHHO-mexHU4YecKko20 secmHuka» Kamezaopusayusi BecmHuka.

Bonee nogpoGHyt0 WHGOPMaLMIO MOXHO HaWTM Ha canTte MwuHUCTepcTBa
06pas3oBaHuns, Hayku U TeXHonornyeckoro passutust Pecnybnukm Cepbus.

C uHdopmaumen o kateropusaLmMum MOXHO O3HakOMUTbCA M Ha cante KOBCOH
(KoHcopumym 6ubnmotek Pecnybnukn Cepbusi no Bonpocam o6beavHEHUS 3aKymnoK).

Kateropusaumsa BecTHuka npoBegeHa cormacHo PernmameHTy o kateropusauuun u
paHXUpOBaHUM  HayyHbIX XypHanoB MuHucTepcTBa o6pas3oBaHusi, Hayku W
TexHonornyeckoro passutnst Pecnyonukmn Cepbus («Cnyx6enu rmacHuk PCx», Ne 159/20)

XKypHan cootBeTcTBYeT cTaHgaptam CepOCKoro MHOEKCA Hay4yHOro LMTUPOBaHUS
(CUWHpekc/SCIndeks) - HaykomeTpuyeckon 6a3bl  AaHHbIX HayYHbIX KypHarnoB
Pecnybnukn Cepbusi, HayuHo-wHdOpmaumoHHoro cuctema Redalyc, a Takke
Poccuiickoro nigekca Hay4yHoro umtupoBanust (PUHLL). XKypHan noctosHHO nogsepraeTcs
MOHMTOPUHIY W OLEHMBAETCS KONMMYECTBEHHBIMWM HAayKOMETPUYECKMMMU MoKasaTensamu
OTpaxaloLWUMM ero Hay4Hy LEHHOCTb.

C vHopmaumen 06 MHOEKCMPOBAHUN MOXHO O3HAKOMWTLCS Ha CTpaHuue cawnTa
XypHana UHlekcuposaHue BecmHuka.

«BoeHHO-mexHuyeckuli ~ 8eCmMHUK»  OTHOCUTENbHO  CBOEr0  COAEepKaHus
npeaocTaBnsieT MNonb3oBaTeNnssM BO3MOXHOCTb OTKpbiToro goctyna (DIAMOND OPEN
ACCESS) 1 nonoxeHusimm o6 aBTOpckUx npasax, yTBepxaeHHbIMM Creative Commons
(CC BY). C nHcTpykuuei 06 aBTOPCKMX NpaBax MOXHO 03HAaKOMUTLCS Ha CTpaHuLe canTa
XypHana Aemopckue ripasa u rnosumuka caMmoapxuguposaHusi.

Pykonucn ctaTteinn HanpaBnsoTCs B pegakumio XXypHana ¢ ucrnonb3oBaHneM online
cuctembl ASSISTANT, 3anyLieHHon LieHTpom nogaepxu passutust 00pa3oBaHUs U HayKu
(UMNPOH). Pernctpauma B cucteme u odopmneHne npaB AOCTyna BbINOMHAETCS Mo
agpecy http://www.vtg.mod.gov.rs/index-ru.html, 4yepesa ctpanmny ASSISTANT wunu
CLUMHOEKC (aseestant.ceon.rs/index.php/vtg). C MHCTPyKLMEN NO perncTpauun 1 npasam
AoCcTyna MOXHO O3HaKkoMuUTbCs MO appecy http://www.vtg.mod.gov.rs/index-ru.html, Ha
ctpannue UHempykyus no ASSISTANT.

Bce aBTOpbl, nNpegocTaBnsolMe CBOM pyKOnMcU AN nybnukauum B pepakuumio
XypHana «BoeHHo-mexHu4YecKuli 8eCmHUK» [OIDKHbI MPONTWM  NpefBapuUTENbHYO
pernctpauuio B peectpe ORCID (Open Researcher and Contributor ID). 3Ta npouegypa
OCYLLECTBSIETCA B COOTBETCTBUM C MHCTPYKUMEW, Pa3MeLLeHHOM Ha CTpaHuue caWnTa
Peaucmpauyus e peecmpe ORCID 0ns npucgoeHus udeHmugukayuoHHo20 Kooda.

«BoeHHO-mexHu4eckuli 8ecmHuK» nyoGnukyeT cTaTbl Ha aHrnuickoM 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). CtaTbss gomkHa cogepxatb pestome
C KIMIOYEeBbIMW  CrioBamu, BBeAeHVe (Uenb  WCCredoBaHMs), OCHOBHYH — 4acTb
(cooTBeTCTBYIOWMI 0630p NPeACTaBUTENBHOIO NCCNeOBaHNA B AaHHOW obractu, YeTkoe
U3MOXEHNE Hay4yHOW HOBWU3HbI B NpPeACTaBMeHHOM WCCefoBaHUM, COOTBETCTBYHOLLYIO
TEOPETUYECKYD OCHOBY, OOWMH WIM HECKOMbKO MPUMEPOB ANs OEMOHCTPMPOBAaHUS 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 NpunoxeHus). Ctatbst AormkHa ObiTb HAbpaHa Ha KoMMbITEPe
C UCMOonb30BaHMEM CreumanbHO MOArOTOBIIEHHOTO pefakuyen MakeTta, KOTOPbI MOXHO
ckayaTb Ha cTpaHuue canta lpasuna u obpasey, cocmaesieHusi cmamabu.
3aronoBok

3aronoBoK [OSMKEH OTpaxaTb TeMy cTaTbuM. B wmHTepecax XypHanma u aBTopa
HeobXxoaMMO UCMNONb30BaTb CIIOBA WM CIOBOCOYETaHUs, yooOHble AN WMHAEeKcauum u
novcka. Ecnu Takue cnoea He cogepxxaTcsi B 3aronoBke, TO XenaTenbHo Ux AobaBuTb B
Nnoa3arofioBoK.

Tekywmin 3aronoBokK

TekylWwnin 3arofioBOK MUWIETCS B TUTYNEe KaxAowW CTpaHuubl CTaTbM C LENbio
ynpoLLeHns npouecca naeHTudnkaumm, B nepByto odepeb KOMUi cTaTbeln B 3NeKTPOHHOM
Buae. 3aronoBoK coaepXuT B cebe hamunumio n MHMLMan MMeHu aBTopa (B criyyae ecnum
aBTOPOB HECKOMbKO, OCTanbHble 0603HavaTcs ¢ «et al.» unu «u gp.»), HaseaHue paboTbl
M XypHana (rod, TOM, BbINyCK, HavanbHas W 3aknioyMTenbHas cTpaHvua). 3aronosBok
cTaTbM 1 Ha3BaHuWe XxypHana MoryT OblTb NpMBeAEHbI B COKPALLLEHHOM BUAE.

®PUO aBTOpPa

MpuBogAaTca nonHas hamunusa 1 NonHoe nMs (Bcex) aBTopoB. XKenatenbHo, YTo6bl
6bINM yka3aHbl MHULMAanNbl OT4eCTB aBTopoB. amunus 1 nms aBTopoB M3 Pecnybnvku
Cepbusi Bcerga nuwyTcs B OpurMHanbHOM Buae (C cepbCcKMMU  AMakpUTUYECKUMU
3Hakamu), He3aBUCKUMO OT S3blka, Ha KOTOPOM HanucaHa paboTa.

HanmeHoBaHue yupexaeHnsa aBTopa (addpunmaums)

MpuBogntca nonHoe (odpmumanbHOe) HavMEeHOBaHWE W MEeCTOHaxoXaeHwe
yypexgeHusl, B KOTOpoM paboTaeT aBTOp, a Takke HaVMEHOBaHWe Yy4ypexaeHus, B
KOTOPOM aBTOp MPOBEN uccrnegosaHne. B cnyyae opraHvM3aumin co CrOXHON CTPYKTYpoOu
NPUBOANTCA MX Mepapxmyeckas conog4YMHEHHOCTL (Hanp. BoeHHasa akapgemwus, kadenpa
BOEHHbIX 3MEKTPOHHbIX cucTem, r. benrpaa). Mo kpariHen mepe, ogHa n3 opraHu3auuin B
nepapxum AormKHa MMeTb CTaTyC ropuandeckoro nuua. B cnyyae ecnm ykasaHo HECKOMbKO
aBTOPOB, M €CINN HEKOTOPbIE 13 HUX paboTaloT B OAHOM YYPEXOAEHUN, HY>KHO OTAENbHbIMU
0603HavYeHNSAMN UNn KaknuM-nmbo Apyrum cnocobom ykasaTb B KaKOM M3 NPUBEOEHHbIX
yypexaeHvun paboTtaeT Kaxabli U3 aBTopoB. Addunuaumsa nueTcs HenocpeacTBEHHO
nocne ®M0 asTopa. [JoMmMKHOCTb U CNeLuanbHOCTb MO AUMIOMY He YKa3biBaloTCA.

KoHTakTHble AaHHble

OneKTPOHHbIN afpec aBTopa yKa3blBalOTCH PsAOM C €ro0 MMEHEM Ha MepBoW
CTpaHuLbl CTaTbu.

KaTeropus (Tun) ctatbu

KaTeropusauusi crtaTbeii siBnsieTcsl 0053aHHOCTbIO pefakuMm U umeeT ocoboe
3HauveHune. Kateroputo ctatby MOryT npegnaratb peueH3eHTbl U YneHbl pedakuun, T.e.
pegakTopbl pybpuK, HO OTBETCTBEHHOCTb 3a KaTeropvs3auuilo HeceT WCKIYMTENbHO
rmaBHbIA pefakTop.

XypHan «BoeHHO-mexHuU4YecKuli eCMHUK» NyGNVKYeT Hay4Hble 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 KpuTuYeckasi CTaTbsl (AUCKYCCUSI-MONEMUKa Ha ONpeaenéHHyYo HayYHyo
TEMY, OCHOBaHHas! UCKIMHOYUTESIBHO Ha Hay4YHOW apryMeHTaLum) U Hay4Hblii KOMMEHTaPUIA.

OpaHako, B HEKOTOPLIX 00M1acTaX 3HaHWIA Hay4yHas paboTa B XXypHane MOXeT MMeTb
dopmMy MOHOrpadhn4EeCKoro UCCneaoBaHnst, a TaKkke KPUTUYECKOro 0OCY)XKAEHUS HAayYHOTro
mMaTepuana (MCTOPMKO-apXMBHOTO, NeKcuKorpadmnyeckoro, bubnuorpagpuyeckoro, o63opa
OaHHbIX M T.M.) — 4O CMX NMOP HEU3BECTHOrO UMM HEAOCTATOYHO AOCTYMHOrO ANsi HayYHbIX
nccneposaHuii. PaboTbl, knaccuuumpoBaHHbie B Ka4eCTBE Hay4HbIX, JOKHbI UMEThb, MO
MeHbLLeln Mepe, ABE NonoXuTenbHble peLeH3nn. B cnyyae ecnu B XypHane o6baBns0TCs
N NPUNOXEHUS, HEe WMEIoLLMEe Hay4Hbl XapakTep, HayyHble CTaTbW AOMXHbl ObITb
CrpynnUpOBaHbl U YETKO BblAENEHbI B MEPBOM YaCcT HOMepa.

Obbem KpaTknx coobLLeHNn cocTaBnsAeT 4-7 CTpaHuL, uccrnegoBaTenbckme ctateh U
TeMaTnyeckne UCCrnefoBaHnsa ¢ NPobnemMHo-CMTYaUMoHHbIM aHanm3om — 10-14 cTtpanuu,
ofHako obbem 0B630pHbLIX cTaTen MoxeT ObiTb Gonblie. OrpaHMYeHUs No KONMYecTBy
CTPaHWL, He SABNSIOTCA CTPOrMMW, CriefoBaTenbHO MpU COOTBETCTBYIOLLEM OBOCHOBaHMK
npegoctaeneHHble paboTbl MOryT ObiTb AnMMHHEe unn Kopode. B cnyyae nopaym
paclUMpeHHbIX BEpCcUii  paHee  OMNybnMKOBaHHbLIX [OOKNafdoB, NPeAcTaBreHHbIX Ha
KOHdbepeHUmK, pedakums NnposepuT ObINo MM 4obaBneHo 4OCTaTOMHO HOBbIX MaTepuanos
Ana  Toro, 4tobbl CTaTbss COOTBETCTBOBANa CTaHAapTam >KypHana U YCIOBUSIM
peueHsnpoBaHus. [lobasBneHHbIn Matepuan AOMmKeH ObiTb HOBbIM, HEOMNyGnMKOBaHHLIM
paHee. HoBble pe3ynbTaTbl NPUMBETCTBYIOTCH, HO He ABMAIOTCA 00si3aTeNbHbIM YCNoBUEM;
OHaKO KroYeBbIE TE3WChl, NPUMEpPbI, pa3paboTkv 1 Np. AOMKHbI ObiITb 6onee nogpobHo
npeAcTasrieHbl B CTaTbe MO CPaBHEHMIO C NEPBUYHBIM AOKaA0M Ha KOHdepeLmu.

A3blk paboTbl

Cratba gormkHa ObITb HamMcaHa Ha aHrMNCKOM A3blke. TEKCT AokeH ObiTb B
TNVMHIBUCTUYECKOM W CTUINIUCTUHECKOM CMbICE YNOpsOoYeH, cuctemaTuanposaH, 6es
COKpaLLeHU (3a WCKIMIYeHWeM CTaHgapTHbiX). Bce dmanyeckme BenuuuHbL JOMKHbBI
cooTBeTCcTBOBaTh MexayHapoaHon cucteme eamHuy namepenus — CU. OudepegHocTb
dopmyn 0603HayvaeTCca NOPAAKOBLIMU HOMEPaMK, NPOCTaBASAEMbIMW C MPaBON CTOPOHLI B
KpYrmbIx 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 UHOEKCUPOBaHWUS N 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.) U KIMHOYEBLIMU CMOBaMW, 32 KOTOPbLIMU CINEAYET TEKCT CTaTby.
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KnioueBble cnoBa

KnioueBbiMM  crioBamu  SIBASIOTCSE  TEPMUHbI  MnM  ¢ppasbl,  afgeKkBaTHO
NpeacTaBnsloWne CoaepkaHne ctaTbi, HeobXoaMMble ANS MHOEKCUPOBaAHWUSA M Moucka.
KnioueBble cnoBa Heobxogumo BblOMpaTb, ONUpasicb NpuM 3TOM Ha KakoW-nmbo
MeXOYHapOAHbIA UCTOYHWK (perncTp, crnoeapb, Tesaypyc), Haubonee wucnonb3yembii
BHYTPW AaHHOW Hay4yHOW obnactu. YMcno KIo4veBbIX CIOB HE MOXET npesbiwatbk 10. B
MHTEepecax pefakumu 1 aBTOpoB, YTOObI YacToTa MX BCTPEYU B cTaTbe Obina Kak MOXHO
6onbluen. B ctatbe OHM NULIYTCA HENOCPeACTBEHHO MOCne pestome.

Mporpamma ASSISTANT npegoctaBnsieT BO3MOXHOCTb WCMOMb30BaHUSA cepBuca
KWASS, aBTomaTtuyecku UKCUPYIOLLLErO KoYeBble CNoBa 13 MCTOYHMKOB/CnoBapen no
BbIOOpY aBTOpa/peaakTopa.

[ata nony4yeHuns ctaTbu

[ata, korga pepakums nonyduna ctaTbio; AaTta, Korga pefakuusi OKoHYaTenbHO
npyHAna cTaTbio K Nybnunkaumm; a Takke agata, korga obinm npeaocTaBneHbl HE06XoaAMMble
MCnpaBneHns pykonucu, NpUBOAATCH B XPOHONOrMYECKOM NopsaKke, Kak npaBuiio, B KOHLE
craTbu.

BbipaxeHue 6narogapHocTu

HavmeHoBaHWe 1 HOMep NpoekTa, T.e. Ha3BaHWe nporpammMbl Gnarogapsi KOTOpon
cTaTbsi BO3HWKIIA, COBMECTHO C HAVMEHOBaHUEM YYpexaeHusi, koTopoe puHaHcUpoBarno
MPOEKT Wnu nporpaMMy, NPUBOASATCS B OTAEMbHOM MPUMEYaHWM, Kak NpaBumio, BHU3Y
nepBoOi CTpaHULbl CTaTbl.

Mpeabiaywme Bepcun paboThbi

B cnyyae ecnu cTtatbs B npeabldylleil Bepcuu Obina M3noxeHa YCTHO (nop
OOVHaKOBbIM WM MOXOXWM Has3BaHWEM, Hanpumep, B BUAe [JOKNaga Ha HayyHou
KOHGbepeHUMm), cBeeHUst 06 3TOM JOJTKHbI ObITb YKa3aHbl B OTAENBHOM NPUMEeYaHnu, kak
npaBumno, BHU3Yy NepBOii CTpaHuLpbl cTaTbu. PaGoTa, koTopas yxe Gbinia onybrnkoBaHa B
KakoM-nMbo U3 XKypHanoB, He MOXeT OblTb HaneyataHa B «BoOeHHO-MexXHUYeCKOM
8€CMHUKE» HU NOM NOXOXUM Ha3BaHWEM, HU B USMEHEHHOM BUAE.

Hymepauus n HasBaHue Tabnuy u rpacdukos

XKenatenbHo, 4YTo6bI HYMepauuWs 1 HazBaHWe Tabnuu, 1 rpadmKoB ObINU NCMOMNHEHBI
Ha OBYX s13blkax (Ha A3blke OpUrMHana 1 Ha aHrnunckom). Tabnuubl NoanUCbLIBAOTCA TaknuM
e cnocoboM Kak M TeKCT U 0603Ha4alTCs NOPSAKOBLIM HOMEPOM C BEPXHEN CTOPOHbI.
doTorpacun 1 pUCYHKM JOIMKHBI ObITb NOHATHBLI, HArMsAHL! U YAOOHBLI AN penpoayKumm.
PucyHkn Heobxogmmo genatb B nporpammax Word unu Corel. doTtorpadum un pucyHkm
HaZ0 NOCTaBWTb Ha XenaeMoe MecTo B TekcTe. [na co3gaHusa nsobpaxxeHun n rpadunkos
ncnornb3oBaHne PYHKLUM CHUMKA C 3kpaHa (CKpuHLLIOTa) He gonyckaeTcs. B camom TekcTe
cTaTbl pekoMeHayeTCcs NpuMeHeHne n3obpaxeHuni u rpadunkos, obpaboTaHHbIX TakUMM
KOMMbIOTEPHBIMU MporpamMmmamu, kak: Excel, Matlab, Origin, SigmaPlot n gp.

CchbInku (UMTUPOBaHME) B TEKCTE

OcbopmneHmne CCbINok Ha UCTOYHUKM B paMKax CTaTbn AOMKHO ObiTb 0QHOO6PAa3HbIM.
«BoeHHO-mexHuYeckuli 8eCmMHUK» ANA  OPOPMIIEHWS  CCbIMOK, LMTaT W crvcka
MCNonb30BaHHOM nuTepaTypbl NpumeHsieT apBapackyto cuctemy (Harvard Referencing
System, Harvard Style Manual). B Tekcte B ckobkax npusogutcst hammnms LMTupyemoro
asTopa (Unu damunusa Nepeoro aBTopa, €CNy aBTOPOB HECKONbKO), FOA4 U3fAaHus u no
HeobxoaumMocTn Homep cTpanuubl. Hanpumep: (Petrovi¢, 2010, pp.10-20). PekomeHgaumm o
cnocobe UMTUPOBaHMSI pa3MeLleHbl Ha CTpaHuue canta MHCmpyKyusi Mo UCMOb308aHUI0
lapsapdckozo cmuns. lMpn OMOPMNEHNN CCLINOK, LMTaT W CNMCKa MCMONb30BaHHOM
nuTepatypbl  HeO6XOAMMO  NPUAEPXMBAaTbLCA  YCTAHOBMEHHbIX HopM. [lporpamma

382




ASSISTANT npegoctaBnsieT nNpy LMTUPOBAHMM BO3MOXHOCTb WUCMONb30BaHMSA CcepBuca
CiteMatcher, doukcupytoLLero nponyLleHHbIe LUMTaTel B paboTe 1 B cnncke nutepaTypsbl.

MpumMeyaHna (CHOCKHM)

lMpyMeyaHnss (CHOCKM) K TEKCTY YKasblBalOTCSH BHW3Y CTPaHWLbl, K KOTOPOW OHM
oTHocATCA. lNMpuMevaHns MoryT codepaTb MeHee BaKHble AeTanu, AOMNOMHUTENbHble
06bACHEeHUs], yka3aHMsa 06 MCMONb30BaHHBIX UCTOYHMKaX (Hanmp. Hay4yHOM martepwuarne,
CnpaBOYHMKaXx), HO He MOryT GblTb 3aMEHON NPOLEeAypbl LUTUPOBAHNA NMTEPaTypbI.

INuTepatypa (pedepeHunn)

LinTnposaHHowm nuTepaTtypon OXBaTbIBaAKOTCA, Kak npaswuno, Takve
Gubnvorpaduryeckne MCTOMHWKM Kak cTaTbW, MOHorpadum u T.n. Bca wncnonbsyemas
nuTeparypa B BuAe pedepeHumin pasmeLlaeTca B OTAENbLHOM pasfene ctatbi. HassaHus
nMTepaTypHbIX WCTOYHWMKOB HE MepeBOAATCH Ha fA3blk paboTbl. «BOeHHO-mexHuYyeckul
8eCmMHUK» AN OPOpPMIIEHVss  CMUCKa  WCMOSIb30BAHHOW  nMTepaTtypbl  MpUMeEHsieT
lapBapackyto cuctemy (Harvard Style Manual). B cnvcke nutepaTtypbl UCTOYHMKM
yKasblBatoTCs B andasBMTHOM Mopsiake dhamuniuin asTopoB Unu pedakTopos. Pekomergaumm
0 crnocobe LMTUPOBaHWS pa3MeLLeHbl Ha CTpaHuue canta MHCmpyKuUs Mo UCMOb308aHUI0
Fapeapdckoeo cmuns. T[lpn  oOdOPMMEHMM ChlMCKa UCMONb30BaHHOW nuTepaTtypbl
HeobXoAUMO NpuAepXuBaTbCA YCTaHOBMEHHbIX HopM. [pu  odopmneHun cnucka
nutepatypbl nporpamma ASSISTANT npepoctaBnseT BO3MOXHOCTb MCMOMb30BaHUSA
cepsuca RefFormatter, ocywectBnsiowero KOHTPOb 0POPMIIEHMS CMCKa nuTepaTypbl B
COOTBETCTBMM CO CTaHdapTamu [apBapgckoro ctuns. HecrtaHgapTHoe, HemnomnHoe wu
HenocreAoBaTenbHOe NpyBeAeHNe NUTepaTypbl B CUCTEMaXxX OLIEHKU XypHamna cuuTaeTtcs
AOCTaTO4YHOM NPUYNHON AN OCNapMBaHUA HAY4HOTO CTaTyca XypHana.

ABTOpCKOe 3asiBneHue

ABTOpCKOE 3asiBNeHVe NpeaocTaBsieTcs BMECTE CO CTaTbel, B HEM aBTOPbI 3asiBNSAOT
0 CBOEM NYHOM BKNafe B HanucaHuwe ctatbu. B 3asiBneHun aBTopbl NOATBEPXKOAIOT, YTO
cTaTbsl HanucaHa B COOTBETCTBUM C [TpuanaweHuem u uHcmpykyusmu Orsi asmopos, a
Takke ¢ Kodekcom npogheccuoHasibHOU 3MUKU XXypHara.

Bce pykonucu ctatei nognexat npod)eccMoHanHOMY peLeH3MpPOBaHUIO.

CnMcoK peueH3eHTOB XypHana «BoeHHO-mexHU4YecKul 8ecmHUK» pasMeLléH Ha
cTpanuue canta Criucok peueH3eHmos. [pouecc peueH3npoBaHWs onucaH B pasgene
lNpasuna peuyeH3uposaHus.

Pepakuus
MoyToBbLIV agpec peaakuum:
«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
website of the Military Technical Courier, page Journal categorization.

More detailed information can be found on the website of the Ministry of Education,
Science and Technological Development of the Republic of Serbia.

The information on the categorization can be also found on the website of KOBSON
(Consortium of Libraries of Serbia for Unified Acquisition).

The periodical is categorized in compliance with the Regulations on categorization
and ranking of scientific journals of the Ministry of Education, Science and Technological
Development of the Republic of Serbia (Official Gazette of the Republic of Serbia, No
159/20). More detailed information can be found on the website of the Ministry of Education,
Science and Technological Development.

The journal is in the Serbian Citation Index — SCIndex (data base of national scientific
journals), in the Scientific Information System Redalyc, and in the Russian Index of Science
Citation/Poccuincknin nHgekc HayydHoro umtupoBaHusa (RINC/PUHLL) and is constantly
monitored depending on the impact within the bases themselves. More detailed information
can be viewed on the website of the Military Technical Courier, page Journal indexing.

The Military Technical Courier, in terms of its content, offers the possibility of open
access (DIAMOND OPEN ACCESS) and applies the Creative Commons Attribution (CC
BY) licence on copyright. The copyright details can be found on the Copyright notice and
Self-archiving policy page of the journal's website.

Manuscripts are submitted online, through the electronic editing system
ASSISTANT, developed by the Center for Evaluation in Education and Science — CEON.

The access and the registration are through the Military Technical Courier
site http://www.vtg.mod.gov.rs/index-e.html, on the page ASSISTANT or the page
SCINDEKS or directly through the link (aseestant.ceon.rs/index.php/vtg).

The detailed instructions about the registration for the service are on the website
http://www.vtg.mod.gov.rs/index-e.html, on the page Instructions for ASSISTANT.

All authors submitting a manuscript for publishing in the Military Technical Courier
should register for an ORCID ID following the instructions on the web page Registration for
an ORCID identifier.

The Military Technical Courier  publishes articles in English,
using Arial and a font size of 11pt with Single Spacing.

The procedures of article preparation, writing and editing should be in accordance
with the Publication ethics statement (http://www.vtg.mod.gov.rs/publication-ethics-
statement.html).

The article should contain an abstract with keywords, introduction (motivation for the
work), body (adequate overview of the representative work in the field, a clear statement
of the novelty in the presented research, suitable theoretical background, one or more
examples to demonstrate and discuss the presented ideas), conclusion, and references
(without heading and subheading enumeration). The article length should not normally
exceed 16 pages of the A4 paper format with single spacing, up to a maximum of 24 pages
with references and supplementary material included.

The article should be formatted following the instructions in the Article Form which
can be downloaded from website page Article form.
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Title
The title should be informative. It is in both Journal's and author’s best interest to use
terms suitable for indexing and word search. If there are no such terms in the title, the
author is strongly advised to add a subtitle.
Letterhead title
The letterhead title is given at a top of each page for easier identification of article
copies in an electronic form in particular. It contains the author’s surname and first name
initial (for multiple authors add “et al”), article title, journal title and collation (year, volume,
issue, first and last page). The journal and article titles can be given in a shortened form.
Author’s name
Full name(s) of author(s) should be used. It is advisable to give the middle initial.
Names are given in their original form (with diacritic signs if in Serbian).
Author’s affiliation
The full official name and seat of the author’s affiliation is given, possibly with the
name of the institution where the research was carried out. For organizations with complex
structures, give the whole hierarchy (for example, University of Defence in Belgrade,
Military Academy, Department for Military Electronic Systems). At least one organization in
the hierarchy must be a legal entity. When some of multiple authors have the same
affiliation, it must be clearly stated, by special signs or in other way, which department
exactly they are affiliated with. The affiliation follows the author's name. The function and
title are not given.
Contact details
The postal addresses or the e-mail addresses of the authors are given in the first page.
Type of articles
Classification of articles is a duty of the editorial staff and is of special importance.
Referees and the members of the editorial staff, or section editors, can propose a category,
but the editor-in-chief has the sole responsibility for their classification.
The Military Technical Courier publishes scientific articles.
Scientific articles:

— Original scientific papers (giving the previously unpublished results of the author’s
own research based on scientific methods);

— Review papers (giving an original, detailed and critical view of a research problem
or an area to which the author has made a contribution demonstrated by self-citation);

— Short communications or Preliminary communications (original scientific full papers
but shorter or of a preliminary character);

— Scientific commentaries or discussions (discussions on a particular scientific topic,
based exclusively on scientific argumentation) and opinion pieces.

Exceptionally, in particular areas, a scientific paper in the Journal can be in a form of
a monograph or a critical edition of scientific data (historical, archival, lexicographic,
bibliographic, data survey, etc.) which were unknown or hardly accessible for scientific
research.

Papers classified as scientific must have at least two positive reviews.

If the journal contains non-scientific contributions as well, the section with scientific
papers should be clearly denoted in the first part of the Journal.

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, SigmaPIlot, etc. Itis not recommended to use a
screen capture of a data acquisition program as a figure or a graph.
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Citation in the text

Citation in the text must be uniform. The Military Technical Courier applies the
Harvard Referencing System given in the Harvard Style Manual. When citing sources within
your paper, i.e. for in-text references of the works listed at the end of the paper, place the
year of publication of the work in parentheses and optionally the number of the page(s)
after the author's name, e.g. (Petrovic, 2012, pp.10-12). A detailed guide on citing, with
examples, can be found on Military Technical Courier website on the page Instructions for
Harvard Style Manual. In-text citations should follow its guidelines. For checking in-text
citations, the ASSISTANT system uses a special tool CiteMatcher to find out quotes left
out within papers and in reference lists.

Footnotes

Footnotes are given at the bottom of the page with the text they refer to. They can
contain less relevant details, additional explanations or used sources (e.g. scientific
material, manuals). They cannot replace the cited literature.

Reference list (Literature)

The cited literature encompasses bibliographic sources such as articles and
monographs and is given in a separate section in a form of a reference list. References are
not translated to the language of the article.

In compiling the reference list and bibliography, the Military Technical Courier applies
the Harvard System — Harvard Style Manual. All bibliography items should be listed
alphabetically by author's name, without numeration. A detailed guide for listing references,
with examples, can be found on Military Technical Courier website on the page Instructions
for Harvard Style Manual. Reference lists at the end of papers should follow its guidelines.
In journal evaluation systems, non-standard, insufficient or inconsequent citation is
considered to be a sufficient cause for denying the scientific status to a journal.

Authorship Statement

The Authorship statement, submitted together with the paper, states authors’
individual contributions to the creation of the paper. In this statement, the authors also
confirm that they followed the guidelines given in the Call for papers and the Publication
ethics and malpractice statement of the journal.

All articles are peer reviewed.

The list of referees of the Military Technical Courier can be viewed at website
page List of referees. The article review process is described on the Peer Review
Process page of the website.

Editorial Team

Address of the Editorial Office:

Vojnotehnicki glasnik / Military Technical Courier

Veljka Luki¢a Kurjaka 33

11042 Belgrade, Republic of Serbia

e-mail: vojnotehnicki.glasnik@mod.gov.rs, tel.: +381 11 3603 260, +381 66 8700 123
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CIMUCAK PELIEH3EHATA BOJHOTEXHUYKOT ITTACHUKA
CMCOK PELIEH3EHTOB XXYPHAA (BOEHHO-TEXHYECK/ BECTHVIK»
LIST OF REFEREES OF THE MILITARY TECHNICAL COURIER

Cnuncak peueHseHaTta BojHOmexHUYKOz2 enacHukKa KOju Cy aHraxkoBaHu
TOoKOoM 2024. roguHe JOCTYNaH je Ha CTpaHuuUK cajtTa Yyaconuca
http://www.vtg.mod.gov.rs/spisak-recenzenata.html
Kao M Ha cTpaHuum BojHomexHuuykoz enacHuka y CprckoM LMTaTHOM WMHAEKCY
https://scindeks.ceon.rs/EditorialBoard.aspx?issn=0042-8469

CnMcoK  peLeH3eHTOB XypHana «BOEeHHO-MexXHUYeCcKUll  8ECMHUKY,
npuBneYeHHbIX B 2024 roay, 4OCTYNEH Ha canTe XypHana
http://www.vtg.mod.gov.rs/spisok-recenzetov.html
a Takke Ha cTpaHuLue XypHana «BoeHHO-mexHudYeckul eecmHuk» B Cepbckom
WHAEKCE LNTMPOBaHNS
https://scindeks.ceon.rs/EditorialBoard.aspx?issn=0042-8469&lang=en

The list of the referees of the Military Technical Courier engaged during
2024 is available on the journal's website
http://www.vtg.mod.gov.rs/list-of-referees.html
as well as on the Military Technical Courier page in the Serbian Citation Index
https://scindeks.ceon.rs/EditorialBoard.aspx?issn=0042-8469&lang=en
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N3JABA O ETUYKOM MOCTYTNAHY
STUYECKMM KOOEKC
PUBLICATION ETHICS STATEMENT

N3JABA BOJHOTEXHUYKOI TTTACHUKA O ETUMKOM NMOCTYNAHKY

HAMNOMEHA: YpehuBayka nonuTtuka BOjHOTEXHWYKOr rnacHWka 3acHMBaA ce Ha
npenopykama Ogbopa 3a eTnyHocT y usgasawTtey (COPE Core Practices) n 3ajegHnykmnm
NpYHUMNUMa TPaHCNapeHTHOCTM 1 Hajborbe npakce y nagasawTtey COPE, DOAJ, OASPA
n WAME, kao 1 Ha Hajborbum npuxBaheHMM npakcamMa y HayydHOM W34aBallTBy.
BojHoTexHuukn rmacHuk je unaH COPE (Committee on Publication Ethics) og 2. maja 2018.
roguHe n unaH OASPA (Open Access Scholarly Publishers Association) og og 27.
HoBembpa 2015. roguHe. YpegHuwTBO npumensyje KOHTpomnHy nucty 3a usgasade
oTBOpeHor npuctyna o cnposohewy [Npenopyke YHECKO-a o otBopeHoj Hayuu. OBaj
OOKYMEHT je 1eo YHECKOBOT KOMMNIeTa anara 3a OTBOPEHY HayKy, OCMULLIBLEHOT ia NOAPXU
mmnnemeHTauujy Npenopyke YHecka o oTBOpeHOj Hayuu. [pousBedeH je y napTHepCTBY
ca OASPA.

OcHoBHa AenaTHOCT Hay4HOr Yaconuca BojHomexHUYKU anacHUK je objaBrbusame
yYnaHaka HakKoOH CTpy4YHe peueHanje. Y npouecy ypehuBawa, Koju uma 3a uurb
objaBrbyBatbe HayyYHMX YnaHaka, Heonxo4Ho je NocTuhu carnacHoCT O €TUYKUM Havenuma
y nocTynumma cBuX y4ecHuka (pepakumje, Tj. ypeaHuka, unaHosa Ypefusaukor ogbopa n
peueH3eHata u4aconuca, kao W camux aytopa). lMomeHytTa Havena u nocTynuu
AedvHucann cy oBom M3sjaBom BojHOTEXHMYKOT FMacHMWKa O €TUYKOM MOCTynamy.

Mepe, pagwe, oaroBopHocTH u o6aBese Pepgakuuvje BojHOTeXHUYKOr rmacHUKa

YpeaHVWTBO BOjHOTEXHWMYKOr FMacHuMKa He Tpaxu of ayTtopa, HUTU of Tpehwux
cTpaHa, nnahawe HakHafe 3a annuumpare uYnaHka 3a objaBrbuBame. YuTaB noctynak
ypehvBawa 1 objaBrbuBama uYnaHka 3a ayTope je MoTrnyHo GecnnaTtaH, Kako ycnyre
npujaBrenBama pykonuca v wuxose obpage, Tako u ycnyre nybnukoBara YnaHaka. He
noctoje 6runo Kaksn CKPUBEHMN TPOLLKOBW.

YpeaoHuwtBo BojHOTEXHUYKOr rmacHWka AOHOCKM KOHa4YHy OAMYyKy O Tome Koju he ce
pykonucu o6jaButn. Oanyke ce AOHOCE WCKIbYYMBO HA OCHOBY BPEAHOCTW pyKomuca.
Mopajy 6utn ocnoboheHe pacHuX, NOMHUX/POAHNX, BEPCKMNX, ETHUYKUX UMK MONUTUYHKNX
npegpacyga. Npunukom goHowena oAanyke o objaBrbuBarby YPEAHULLTBO Ce PyKOBOAM
ypefuBaykom nonutukomM, Boaehn padyHa O 3aKOHCKMM NpPOMMCUMa KOju Ce OJHOCE Ha
KrneBeTy, KpLUeHa ayTOPCKMX Npasa v nnarmpame.

Pykonucu ce 4yBajy kao noseprous matepujan. Hopmaumje n naeje cagpxaHe y
pykonucrMa He CMejy ce KOPUCTUTK y NndHe cBpxe 6e3 n3puyute nucaHe AO3BONE ayTopa.

Y cBoMm pagy, npema npenopyuu LleHTpa 3a eBanyauujy y obpasoBaky U Hayum
(LULEOH), Pepakuunja KopucTM enekTpPOHCKM cucTeM ypefuBamwa 4vaconuca CUWHaekc
(Cpnckn umtathn mHaekc) ACUCTEHT (paseujeH Ha 6asu nnatgopme OJS), koju
omoryhaBa TpaHCMapeHTHOCT 1 jaBHOCT pafa, nogpasymeBajyhn nyHy OAroBOpHOCT 3a
npuxsaTtame 1 objaBreuBame YnaHka.

Mpouec ypehmBamwa 4naHka y BojHOTexHUYKOM rnacHuKy noppasymesa cnepgehe
obaBese Pepakuuje:

1. HakoH npujema unaHka, Pegakumja on aytopa npubasrsa MsjaBy o aytopcTsy y
KOjoj ayTopu: HaBoge CBOj MojeAuHaYHn OOMNPUHOC Y u3paaw YnaHka; noTtsphyjy Aa cy
yrnosHaTM ca NOnuWTKOM Yacornuca y Be3un ca nosrnadvewem Beh objaBrbeHux pagosa;
noTephyjy Aa mocnatu pykonuc npefdctaBiba OpuUrMHanaH pag Koju cy Hanucanu u
noTnMcanu HaBeJeHn ayTopu 1 Koju Huje 06jaBrbeH paHuvje Ha HEKOM Apyrom MecTy, Te aa
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Ce pyKonuc He pa3maTpa 3a objaBrbmBame Ha APYroMm MecTy U HW1je UCTOBPEMEHO nocnaT
Ha peLeH3njy y apyre yaconuce; NoTephyjy Aa YnaHak u AoAaTHW MaTepujany He cagpxe
TBpAH-E Koje B ce Mmorne cmaTpaTti KneBeToM Unn Buno Kakse He3akoHUTE TBPAHE U He
cagpxe maTtepujan Koju Ha Guno KOju HauuH yrpoxaBa NM4yHa WM BriacHUYKa npasa
PU3NYKNX MK NPaBHUX nuua; noTephyjy Aa Hemajy cykob mHTepeca koju 6u morao aa
AoBsefje y nuTarwe NHTErpuTeT 1 BEpOOOCTOJHOCT pesynTaTta Koju Cy 06jaBrbeHun y YnaHky,
Kao n ga cy fobunu carnacHocT of Hocunaua ayTopckux npaea 3a kopuwhene cBux
n3BoAa M3 gena 3awTtuheHux ayTopcKuMm npasuma U Apyrux maTtepujana sawTuheHux
ayTOPCKUM NpaBuma Koju Ccy KopuwheHn y pykonucy 1 Aa cy HaBenu nssope y pykonucy u
AOAATHUM mMaTepujanmma.

2. lpe popgene pykonuca ypedHuky Pepakumja nposepasBa Aa nu je cagpxaj
pykonuca nnaruwjat, pagu npoBepe OpuUrMHanHoOCTW NpUCnenux pagoBa M cnpevyaBaka
nybnvkosawa nnarujata n gynnukarta. BojHoTexHn4ku rmacHuk He objaBrbyje nnarnpaHe
papoBe. YpeQHuLWTBO Nonasn oA cTaea Aa je nnarvpare, OAHOCHO npeyanMare TyhQux
naeja, peun nnu Apyrnx obnuka KkpeaTtMBHOr JOMNPUHOCa U HUXOBO NpeacTaBibake Kao
CorncTBeHuX, rpybo KpLuere HayyHe 1 u3gasadke eTuke. MNnarmpare Moxe Aa ykrbydyje u
KpLUEH-e ayTOPCKNX NpaBa, LUTO je 3aKOHOM KaXHMBO.

Mnarnpare obyxsata:

— [AOCMOBHO (pey No peY) Uy roToBo AOCIOBHO NPey3vMare U CMULLIBLEHO, Paan
npukpvBaka K3BOpa, napadpasvpame AenoBa TekcToBa Apyrux aytopa 6e3 jacHor
HasHa4yaBawa U3BOpa;

— Konupawe jedHauvHa, nopgataka unu Tabena u3 apyrmx AokymeHata 6es
npaBuMHOr Ha3HavaBaha M3Bopa w/mnu 6e3 go3sone M3BOPHOr ayTopa Mnu Hocuoua
ayTopckor npaea.

Pykonuc y kojem ce yTBpAe jacHe uHouumje pa je nnarupaH Guhe aytomarcku
onbujeH. Y cny4ajy oa ce nnarvjapusam otkpuje y Beh o6jaBrbeHom pagy, YnaHak he 6utn
0Mno3BaH (NoByYeH) y cknagy ca NnpoLeaypoM ONMCaHOM y Tadku 6.

Pagu cnpeyaBawa nnarmjata y 4aconucy pykonucu ce nogsprasajy MpoBepu Y3
nomoh cuctema iThenticate/CrossRef y okeupy cepsuca CUMHoekc ACUCTEHT.
Pesyntate pobujeHe npoBepom BepuduKyje ypedHULITBO Yaconuca y cknagy ca
cMmepHuuama n npenopykama Komuteta 3a etuky nybnukosara (COPE).

BojHOTEXHMYKM TNacHMK He [03BOrbaBa ynoTpeby reHepaTuBHE BeLUTaYke
uHTENUreHumje (eHrn. generative Al), ka0 HW TexHonorvja nogpXaHWx BeELUTAYKOM
uHTEnureHumjom (eHrn. Al-assisted), kao WTO cy Benuku jeanyku mogenu (eHrn. Large
Language Models), 3a nucare paga. Ynotpeba oBux TexHonorvja 4O3BOrbeHa je jeAMHO
3a yHanpeheme jesnka 1 YMTILUBOCTY paga, anu y3 CTpory KoHTpony ayTtopa. Pegakuuja
BojHOTEXHMYKOT rmacHMKa MOXe KOpUCTUTUM hOpEeH3NYKe anaTe 1 cneumjanHe codTeepe
3a wugeHTUdMKaUWjy HeperynapHor nucawa paga nomMohy reHepaTVBHe BeLUTauke
WHTENUreHumje n TexHornoruja NoagpxaHux BeLUTa4koM MHTENUreHumjoM. PagoBm ko Kojux
ce yTBpAM HeperynapHo kopuwhewe 0BUX TexHonorvja 6uhe oabujeHn y npouecy
ypehuBama 1 peueHsnje unm HakHagHO OMo3BaHW ako ce OBM HedocTauu ytepge Yy Beh
o6jaBreeHUM YnaHumma.

3. HakoH nposepe Ha nnarnjapmsam Pepakuuja gogerbyje npucnenu pykonuc
ypeaHuky koju he Haparbe BoguTu ypehuBaukM npouec u opabpatu peueH3eHTe.
YpeaHuwTBO M ypeaHVK KOjeM je JofderbeH Npucnenu unaHak He cmejy 6utn y cykoby
MHTepeca y Be3un ca PyKOnucoM Koju pasmaTtpajy.

Ako TakaB cykob mHTepeca MocToju, 0 U3bopy peueH3eHaTa u CyabuHM pykonuca
oanyyyje Ypehusadkm ogbop. YUnaHoeu Ypehmeaukor ogbopa 3a Koje ce npeTnocTaBu ga
6n mornn 6uTnM y cykoby mHTepeca Takofle He y4ecTByjy Y MOCTYMNKy oAflyuMBaka O
ogpeheHoMm pykonucy.
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4. Pykonucu ce ynyhyjy Ha peueH3ujy TEeK HaKOH MHUUMjanHe oueHe fa nv cy, ¢
0631Mpom Ha hopMy ¥ TemaTCkun Aernokpyr, NogobHu 3a objaBreuBame y BojHOTEXHWUYKOM
rnacHuky. NocebHa ce BoAu payyHa Aa MHMLUMjanHa oueHa He Tpaje AyXe Hero Lo je
HEOnXoaHo.

BojHOTEXHMYKM  TMacHUK  MpuMmernsyje  noctynak  ,ABOCTPYKOr  @HOHWMHOr
peLeHsmpara CBux pagosa’.

["NaBHW ypeaHWK 1 YnaHoBW ypeaHULITBA AyXHU Cy Aa npedy3My oarosapajyhe mepe
Aa ayTopu W peuLeH3eHTW ocTaHy MefyCOBHO aHOHMMHM TOKOM M HaKOH npoueca
peueH3nje, y ckrmagy ca [BOCTPYKMM criemuMm npouecoM peueHsmje. [lMopen Tora,
ypeaHnwTBO BOjHOTEXHMYKOr rmacHuka Moxe MpYyXUTU WMHopmMauujy O MpUCTUrNOM
PYKOMUCY Camo ayTopy, peLeH3eHTMMa Unn NoTEeHUMjanHUM peLieH3eHTMMa, YKOMNMKO je TO
notpebHo.

CBaku pykonuc peueHsupajy 6ap ABa peLeH3eHTa, He3aBUCHO jedaH o Apyror, a
HUXOB nAeHTUTEeT je MefycobHo HenosHaTt. PeueH3eHTn ce Oupajy MCKIby4yMBO npema
TOME Ja fn pacnonaxy pernesBaHTHUM 3HawuMma 3a oueHy pykonuca. He cmejy 6utn uns
MCTE WHCTUTYUMje Kao ayTopu PYKOMWUCa, HUTU OUTW HKMXOBU KOAyTOPW Y CKOPWjOj
npowsoctn. EBeHTyanHW npeanosn aytopa pykonuca Aa ce aHraxyjy ogpehenu
peLeH3eHTN He yBaxaBajy ce.

Linre peueHsuje jecTe ga ypegHWLLTBY MOMOrHE Y AOHOLIEHY OoAaflyke Aa nu pag
Tpeba npuxeBatUTM UnNn oabuTK, Kao U Aa ce y npouecy KOMyHuKauuje C ypegHWUKOM,
ayTopuma v ApYruM peueH3eHTMMa noborbLiua KBanuTeT pykonuca.

Tokom nocTynka peLeHsuje rmaBHM ypeaHMK MOXe Aa 3axTeBa of ayTopa Aa AocTase
gogatHe uHdopMaumje, ykibyyyjyhv 1 npumapHe nogaTke, ako Cy OHe HeonxogHe 3a
JOHOLWewe cyda O pykonucy. YpeOHuK W peueH3eHTM Mopajy [da dyBajy Takse
nHdopmaLuje Kao NoBepsbLMBE U He CMejy UX ynoTpebuTun y apyre cepxe.

Y pefoBHUM OKONTHOCTMMA NOCTYNaK peLleH3npata Tpaje HajBuLLe YeTUpu Headerse,
a camo M3y3eTHO Ao Tpu Meceua. lNepuoa o npujema pagja Ao werosor objaBrbmBama
Tpaje, y npoceky, 90 gaHa.

Y cnyyajy ga aytopy MMajy 030uUIbHE W OCHOBAHE 3aMepKe Ha peleHsujy,
ypeOHvLWTBO MpoBepaBa Aa Nv je oHa objekTvBHa M Aa Nv 3a40BOrbaBa akagemcke
cTtaHgapge. AKO ce NMOCyMHa Y OBjEKTUBHOCT UMW KBanuTeT peLieH3nje, yPeaHuK aHraxyje
AoAaTHe peLeHs3eHTe.

[opaTHu peuLeH3eHTU ce aHraxyjy v y cnydvajy kaga cy oanyke noctojeha asa
peueH3eHTa MefycobHO onpedHe (oabuTW/MpUXBATUTM) WNU  Ha JAPYrM  Ha4uH
HenomMuprbmBee.

KoHauHy ognyky o mpuxeaTawy pykonuca 3a objaBrbvBare OOHOCKM UCKIbYYMBO
YPeOHWLITBO.

5. Y un3y3eTHuM crniyyajeBnMa, a nocebHO y OHMM OKOMHOCTMMa Kaga je usbop
yaconuca orpaHuydeH 306o0r cneuuduyHe TemaTuke YnaHka, YraHOBW YpeoHWUWTBa
Yyaconuca BojHOTEXHUYKM rmacHMK Mory 6UTK 1 ayTopuy HEroBrUX Hay4HUx pagoea. Mnak, y
OBOM CRyyajy ypedHUWTBO CNpoBOAM [OAATHO TPAHCMapPeHTHUM W PUropo3HUjn
OBOCTpYKO cnenu npouec peueHsuje. To nogpasymeBa Aa he Pepakumja yaconuca
YNOXWTW Hanop Aa OOpXW MHTErputeT peLeH3nje N HeobjeKTUBHOCT CBeAe Ha Hajmamy
mMoryhy mepy, Tako WwTo he ApyrM ypedHuK capagHuK BOAUTW Mnpoueadypy peueHsuje
He3aBMCHO Of ypedHuka ayTopa, npu 4emy he Taj npouec OuTM ancomyTHO
TpaHcnapeHTaH. YpegHuwteo he nocebHo BOOUTM padyHa Aa peLeH3eHT He NpenosHa Ko
je Hanmcao pap. Kao gopaTtHy mepy npegoCTpOXHOCTW, ako M Kaga ce TakaB YnaHak
o6jaBn, ypeaHULITBO MOXe 06jaBUTV MPONpaTHN KOMEHTap Koju Nokasyje KOnuKo je npouec
ypehuBama 1 peueHsnje 61o TpaHcnapeHTaH.

392




6. Y cnyvajy Kplewa npasa BojHOTEXHUYKOT rnacHuKa, Hocunaua ayTopckux npasa
Unun cammx aytopa, objaBrouBara UCTOr PyKOMMCa Y BULLE Yaconuca, faxHor ayTopcTBea,
nnarujaTta, MmaHunynauuvje nogauvMma pagv npesape unv 6uno koje gpyre 3noynotpebe,
06jaBrbeHun pag ce Mopa orno3saTu.

UnaHak ce moxe ono3saTtu 1 3aTo Aa 6u ce ncnpasune o036urbHe U 6pojHe omalLke
Koje Huje moryhe o6yxBaTnTu objaBr-uBarem ncnpaske. Onosue objaBrbyje ypeaHULTBO,
aytop(1) nnmn obe ctpaHe cnopasyMHO.

OnosuB nma 06nmk 3acebHor paaa Koju ce Npukasyje y cagpkajy CBeCKe U ypeaHUYKn
knacudukyje kao Onosus unu PeTtpakuuja.

OnosuBu ce nybnukyjy npema 3axteBuma COPE koje je paspagno CEON, kao
n3gaBad 6ase y Kojoj ce BOjHOTEXHWYKM rMacHUK NpMMapHO MHAEKCUpa, OAHOCHO n3gaBad
HaLMOHarHor uMTaTHOr MHAeKca rae ce MeTtanogaum onosnsa 1 ono3saHux pagosa Mmopajy
03HauuTK oarosapajyhum ynosoperwuma 1 MmeflycobHo noBe3atu YHaKpCHUM NMHKOBUMA:

Y eneKkTpoHCKOj BEP3nju M3BOPHOT YraHka (OHOr Koju ce noBnayn) ycrnocTasiba ce
Be3a (HTML nuHk) ca obaBeluTereM 0 noBnayemwy. MoBy4eHn yunaHak ce YyBa y U3BOPHO]
cdopmu, anu ca sogeHnm xurom Ha PDF fokymeHTy, Ha cBakoj CTpaHuuM, Koju ykasyje Aa
je unanak nosyyeH (RETRACTED).

7. Pepakumja je oTBOopeHa 3a akagemcKy, Hay4yHO 3acHOBaHy, KomnerujanHy u
NOACTMUAjHY pasMeHy MullIbeHa W KPUTWUKY, OAHOCHO 3a MW3HOLUEHE €EBEHTyallHuX
Hecrnarawa y Be3u ca pesynrtatuma objaBrbeHvMM y unaHumma BojHOTexHWYKor rmacHuka,
TMMe WwTo he npyxuTn MOryhHOCT yyecHWUMMa Aa HWUXOBU MNPEeAMETHU OOMUCU UIn
nonemuke 6yay objaBrbeHun y pybpuum yaconuca ,lvcma ypeaHuky”.

Mepe, pagte, oAroBOPHOCTU M 06aBe3e peLeH3eHaTa BojHoTexHUYKOr rmacHuka

PeueH3eHTu cy AyHW Aa KBanurKoBaHO 1 Y 3a4aTUM POKOBMMA AOCTaBE YPEAHUKY
OLleHy Hay4He, OOHOCHO CTpyYHe BpeaHOCTU pykonuca. PeueHseHT Bogun nocebHy 6pury o
CTBapHOM [OMPUHOCY W OpUrMHanHocTh pykonuca. PeueHsvja mMopa 6utn cacBum
06jekTVBHa, a CyA peLeH3eHTa jacaH 1 NOTKPenbeH apryMmeHTuma.

PeueHseHTV ouemnyjy pykonuce y 0AHOCY Ha ycknaheHocT cagpxaja ¢ npodunomM
BojHOTeXHUYKOr rnacHuka, 3Havaj U KOPWUCHOCT Capkaja, afeKkBaTHOCT MpUMEHEHUX
MeToAa, HayyHy BpeOHOCT cagpXaHux uHdopMauuja, CTUN usnaraka U onpemrbLeHOCT
TekcTa. PeueHsunja uma ctaHgapgHu coopmart koju obyxBaTta oueHe nojeanHux gumeHsuvja
paga, OnwTy OLEHY M 3aKrbyyHy Npenopyky. HenpuxesaTtrsvea je nMyHa KpuTuKa aytopa.

PeLeH3eHT He cme 6uTM y cykoby uHTepeca ca aytopuma Wnu duHaHcKjepom
ncTpaxuBamwa. YKOMMKO TakaB Cyko® NOCTOjW, peLeH3eHT je AyxaH ga o Tome
npaBoBpemeHo obaBecTn ypefHuKka. PeLieH3eHT He npyxBaTa Ha peLeH3unjy pagoBe 13BaH
obnacTu 3a Kojy ce cMaTpa NoTMyHO KOMNETEHTHUM.

PeueHseHTn Tpeba aa ynosope rmaBHOr ypeaHvKa ako OCHOBAHO CyMHsajy Uin umajy
casHakbe O noBpedama eTUYKMX CTaHgapga of CTpaHe ayTtopa pykonwca. [ykHocT
peLeH3eHTa jecTe Ja CKpeHe Naxhy ypedHWKy Ha 3HayajHa nogyaaparba unv CIIMYHOCT
pykonuca ca Beh o6jaBrbeHVM pafoMm, YKONMKO O TOME MMa NnyHa casHawa. Takohe,
Tpeba da npenosHa peneBaHTHE WM3BOpe KOjU y pady Hucy y3eTu y obaup. Moxe Aaa
npenopy4un uutupare ogpefeHnx pedepeHum, anv He cMe Aa 3axTeBa UuTnpame pagosa
o6jaBrbeHux y Yaconmcy BojHOTEXHWYKM FacHUK Uiu CBOjUX PafoBa, ako 3a TO He NoCToju
onpasgame.

Opf pelieH3eHaTa ce O4YeKyje Aa CBOjUM CyrecTvjaMma yHanpeae KBanuteT pykonuca.
AKO oueHe fa paj 3acnyxyje objaBrbMBame y3 KOpeKkuuvje, OYXHU Cy Aa npeuusupajy
Ha4MH Ha Koju TO MOXe Aa ce OCTBapM.
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Pykonvcn koju cy nocnatu peueH3eHTy Mopajy ce cmaTpatyu MOBEPSbUBMM
OOKyMeHTMMa. PeLeH3eHTU He CMejy Aa KopucTe maTepujan M3 pykonuca 3a CBOja
MCTpaxunBawa 0e3 n3pmunTe nucaHe LO3BOME ayTopa.

Pepakumja BojHOTexHMUKOr rnacHuka noAcTUYe peueH3eHTe [Ada  peleHsunje
BepUKKyjy Ha CBOjUM NepcoHanusoBaHMM cTpaHuuama Ha nnatdopmu Web of Science
(WoS). Kaga peuLeH3eHT ypaam peueH3snjy unaHka 3a BojHoTexHnykm rmacHuk 6uhe nutaH
Aa nv xenu ga npatu, noTepav n gobuje npusHake 3a cBoj pag Ha nnatdopmmu WoS.
PeLeH3eHT 3aTM MOXe KOPUCTUTU CBOjy BepUEUMKOBAHY peLeH3ujy Kao 4oka3 O CBOjUM
JoMprHOCUMA Hay4HOj 3ajedHuLM Y annukauujama 3a npomouunjy, dprHaHcupame v ci.

PeueH3eHTCcKka nonutuka Yyaconmca:

— owmoryhaBa jaBHO npvKasuBake peLieH3vje (MCKIbY4YUMBO HaKOH oGjaBrbMBama
yYnaHka),

— peueH3eHTUMa npukKasyje HacnoBe peLeH3VMpaHor YnaHka (MCKIbYYMBO HaKOH
objaBrbMBaHa YnaHka).

Mepe, pagwe, oOroBOpHOCTM M obGaBe3e ayTopa KOju nNully uYnaHke 3a
BojHOTeXHUYKU rmacHuUK

AyTOopW rapaHTyjy Aa pyKonuc NpeAcTaBiba hMXOB OPUTMHanNaH AOMNpUHOC, Aa Huje
06jaBr-eH paHuje u fa ce He pa3marpa 3a o6jaBrb1MBame Ha Apyrom MecTy. icToBpemeHo
npeAasare UCTOr pyKonuca y BuLLe Yaconvca npeactaBrba KpLUueHe eTUYKMX CTaHAapAa,
LITO ra UCKrby4yje u3 aarber pasmaTtpara 3a objaBrbnBare y BOjHOTEXHUYKOM FMaCHUKY.
Pag koju je Beh 06jaBrbeH Ha HEKOM ApYyrom MecTy He Moxe BuTu npeLwuTamnaH y yaconucy
BOjHOTEXHMYKM rNACHUK.

AyTopu CHOCe CBY OArOBOPHOCT 3a LIENOKYNHU caapaj pykonuca. Pykonuc He cme
Aa cagpXu HEOCHOBaHE UMW He3aKoHWTE TBPAH-E, HUTU Aa KpLUM npasa Apyrux nuua.

Mpunukom nucawa paja, ayTopyu He CMejy KOPUCTUTU reHepaTVMBHE BeluTayke
uHTEnureHumje (eHrn. generative Al), kao HM TexHonorvje noApXxaHe BeLUTAYKOM
nHTEnureHumjom (eHrn. Al-assisted), kao WTO cy Benuku jeanyku mogenu (eHrn. Large
Language Models). OBe TexHonoruje ce He MOry KOPUCTUTU 3a peanusauujy Krby4yHor
3ajaTtka ayTopa, a To je n3sohere 3akibydaka v npenopyka Koju Ccy Hay4HO 3aCHOBaHW.
AnaTu BelwTayke MHTENUrEHUMje Ce MOry KOPUCTUTM Yy MPOLIECY UCTPaXKmnBaka 3a aHanm3y
1 n3Bofere 3akrbyyaka n3 nogataka.

AyTtopu cy ayxHu ga obe3bene Oa HUXOB ayTOPCKUM TUM HaBedeH Yy pyKkonucy
obyxBaTu camo OHa nMua Koja Cy 3HayajHo JonpuHena cagpxajy pykonuca. AKo cy y
OUTHMM acnekTMMa MCTpaXMBa4Kor MpojekTa W mpunpeme paga ydyecTsoBana u apyra
nvua, kKxoB gonpuHoc Tpeba HaBecTn y ycHOTM unm nocebHoj Hanomenn (3axsanHuua,
Acknowledgements).

ObaBe3a je aytopa Aa y HanoMeHu HaBeny HasuB ”
KOOHY  O3HaKy Hay4YHOMCTPaXXMBa4KOr MPojeKTa y OKBMPY KOjer je pag HacTao, Kao v nyH
HasuB uHaHcupajyhe mHcTUTyumje. Y cnyyajy Aa je pag noj UCTUM WA CITIMYHUM
HacnoBoMm 61O M3MOXEH Ha HEKOM CKyny y BuOY YCMEHOr caonwiTexa, AeTarbn 0 Tome
Tpeba ga byay HaBedeHW Ha NCTOM MeCTY.

AyTopu Cy OyXHW Aa NOTMYHO W NPaBUIHO LMUTUPajy WM3BOPE KOjU Cy 3HayajHo
yTvuanu Ha cagpxaj uctpaxusama v pykonuca. [enosu pykonuca, ykibyyyjyhu TekcT,
jenHavmnHe, cnvike unu Tabene, Koju Cy OCNOBHO Npey3eTu 13 Apyrnx pagosa, Mopajy outu
jacHO o3HayeHn nocebHOM HaMoOMEHOM, HMp. 3Hauuma HaBoda Ca MPeuM3HOM O3HaKoM
MecTa npeysumana (bpoja cTpaHuue) unu, ako cy OoOUMHWjU, HaBedeHwn Yy 3acebHoM
naparpady.

lMyHe pedepeHue cBUX HaBoda y TekcTy (uutata) mopajy Ooutn HaBedeHe y
3acebHom ogereky (Jlutepatypa) U To Ha jegHoobpasaH HayvH, y cknagy ca uutaTHUM
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CTUIOM Koju BojHOoTexHuukM rnacHuk kopuctn (Harvard Style Manuel). Y ogerbky
JIntepaTypa HaBoge ce caMO LMTMPaHW, @ He U OcTanu U3BOPK KOpUWhEeHN NPUNMKoOM
npunpemMe pykonuca.

Y cnydajy ga ayTtopu OTKPWjy BaXHy Trpeluky Yy CBOM pajy HaKkOH H-erosor
objaBrbmBama, AyXHW Cy Aa oaMax o Tome obasecTe rnmaBHOr ypegHuka (unu Pepakumjy
BojHoTexHuuKor rmacHuka) n aa capahyjy y npouecy noenadera unm ucrnpasrbaka paja.

Ob6aBesa je ayTopa Aa y pykonucy Hasegy Aa Nu cy Yy MHAHCKjCKOM 1 Buno kom
Apyrom 6uTHOM Ccykoby uHTepeca koju 61 Morao Aa yTude Ha HuxoBe pesynTaTte wuim
WHTepnpeTauujy pesynrara.

AKO ce y ayTOpOBOM WUCTpaxumBawy MojaBrbyjy XeMujcka jeauhersa, NocTynum unm
onpema Koju Cy OnacHv no 3A4pasrbe fbyau UK XMBOTUHA, TO MOpa BUTK jacHO Ha3HaYeHo
y pykonucy.

MpenaBarwem pykonuca aytopu ce obaBesyjy Ha noLuToBakwe ypehnadke nonuTunke
Yaconuca BojHOTEeXHUYKM rmacHuK, WTo noTephyjy AocTaBrbawem M3jase o ayTopcTsy.

PaspelwaBarwe CnopHUX cutyauuja

CBaku nojeguHal, UnNu MHCTUTYLMja MOTY YPeOHWKY W/WMn ypeoHuLITBY MNpujaBuTu
Ca3Haha O KpLuewy eTUYKUX cTaHdapia v ApYrMM HeNpasunHocTMa 1 0 Tome JoCTaBuUTU
BepoJocTojHe MHpopmaumje/aokase pagu nokpeTawa wuctpare. [locTynak nposepe
M3HETMX JoKa3a oABuja ce Ha cneaehu HauuH:

— rMaBHW ypeaHUK JOHOCK OAMYKY O MOKpeTawy ucrpare,

— TOKOM TOr MOCTyMKka CBM [0Kasn ce cMmaTpajy MoBeprovBUM martepujanom u
npefoYaBajy caMmo OHUM NMUUMa Koja Cy AMPEKTHO obyxBaheHa cnyyajem;

— OCYMHMYEHUM NLMMa NpyXa ce Npunuka ga oaroBope Ha nsHete onTyxbe;

— aKo ce yTBpAM Aa je 3ancTa QOO OO0 HENPaBMUITHOCTY, OLEeHYje ce Aa Nu je ped o
MaH-eM MpekpLUajy nnv rpybom Kpluekwy eTUYKUX cTaHaapaa.

Matbum npekpluaju, 6e3 nocneauua no MHTErpuMTET paga U BojHoTexHWYKor rmacHuvka,
Ha NpumMep Kaja je pey O HepaslymMeBaky WIN MOrpeLUHOj MPUMEHU NYOANLIMCTUYKMX
cTaHdapaa, paspeLuaBajy ce y AMPEKTHOj KOMYHMKaLMjU C ayTopuma U peLieH3eHTMma, 6e3
yKIbyumBama Tpehux nuua, Ha Hekun of, crnegehux HavmHa:

— ayTopuma wu/unu peueHseHTimMa ynyhyje ce nMcMo ynosopeta;

— 00jaBrbyje ce ncnpaBka paga, Ha Mpumep y criyyajy Kafa ce ca cnucka pedepeHum
M30CTaBe N3BOPU KOjU Cy y CAMOM TEKCTY LIMTUPaHM Ha NPONNCaH HauvH;

— objaBrbyje ce epaTyMm, Ha NPMMEPYKONMKO CE UCMOCTaBW Aa je rpellka HacTana
OMaLLKOM ypeaHMWLUTBA.

Y cnydajy rpybor kpllewa eTudknx cTaHgapha, YPeOHULITBO MOXe Aa npenysme
pasnuunTe Mepe:

— objaBrbyje caonwTeHe UM YBOOHUK Y KOjJEM Ce Cry4aj Onucyje;

— cnyx0eHo obaBeluTaBa acunumjaTuBHy opraHmM3aunjy aytopa/peLeHseHTa;

— noBnayun objaBreeHn paga;

— n3pu4e 3abpaHy objaBrbMBara y Yaconucy Ha ogpefheHn nepuog;

— npepovaBa Cryyaj HaAnexHWM opraHu3auunjama u perynaTopHuM Tenuma pagu
npegy3umama Mepa 13 hXoBe HaAMNEXHOCTH.

OBe Mepe MOry ce npuvMerMBaTU MojeAMHaYHO MU UCTOBpPEMEHO. Y npouecy
paspeluaBarsa cryyaja no notpebu ce KOHCYNTYjy peneBaHTHE ekcrepTcke opraHusauuje,
Terna unu nojeavHum.

Mpunukom paspellaBara €TUYKM CMOPHMX MOCTyNnaka ypeaHWLLTBO Ce PYKOBOAM
cmepHuuama KomuteTa 3a etuky nybnukosama (COPE).
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Oppuuake oaroBopHOCTU

M3Hecenn ctaBoBu y 06jaBrbeHNM pafoBMMa He m3paxasajy CTaBOBe YPeaHuka,
unaHoBa Pepakumnje n Ypehuaudkor ogbopa yaconmca BojHOTEXHUYKKM rnacHuK. Aytopu
npeysumMajy npaBHy 1 MopariHy 04roBOpHOCT 3a uaeje n3HeceHe y CBOjUM pagoBuMa.

M3HeceHn cTaBoBM y 06jaBrbeHNM pafoBMMa He M3paxaBajy CTaBOBe YpeaHuKa,
ynaHoBa Pepakuuje n Ypehusaukor ogbopa vaconuca BojHoTexHWYkM rmacHuk. Aytopu
npeysnmajy npasHy M MOpanHy OArOBOPHOCT 3a uAeje M3HeceHe y CBOjuM pagoBuma.
N3paBay Hehe CHOCUTM HUKaKBY OArOBOPHOCT y Crydyajy ucnocTaBrbarwa Ouno Kaksmx
3axTeBa 3a HakHady LTeTe.

Cyko6 uHTepeca

BojHOTEXHMYKM rMacHUK ce Npuapxasa NonuTuke cykoba nHTepeca Kojy npenopyuyjy
COPE w/vnu gpyra mehyHapogHa perynatopHa Tena (ICMJE, EASE). Og ayTopa ce Tpaxu
[a ce usjacHe 0 CBOM Cykoby uHTepeca y MsjaBu o cykoby nHtepeca. Y Msjasu cy aytopu
OyXHU Oa Hasedy: 1) u3jaBy O CBUM NOTeHUMjanHWM cykobuma uHTepeca 3a cBakor
MMEHOBaHOr ayTopa peneBaHTHY 3a capKaj YnaHka unuv u3jaBy Aa HemMajy Takse cykobe;
2) TBpAka O HaYMHy Ha KOjU je unaHak (OUHaHCWUpaH, KOHKPETHO O huHaHCupamy,
OEeNVIMUYHO UKW MOTMYHO, O CTPaHE HEKe KOMMaHWje UK, anTepHaTUBHO, TBPAHA Aa Huje
6uno Tor yyewha u 3) cBeobyxBaTHO 0bjallHteHe yrore CnoH3opa y NpunpemMun uYnaHka
aKo je YnaHak cnoH3opucaH, 6urno y LenuH1 unu 4enumMmnyHo.

Peknamupane

Hwje no3BorbeHo peknammpare y BojHOTEXHNMYKOM rMacHuKy.

Hemarbu 0 emudkom rnocmynary BojHomexHuykoz anacHuka GocmymnHuU cy U Ha
cmpaHuyama daconuca: Ypelhueayka monumuka, Ynpaerbat-e Keasumemom
qYaconuca, lTodpwka keasiumemy padoea y Cprickom yumamHoM UHOeKcy — usdasaydy
b6ase y kojoj ce BojHomexHUYKU anacHUK fpumMapHO UHOekcupa, OOHOCHO u3dasadvy
HayuoHasHoe yumamHoe uHoekca.
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KOOEKC ﬂPOdJECCVIOHAHbHOV! ATUKU
XYPHANA «BOEHHO-TEXHUYECKUN BECTHUK»
3AABIEHUE

NMPUMEYAHUME: PepakumoHHas nonutuka XypHana «BoeHHo-TexHuyeckui
BECTHMK» OCHOBaHa Ha pekoMeHaaumsix KomurteTa no atuke HayvHbix nybnukauun (COPE
Core Practices), obwmMx npuHUMNax NpoO3payHOCTM K JydlIEn NpaKTUKe U3gaTenbCKon
pesartenbHoctn COPE, DOAJ, OASPA n WAME, a Takke Ha Nnydlen npakTuke Hay4Ho-
n3patenbckon peatenbHocTu. XKypHan «BOEHHO-TEXHUYECKMI BECTHUK» SBMsieTCs
yneHom COPE (KomuTeT no aTuke Hay4Hbix nybnukauuii) co 2 mas 2018 roga n 4neHom
OASPA (Accoumaumsa HayYHbIX usgaTtenemn oTKpbIToro goctyna) ¢ 27 Hosbpsa 2015 roaa.
Pepakuma npumeHsieT KOHTPONbHbIM MepeyvyeHb MO  BbINOMHEHUIO PekomeHaauum
KOHECKO 06 oTkpbITON Hayke Ans n3gatenemn ¢ OTKpbITbIM A0CTYNOM. [aHHbIN JOKYMEHT
ABnseTcs YacTtblo nHcTpymeHTapua FOHECKO no oTkpbiTOM Hayke, pa3paboTaHHOro ¢
Lenbto noaaepxku sHegpeHuns PekomeHgauum KOHECKO no oTkpbiTon Hayke. JokymeHT
cocTaBrneH npu cogenctamum ¢ OASPA.

My6nukauusa crtaten nocrne nx NpodeccnoHanbHON PeLeH3nn ABMSeTCS OCHOBHOM
OeAaTenbHOCTbI0 Hay4yHOro XypHana «BoeHHO-TexHM4Yeckun BecTHMK». B pepakuMoHHO-
m3gatenbCckoMm mnpouecce B NepBylo ovepenb He0OX0AMMO AOCTUYL OOrOBOPEHHOCTU 06
3TUYECKMX HOPMaX U MPUHUMNAX, NPUMEHSIEMbIX KO BCEM Y4aCTHUKaM, Ha4YMHasa ¢ aBTopa,
penakuMoHHOW Konnernn, npodecCcnoHanbHbIX PELIEH3EHTOB [0 CaMoro wusgartens.
BbilwenepeuncneHHble NpUHLMIbLI U NpoLeaypbl YTBEPXKAEHbI HACTOALWMUM 3asiBNEHNEM U
Kogekcom npodeccnoHarnbHOM aTUKK XypHana «BoeHHO-TeXHUYeCcKnii BECTHUKY.

Mepbl, AeATeNbHOCTb, NpaBa U 06s13aHHOCTH penakummn XypHana «BoeHHo-
TEXHUYECKUI BECTHUK»

Pepakums xypHana «BoeHHO-TEXHUYECKMI BECTHUK» HE B3UMaeT nnaTy 3a nogady
n nybnukauuio ctatem HM C WX aBTOPOB, HW C TpeTbux nuu. Bce npouepypsl
pepakTMpoBaHmsa n nybnukaumm abcontoTHo BecnnaTHbl Ans aBTOPOB, BKMOYasd nogady,
npuem, peoakTypy, KoppekTypy, o6paboTky 1 nybnmkaumo ctaten. HET HUKaKMX CKpbITbIX
3aTpar.

OkoH4aTenbHOE pelleHne no BblIbOpy cTatem K Mybnukauum npuHMMaeTcs
pepkonnerver xypHana «BoeHHO-TexHUYeckuii BecTHuMK». PelleHne npuHumaeTcs
UCKIMIOYNTENBHO Ha OCHOBaHUM Hay4yHOW LEHHOCTM cTatbuM. He ponyckaetcs
OVCKPUMMHALMSA NO NPU3HaKy packl, Nona, penurin, 3THUYECKOTO MPOUCXOXAEHUS UIn
nonutnyecknx yobexageHwin. [pu NpUHATUM pelleHni pefakuus PyKoBOOCTBYETCS
pPenakuUMOHHOM NONUTUMKON, cobniogasi MONOXEHUS 3aKoHOAATEeNbCTBA, KacalLmxcs
KrneBeThbl, HapyLUEeHNss aBTOPCKMX NpaB Unn nnarvaTta.

Pykonucn  gBnSoTCS  KOHMWMAEHUManbHbIM ~ MaTtepuaniom 1 XpaHATCH
cooTBeTCTBylOWMUM 06pas3om. Monb3oBaTbcs MHOpMaLMen N naesiMm U3 pykonucen B
NNYHBIX Lensax 6e3 MMCbMEHHOrO cornacusi aBTOpoB HEAOMYCTUMO.

Mo pekomeHpaumam LleHTpa nogaepxku oueHkn B obpasoBaHum u Hayke (LLIEOH)
pefakuums xxypHarna B cBoel paboTe Nonb3yeTcst 3NIEKTPOHHOM CUCTEMOW peaKTUpOoBaHUs
SCindex (Cepbckun unHgekc umtnpoBaHus) ASSISTANT (paspaboTaHHOM Ha OCHOBE
nnatpopmbl OJS), obecneumBarowen nNpo3padyHOCTb U AOCTYMHOCTb WHGOpMauun o
TEKyLLEeM COCTOSIHUM pyKonucu. Pegakumsa HeceT NonHylo OTBETCTBEHHOCTb 3a NPUHATUE
pelleHus o eé€ nybnvkauumn.

Mpoueaypa peaakTpoBaHWsa cTaTby B XypHane «BOeHHO-TEXHUYECKUA BECTHUK»
BKITHOYAET crieytoLine o653aHHOCTM pefakumu:
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1. lMocne npuema ctatbn pegakumm HeobxoaMMOo nonyynTb OT aBTopa ABTOPCKOe
3asBfeHne, B KOTOPOM aBTOPbl: AOMKHbl yKasaTb CBOW WHAMBMAYamnbHbI BKMag B
co3faHue cTaTbu; NOATBEPANTL, YTO O3HAKOMIIEHbI C MOMUTUKOW XypHana B OTHOLLEHUU
OT3bIBa YXe OnyGnuMKOBaHHbIX CTaTel; NoATBEpAMTb, YTO NPeACcTaBreHHasi PyKomnuchb
ABMNSETCS OpUrMHanbHON paboTon, HaNMCaHHOM Y NOANUCAHHON yKa3aHHLIMW aBToOpamu,
YTO paHee OHa He nybnukoBanach, a Takke, YTO PyKONUCb He paccMaTpuBaeTcs Apyrumu
n3gaHnsamn ana nyénukauum n He npoxoauT peueH3VpoBaHWe B APYrUX XypHanax;
NOATBEPANTDb, YTO CTaTbsl U AOMNOMHUTENbHbIE MaTepuarnbl He CoAepXaT HUKAKNX FTOXHbIX
BbICKa3bIBaHWI, KOTOPbIE MOrMN Bbl paccMaTpMBaTLCS KaK KNeBeTa, He coaepxXaT HUKaknx
NpoOTMBOPEYaLLUX 3aKOHY YTBEPXKAEHUN UMM MaTepuanos, KOTOpble Kakum-nnbo obpasom
MOryT MOCTaBWUTb MOA Yrpo3y MUYHble UM UMYLLECTBEHHble npaBa (MU3NYECKUX WK
IOPUANYECKUX NUL,; NOATBEPAUTL, YTO Y HUX HET KOH(NNKTA MHTEPECOB, KOTOPbLIA MOr Obl
NnocTaBWTb NOL COMHEHME LIeNOCTHOCTb M AOCTOBEPHOCTL pPe3ynbTaToB, NpeacTaBneHHbIX
B CTaTbe, U YTO aBTOPbl NOMyYWUnuM cornacue oT npasoobnagartenen Ha Ucnonb3oBaHue
BCEX BbIAEPXEK M3 TPYAOB W APYrMx MaTepuarnos, 3allyeHHbIX aBTOPCKMM NpaBoM,
KOTOpble WCMONb30BanuCb B PYKOMWCU, a Takke MNOATBEPAUTb, YTO OHM yKasanu
LUTUPYEMblE NCTOYHWKM B PYKOMUCK U AOMOSNHUTENbHBIX MaTepuanax.

2. lMpexpae 4Yem pefgakTop O3HAKOMUTCA C PYKOMWCHIO, pPeaKonnerns nposepsieT
copepXXaHue pyKkonucu Ha npeaMeT nnarvata, Ang Toro 4Tobbl yAOCTOBEpPWUTHCA B
OPWUIMHaNbLHOCTN NpeACTaBMeHHbIX CTatel u NpefoTBpaTUTL Nybnukauuo nnarvaTta u
aybnupoBaHusa. XypHan «BOEHHO-TEXHMYECKM BECTHUK» He nybnukyeT cTaTbm,
copepxawme nnarnat. Pegakuvsa npuaepXxvBaeTcsa MHEHWs, 4TO nnarmat, TO ecCTb
MCMNOMb30BaHNE YyXnx naem, Crnos unun Apyrux TBOPYECKNX cnocoboB BHECEHWS BKNaga B
Hayky 0e3 HaMepeHHOro yKkasaHus WCTOMHMKA W WX MpeAcTaBneHne Kak CBOMX
COOCTBEHHbIX,  SBNSIETCA  CEpbe3HbiM  HapyleHWem  uccrnepoBaTenbCkon U
nybnukaumMoHHon 3Tuku. MNnarmat aBnseTcs HapyLLeHWeM aBTOPCKUX NpaBs, U OH YrofMoBHO
HakasyeMm.

Moa nnarmaTom noHMmaeTcs:

- [JocnoBHoe wunu npubnuaMTenbHOE 3aMMCTBOBaHME, a TaKkKe HaMepeHHoe
nepecdpasmpoBaHne YyacTen TEKCTOB APYrnX aBTOPOB 6e3 YeTKOro yka3aHust UCTOYHMKA, C
LieNnblo CKPbITb UCTOYHUK;

- KonupoBaHve ypaBHEHWI, AaHHbIX unu Tabnuuy M3 YyXux AOKYMeHTOB 6e3
YeTKOro ykasaHus UCTOYHMKa u/unu 6e3 cornacus aBTopa unv npasoobnagarens;

Pykonucu ¢ aBHbIMK Npu3Hakamu niarmata 6yayT aBToMaTnyecku OTKIoHeHbl. Ecrn
nnarvaTt BbiSIBNIEH B ye onybnunkoBaHHOW cTtaTbe, TO OHa OyaeT oTo3BaHa B mopsake,
OMnMCcCaHHOM B MyHKTe 6.

B uenax npegotBpaweHns nybnvkauuu nnarnata B KypHane  pykonucu
npoBepsATCA ¢ noMmoLbio cuctemsl iThenticate/CrossRef B pamkax nnatdgopmbl SCindex
ASSISTANT. PesynbTatbl NpOBEpPKM MEPEnpoOBEPSAIOTCA pPenakUMOHHON Komnerven
XypHana B COOTBETCTBUM C NpMHUMNAaMu 1 pekoMeHgaumamm KommTeTa no aTmke HayyHbIX
ny6nukaumin (COPE).

XKypHan «BOEeHHO-TEXHMYECKNA ~ BECTHWK»  3anpeljaeT  WUCMOMb3oBaHWe
reHepaTUBHbIX MHCTPYMEHTOB UCKyccTBeHHoro nHtennekta (M) (engl. Al-assisted), Takux
Kak 6onblune s3bikoBble Mogenu (engl. Large Language Models) npu HanucaHuu ctaTbu.
Mcnonb3oBaHue aTUX TEXHOMOMMIA pa3peLleHO UCKMIYUTENBHO ANS YIydlleHUs A3bika 1
yaobo4nTaemMocTu cTaTten, HO TOMbKO MOA CTpOrMM HabmogeHwem aBTopoB. Pepakums
XypHana «BOEHHO-TEXHUYECKUA BECTHUK» MOXET MUCMonb3oBaTb hopeH3nyeckue
MHCTPYMEHTbI U creumanbHoe nporpaMMHoe obecneveHne ANns BbISBMEHNS HESTUYHOTO
HanucaHus cTaTted C MNOMOLLbIO TFeHepaTUBHOIO WCKYCCTBEHHOIO WHTENnekra u
TexHonorun, nopaepxveaembix MW, CtaTbn, B KOTOpbIX ObINO OBHapyXeHO HeaTUu4Hoe
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MCMOSMb30BaHNE 3TUX TEXHOMOrMI, ByayT OTKMOHEHbl B MpOLECCe pedaKkTypoBaHua W
peueHanpoBaHna. Ecnn Takoro poga HapyweHus OyayT BbisiBfieHbl B paHee
0ony6nmnKoBaHHbIX CTaTbsAX, TO OHM ByAyT OTO3BaHbI.

3. lNocne npoBepkn Ha nnarmat pegkonnerys nepefaeT PyKonuCb peaakTopy,
KOTOpPbIN B AanbHeviweM 6yaeTt BeCT! peaakuMOHHbIM NPoLECC 1 BbIBUpaTh peLIeH3eHTOB.
Penkonnerns n pegaktop, KOTOPbIM HanpasneHa NpeacTaBrieHHas CTaTbs, He AOMMKHbI
UMETb KOH(NNKTA MHTEPECOB B OTHOLLEHUW paccMaTpuBaeMon M1 PyKOMnmCHK.

Mpn Hanuuum Takoro KOHMNMKTA MHTEepecoB O BblibOpe peLieH3eHToB u cyabbe
PYKOMUCK peLleHne NPUHUMAaeT PeAaKLUMOHHbIN coBeT. YneHbl peaakyMoHHOro CoBeTa, Yy
KOTOPbIX TOXe MOXeT ObITb KOH(PIMKT MHTEpPecoB, Takke He y4yacTBYKOT B npouecce
NPUHATUS PELUEHNS N0 KOHKPETHON PYKOMUCHK.

4. Pykonucu npeacTaBnsalOTCA Ha peLeH3npoBaHWe TONbKO MNocrne nepBUYHON
OLEHKN C y4eTOM COOTBETCTBMS OMOPMMEHNA U TeMaTuku cTtaTbu AN nybnukaumm B
XypHane  «BoeHHo-TexHuyeckuin  BecTHuK».  Ocoboe  BHMMaHWe  ygensetcs
NPOAOMKUTENBHOCTN OLIEHKUN, KOTOPas ANNTCA POBHO CTOMbKO, CKOMbKO 3TO He0bxoaumo.

Pepakums xxypHana «BoeHHO-TEXHUYECKMIN BECTHWUK» NPOBOANT KOHMUAEHUMANbHOE
peLeH3npoBaHne BCeX CTaTeN, MPUMEHSS «ABOWHOW Crenon MeToay.

['MaBHbIN pedakTop M uneHbl peakonnernn obssaHbl NPUHATL COOTBETCTBYOLLME
Mepbl A4NSA TOro, YTo6bl aBTOPbI U PELIEeH3eHTbl OCTaBanMCb aHOHUMHBLIMU APYr AN Apyra
BO BpeMs M Mocre npouecca peLeH3MpoBaHUs, NpoOBEOEeHHOr0 MeTOAOM ABOWHOro
cnenoro peueHsmpoBaHuda. Pepakumsa >xypHana «BoeHHO-TexHUYecKkuii BECTHUK» npwu
HeobXoAMMOCTHN MOXET NpefoCTaBUTb MHOPMALMIO O MPeACTaBNEHHON PYKONUCK TOMNBbKO
aBTOpy, peueH3eHTaM Unn NoTeHUMarnbHbIM peLeH3eHTaM.

Bce pykonucu peuLeH3upyoTca kKak MUHUMYM ABYMS @HOHWMHBIMU pELEeH3eHTamu,
KOTOpblE PeLeH3VpPYIoT PyKONMCb He3aBMCUMO ApYr OT Apyra. PeueH3eHTbl BbiObupatoTcs
WCKINIOYMTENBHO Ha OCHOBaHWM WX KOMMNeTeHuMM B 06nacTv MccnefoBaHUst PYKOMMUCH.
PeLieH3eHTbl He MOryT ObITb KOnneramu aBTopoB, TO eCTb paboTaTk B TOM Xe Y4pexaeHuu,
roe pabotaeT aBTOp, M OHW He [JOSMKHbI MMETb C aBTOPaMu COBMECTHbIX pabor,
onybnvkoBaHHbIX B OnvkaviweM npowrom. Bo3moxHble noxenaHns v npeanoxeHus
aBTOPOB O NPVBMEYEHNN KOHKPETHBIX PELLEH3EHTOB HE MPUHMMAIOTCS.

PeueH3vpoBaHve npoBOAMTCS C LUENbio OKas3aHWs MOMOLLM peaKkonnernm npu
MPUHATAM pelleHuin o nybnukaumm ctaten unm oTkase aBTopam, a Takke yny4ylleHus
KayecTBa CTaTbl MyTEM KOMMYHUKaLMWN PELIeH3eHTa C peAakTopoM, aBTopamu 1 Apyrumu
peLeH3eHTamu.

B npouecce peLeH3nMpoBaHWA rMaBHbIN pedakTop Bnpase notpeboBaTtk OT aBTopa
OOMNONHUTENbHY0 MHopMaLMIo, BKMOYas UCXOAHbIE AaHHble, eCrv 3TO HEOOX0AUMO AN
OLEHKN pykonucu. PegakTop v peueH3eHTbl OOMKHbI XPaHUTb AaHHYH MHopmaumio B
KOH(PMAEHUMANBHOCTM 1 HE BNpaBe UCMONb30BaTh €€ B UHbIX LensX.

Mpouecc peueHsnMpoBaHMsA OObIYHO 3aHMMaeT MakCMMYM YeTbipe Hedenu U TONbKO
B UCKITOYMTENbHBIX CyYasix OH MOXeT ANUTbCA A0 Tpex Mecsaues. [Nepuog BpemeHu ot
nogauv pykonucu o ee nybnukauum coctasnseT npumepHo 90 gHen.

Ecnun aBTOpbI NpeabsaBnsAoT cepbe3Hble U 060CHOBaHHbIE MPETEH3UN Ha PeLeH3NIo,
pegkonnerns OOMKHa MNpPOBEpPUTb  SIBMSIIOTCA M paccMaTpuBaemble  peLeH3um
OOBEKTMBHBIMWU M COOTBETCTBYIOT NIM  OHM akagemuyeckum cTangapTtam. Ecnn
06BEKTMBHOCTD UMM KAYECTBO ITUX PELIEH3NI BbI3bIBAET COMHEHWS, pEAAKTOp NpuBneKaeT
OOMONHUTENBHBIX PELEH3EHTOB.

JononHutenbHble peLEH3eHTbl Takke MNPUBMEKAKTCH, B Cryyae €Cniv peLueHus
BbIOPAHHbIX  PELEH3eHTOB  MOMHOCTBIO  pacxogatcs  (MPUHATHL/OTKMOHUTL) UMK
npoTuBopeyar Apyr Apyry No Apyrum npusHakam.
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OkoH4aTenbHOE pelleHne O MPUHATUM PYKONMCKM K nybnukaumm npuHMMmaeTcs
UCKIMIOYUTENBHO PedaKLMOHHOW Konnernen.

5. B uckntoumTenbHbIX criydasx, ocobeHHo koraa BbIGop XypHana orpaHuyeH m3-3a
crneundnyeckon Tembl CTaTbW, YNeHam peakonnerun xypHana «BoeHHO-TeXHMYeckuin
BECTHUK» JonyckaeTcsi nybnmkoBaTbcsi B HeM. B Takom cnyyae pegkonnerus rapaHTupyer,
4YTO NpoLecC OBOWHOrO Crenoro peleHsupoBaHus OypeT ewe Gonee npo3payHbiM U
cTporyM. TO 03HaYaeT, HYTO pedakums NPUNoXNUT BCE YCUMUSt ANS TOro, YToObl COXPaHUTb
LeNOCTHOCTb PEeLieH3nn M CBeCTU K MWHMMYyMy Mobylo npeaB3aTocTb. 3amectuTenb
pepakTopa nposedeT abCconoTHO NPO3paYHyto NpoLeaypy PeLeH3npoBaHNS HE3aBNCUMO
OT peaakTopa-asTopa. PegakumoHHas konnerns no3aboTntcs o ToM, YToBbl peLieH3eHT He
y3Han Kro sBAseTcA aBTOpPOM cTaTbun. B KkavecTBe [JOMNONHWUTENBHON  Mepbl
NpeaoCTOPOXHOCTW, €CNU 1 Koraa Takas cTaTesd OyaeT onybnvkoBaHa, peakonnerus K
ctatbe [Jo6aBUT npuMedaHue, cogepxallee WHPOPMaUMI0O O BbICOKOM YpPOBHE
Npo3payHoCTX, NPOBEeAEHHbIX NPOLECCOB PeakTUPOBaHWS U peLieH3MpoBaHusI.

6. B cnyyae HapyLleHuWsl npaB xypHana « BoeHHO-TeXHUYECKUIA BECTHUKY, aBTOPCKMX
npas unu camux aBTOPOB, a TaKke B Cllyyae NMOBTOPHOM MybGnukauum OQHON U TOM Xe
cTaTbM B PasfUyHbIX U34aHUSAX, MPUCBOEHMS aBTOPCTBA, Nnarnara, MaHWNynMpoBaHWS
AaHHBIMU UNW APYroro BUAa HapyLUEHUS 9TUYECKMX HOpM, onybnukoBaHHas ctaTtes byaeT
oTO3BaHa.

Cratba Takke MOXeT OblTb OTO3BaHbl C LENb WCNPaBMEHUSI MHOTOYUCNEHHbIX
n/vinu  dyHOamMeHTanbHbIX HEOOCTaTKOB, KOTOpble He MOryT ObiTb  yCTpaHeHbl
ncnpaeneHusaMu nocne nybnukauum. OT3bIB CTaTbl NPOU3BOANTCS pedakument, aBToOpoM
(aBTOpammn) nnn obemmm CTopoHamMm No B3aMMHOMY COrfacuio.

YBegomneHne o6 oT3biBe MMeeT (hopMmy OTAENbHOrO0 AOKYMEHTa, YKa3aHHOro B
cofepXaHun Bbinycka nop Ha3saHvem «OT3bIB» Unu « PeTpakums».

OT3bIBbI NYGNUKytoTCs B cooTBETCTBUM € TpeboaHuamn COPE, paspaboTaHHbIMU
CEON B ero 6a3se gaHHbIX, rae «BoeHHo-TexHNYeckunin BECTHUK» MHOEKCMPYEeTCs B NepByto
ovepenp, NPy 3TOM MeTadaHHble OTO3BaHHbIX U CHATbIX C Nybrnvkauum ctaTen OOMKHbI
6bITb 0603HaYeHbl COOTBETCTBYHOLUM NpedynpexnaeHnemMm 1 cBsidaHbl Mexay cobon
CChIfKamu.

3a ctatben (yTBepXOeHHOM K 0T3bIBY) B aNeKTPOHHOM hopmMaTe 3akpennsaioT HTML
CCbIIKy C YBEOOMMEHVWEM O €€ CHATUM C nybnukaumu. Msbatas cTaTbs XpaHWTCs B
MCXOAHOM BuAe, HO Kaxpgasa ctpanuua MA®P dopmarta BU3MpPYyeTCs BOAAHBIM 3HAKOM,
CBUAETENLCTBYIOLWMM 006 n3baTum ctatemn ¢ nyonukauun (RETRACTED).

7. Pepgakums  oTKpblTa ANA  aKkagemMunyeckoro, Hay4yHo  0BOCHOBaHHOrO,
KOnnernanbHoro M MPOAYKTUBHOTO OOMEHa MHEHUSMM W KPUTUKOW, a Takke Ans
BbIp@XXEHNSI BO3MOXHbIX Pa3HOrmacuii  OTHOCWUTENBHO pes3ynbTaToB B CTaTbsX,
onybnukoBaHHbIX B XKypHane «BOEHHO-TEXHUYECKUA BECTHUK», NpegocTaBnsis
BO3MOXHOCTb y4aCTHMKaM AMCKYCCMM NybrnvMkoBaTb CBOM NMCbMa No npeameTy NonemMukm
B pybpuke: «[lucbma pegakTopy».

Mepbl, AeATenbHOCTb, NpaBa MU 06s13aHHOCTH peueH3eHTOB XYypHana
«BO€eHHO-TeXHN4YeCKU BECTHUK»

PeueH3eHTbl AOMKHBI NPOMECCUOHANbHO M OGBEKTUBHO apryMeHTUPOBaTh CBOM
MO3MLMIO U B yKasaHHbIN CPOK MPeaoCcTaBnsTh pedakTopy OLEHKY Hay4yHOW LEeHHOCTM U
OPUIMHATBLHOCTU PYKOTICH.

PeLieH3eHTbI, paccmaTpuBas paboThl OLEHBAIOT COOTBETCTBME COAEPKaHUSA CTaTbK
c npodunem xypHana «BoeHHO-TEXHWYECKUIA BECTHUK», PEerieBaHTHOCTb MCCrieayemon
0obrnactTmi U MPUMEHEHHbIX METOAOB, OPUIMHANBHOCTE W Hay4yHYl 3HA4YMMOCTb
pesynbTaToB, MNPEACTaBMEHHbIX B PYKOMUCK, CTUSIb HAy4yHOTO W3MIOXKEHWsl, a Takxe
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MCMNOmNb30BaHNe B TEKCTE HayyHOro annapata. PeueHaus gomkHa ObiTe BbIMOMHEHa B
cTaHgapTHOM dopmMaTe, BKIOYaKOLWEM OLEHKM OTAENbHbIX acnekTtoB paboTbl, obLyio
OLIEHKY W 3aKITYUTENbHYI0 pekoMeHaaumio. JInyHas Kputrka aBTopa HegonycTMma.

Y peueH3eHTa He [dOMKHO ObiTb KOH(MKTA WHTEPECOB C aBTOpamMu unu
opraHusaumen, uHaHcupylolwen wuccnegosaHue. [pyu HanmuMumm Takoro KoHMNUKTa
peLeH3eHT 0ba3aH cBoeBpeMeHHO coobwntb 06 aTOM pepakTopy. PeuleH3eHT MoxeT
BbIMOSHATL OLIEHKY TONbKO TEX PYKONUCEN, KOTOPblE COOTBETCTBYIOT €ro 0611acTn Hay4HbIX
1 npodeccuoHanbHbIX UHTEPECOB, B KOTOPOW OH CYATAETCS IKCNEPTOM.

PeuLeH3eHTbl 0653aHbl yBeOOMNATH [NABHOMO peAakTopa B Crlyyae, €Cnl OHU
060CHOBaHHO MOAO3PEBAOT UMK, €CNN OHW BbISBUMW HApPYLUEHWUS 3TMYECKMX HOPM B
pykonucu.

PeuLeH3eHTbl 0653aHbl naeHTUULMPOBaTh perneBaHTHbIE CyLLeCcTByoLWwme paboThl,
KoTOopble aBTOp He uutuposan. [lo nwbomy oblwemy CBEAeHVUIO WNN aprymeHTy
npvBefdeHHbIM B paboTe [OMKHbI OblTb  yKa3aHbl COOTBETCTBYIOLUME WUCTOYHUKM
uuTMpoBaHus. PeLeHseHT 06593aH 06paTtnTb BHUMaHWE peaakTopa Ha 3HadMMble CXOACTBa
paboTbl C ApyrMmu onybnvkoBaHHbIMM paboTamu, B crnyyae ecnu Takoe Oyget
06HapyxeHo. Takke peLeH3eHTbl J0MMKHbI PEKOMEHA0BaTb PENEBaHTHbIE UCTOYHUKM ANS
LUTMPOBaHUSA, KOTopble He ObinM yyTeHbl B pabote. OpgHako OHM He Bnpase
HeobocHoBaHHO TpeboBaTb OT aBTOPOB LUTUPOBaHMS paboT, onyGNmnKoBaHHbIX B XXypHane
«BoeHHO-TexHNYeCKnin BECTHMK» U CBOMX COBCTBEHHbIX paboT.

PelLieH3eHTbl OKa3biBalT COAEWCTBME B YrMyYLIEHWN KayecTBa PYKOMWCKU CBOUMM
NpeanoXeHnsMn u pekoMeHgaumsamu. Ecnm oHm  cuuTarT, 410 paboTy MOXHO
nybnvkoBaTb TOMbLKO MOCNE BHECEHWS OnpedeneHHbIX WCMpaBreHun, TO OHM 06s3aHbI
ykasaTb KaknuM MMeHHO 06pasom 37O nyylle caenarb.

Pykonucn, npeacTtaBrneHHble pPELIEH3EHTY, cuMTalTCA  KOHMAEHUManNbHbIM
OOKYMEHTOM. PeleH3eHTbl He BrpaBe MCMNonb3oBaTb Martepuanbl pPyKoOnuceW B CBOUX
COBCTBEHHbBIX McCnefoBaHNsX 6e3 NMCbMEHHOrO cornacusi asTopa.

Pepakuna xypHana «BOEHHO-TEXHWYECKUIA BECTHWK» MNpPU3bIBAET PELIEH3EHTOB
noaTBepXaaTb CBOW peLieH3MM Ha CBOEW NWYHOW CTpanuue Ha nnatcdopme Web of
Science (WoS). Mo 3aBepllieHUn peLeH3un CTaTbW, NPEeasIoKEHHOW K nybnvkauum B
XypHane «BoeHHO-TEXHWYECKUA BECTHUKY PELIEH3EHTbl Nofly4yaT BONpPOC O TOM, XenawT
I OHM YTOOBI X peueH3usa 6bina oueHeHa 1 npusHaHa cuctemon WoS. Takum obGpasom,
NOATBEPXKAEHHYID  PELIEH3VI0  pEeLEeH3eHT CMOXEeTe WCMonb3oBaTb B KayecTBe
NOATBEPXAEHUS HAYYHOWN AEeATENbHOCTM, YTO MOMOXET NpU NoJaye 3asiBOK Ha NonyyYeHue
Hay4HbIX FPaHTOB, UX (PbMHAHCUpPOBaHUE 1 T.4.

MonuTurka xxypHana OTHOCUTENbHO PELEH3UI:

- obecneunBaeT NyonMyHbIN JOCTYN K peueH3nmn (HO TONbKO nocre nyénukaumu
cTaTby),

- Mo3BOMseT peueH3eHTaMm OTobpaxaTb 3arofioBOK peLeH3npyemow ctaTbi (HO
TONBKO nocre nyénukaumm ctatbm).

Mepbl, feATenbLHOCTb, NpaBa U 006s13aHHOCTHU aBTOpOB, HyGHMKyIOU.IMXCH B
XypHane «BO€eHHO-TeXHN4YeCKU BECTHUK»

Mpn nopgaye pykonucu B XypHan «BOEHHO-TEXHUYECKM BECTHUK» aBTOp
rapaHTMpyeT, 4YTO PYKONWUCb SIBMSIETCS OpurMHanbHoW paboTon, KoTopasi He Obina
onybnvMKkoBaHa paHee M He paccMaTtpuBaeTcs K nyonukauum B Opyrux M3gaTenbcTBax.
[y6nvpoBaHne oOHOW U TOW Xe CTaTbM SIBNSAETCS HapyLleHMeM 3TUYECKOro Koaekca,
COOTBETCTBEHHO npu 06HapyxeHun aybnvpoBaHus aBTopy OygeT OTka3aHO B ee
nyénvkaumm.
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ABTOpbI HECYT OTBETCTBEHHOCTb 3a NOMHOE coAepXxaHne cBoen pykonmcu. Pykonuck
He JOoMKHa cofepxaTb He0BOCHOBaHHbIX UM MPOTUBOPEYALLMX 3aKOHY BbICKa3bIBaHWN, @
TaKKe He AOoIMKHa HapyLaTb npasa Apyrux nuu.

Mpn Hanucanun cTaTbn aBTOpaM 3anpelleHo MoNb30BaThCA reHepaTUBHLIM
UCKYCCTBEHHbIM UHTennektom (engl. generative Al), a Tawkke TexHonorvaAMu,
noaaepXnBaeMbIiMy  MCKYCCTBEHHbIM  MHTennektom (engl. Al-assisted), Takumun kak
bonblume asbikoBble mogenu (engl. Large Language Models). 3Tnmn TexHonormamm
Hemnb3s MONb30BaTbCA B OCYLIECTBNIEHMM KIIOYEBOW aBTOPCKOW 3agayn, Kotopas
3aKnoYaeTca B HAy4HbIX BblBOAAX W pekoMeHjauusx astopa. WHCTpymeHTbl
MCKYCCTBEHHOIO MHTENMeKTa MOryT WMCMofb30oBaTbCs B Mpouecce WCCnefoBaHus Ans
aHanusa v BbIBOAOB Ha OCHOBaHWUMN AaHHbIX.

ABTOpbI [OMMKHbI yKka3aTb WMeHa, oT4yecTBa, GamMunuum BCEX COaBTOPOB,
OEeNCTBUTENbHO Y4acTBYOLWMUX B MpoLecce WCCNefoBaHWS W BHeECWMX BkNag B
copepxaHue pykonucu. Ecnn B BaxHbIX acnektax uccnefoBaTernbCkoro npoekta wu
noaroToBke paboTbl yyacTBoBanu u gpyrve nuua HeobxoamMMo onucaTh UX BKNag B CHOCKE
unun B otaensHoM npumedanum (bnarogapHocte, Acknowledgements).

B npumevaHun Takke [OSMKHbI ObiTb YKa3aHbl Ha3BaHWE M KOOOBLIN HOMEP Hay4HO-
nccnegoBaTenbCkoro nNpoekTa, B paMkax KOTOporo 6bina HamvcaHa cTaTtbs, a Takke
NnonHoe HasBaHve yuypexaeHus/opraHusauun, okasasluent (PMHaAHCOBYIO MOAAEPXKKY B
ocylecTBneHun nccriegosaxuns. B cnyyae, ecnu gaHHoe nccnegosaHue paHee yxe 6bino
NpeAcTaBrneHo B YCTHOW opme, Hanpumep, Ha KOoHdepeHuun, B MpuMeYaHun
HeobxoAMMO yKkasaTb Ha3BaHMe KOHEPEHLUMN 1 NpoYne AaHHbIe.

ABTOpbI 0053aHbl MPaBUMNBbHO W MOMHOCTLI LMTUPOBaTb MCTOYHWKW, KOTOPbIE
oKasanu 3HauMTenbHOe BNUSHNE Ha codepXxaHne nccneqoBaHns n pykonmcu., dparMeHThbl
PYKOMUCH, BKIIOYAs TEKCT, YPaBHEHUS, PUCYHKM, rpaddukn 1 Tabnumupl, HeNnocpeacTBEHHO
B3ATble U3 paboT ApyrMx aBTOPOB, AOMKHbI ObiTb HarnsgHO BbiAeNeHbl, Hanpumep,
KaBblyKamy C TOYHOW CChIIKOW Ha MEepPBOWCTOMHUK (HOMep cTpanuubl). Ecnn npegmet
LMTUPOBAHUS ASIVHHBIN, TO ero criegyeT opopMuTb OTAENbHbIM ab3auem.

MoppobHas nHdopmaums o cebinikax B TEKCTe (LMTUpOBaHWe) AoMmKHa ObiTb ykazaHa
B oTgenbHoMm pasgene (JlutepaTypa) B COOTBETCTBUM CO CTUIIEM LMTUPOBAHMSA,
MCMNOMNb3yeMbIM XypHanom «BoeHHo-TexHuuyeckun BecTHuk» (Harvard Style Manuel). B
pasgene «Jlutepatypa» criegyeT ykasbiBaTb HE BCE WCTOYHWKWU, MCMOMb30BaHHbIE Mpwu
NMOArOTOBKE PYKOMMUCH, @ TOMbKO LUTUPYEMbIE.

ABTOpbl 00f3aHbl He3aMeAnuTeNbHO YBEAOMUTb [MaBHOTO pegaktopa (Mnu
pegakumio XypHana «BoOeHHO-TEXHWYeCKUI BECTHWMK») U COOENCTBOBaTb peaakumn B
npoLiecce oT3blBa MW UCNpaBneHns ownbok, B criyyae ecnu nocne nybnukauuy ctatbm
MMu Gbina obHapyxeHa rpybas owmnbka B ee cogepKxaHum.

ABTOpbI 00A3aHbl yka3aTb B PYyKONUCK, €CNN CyLLECTBYET (OMHAHCOBBIA unu nobon
OPYron KOHMIUKT WHTEpPecoB, KOTOPbLI MOXET MOBNMWATb Ha pe3ynbTaThl WU
MHTEpnpeTauuio pesynbTaToB UCCNEA0BaHNS.

Ecnu uccnegosaHue cBA3aHO C XMMUYECKMMU BeLLeCcTBaMu, BUAaMN 4esTeNbHOCTU
unu obopynoBaHmeM, NPeAcTaBASIOWMMU Yrpo3y 340POBbIO M04EeN UMK XKUBOTHBIX, 3TO
AOIMKHO ObITb YETKO yKa3aHo B PyKOMUCH.

Mpn nogaye pykonucx aBTOpbI cornaluatTcst cobnogate peaakLMoHHYIO MONUTUKY
XypHana «BOEeHHO-TEXHMYECKUIA BECTHWK», NOATBEPAMB CBOE COrfacue C YCroBUSIMU
peaakuMoHHON MONUTUKM XypHana npeaocTaBneHmem ABTOPCKOro 3asiBNEHUS.

Pa3pelueHune cnopHbIX cUTyaummn

Jio6oe nuuo nubo yypexaeHue Bnpase B N0GOM MOMEHT NpeabsBUTL NPETEH3MNIO
penakTopy Unv peakonserum B CBs3n ¢ HapyLUeHMEM 3TUYECKUX CTaHAAPTOB, NOAKPENnvB

402




ee [0CTOBEepHbIMW [oKasatenbctBamu. 1o nonyvyeHun npeTeH3wun, MoAKpenIeHHoN
AokasaTenbCcTBamu, pefakLMOHHas KOMMCCUS NMPOBEAET paccrnefoBaHne B COOTBETCTBUM
CO crneayroLwmnMm NpUHLMNamMu:

- FMaBHbIM PefakTop NPYHUMAET peLLeHne O NPOBEAEHNU pacCnefoBaHus;

- B npouecce nNpOBEPKM [JoKasaTenbCTB BCe MaTepuanbl  CUYATATCA
KOHpMAeHumaneHeiMM 1 ByayT npefocTaBneHbl TOMbLKO TEM  fvuam, KoTopble
HEenocpeACTBEHHO NPUYaCTHBI K MPOLIECCY NPOBEPKY;

- nojo3peBaemMbiM NMLAM B HapyLUEHUW 3TUYECKnX Hopm ByaeT npedocTasreHa
BO3MOXHOCTb OTBETUTb Ha BbIABVNHYTOE NMPOTUB HUX OBBUHEHWE;

- €CNN YCTaHOBIEHO, YTO HapylleHWe AeNCTBUTENbHO NPOW3OLLMO, OLEeHUBAaeTCs
CTeneHb THKECTU HAPYLLEHUS 3TUYECKNX HOPM.

B cnyuyae Herpyboro HapyweHusa (6e3 yrposbl penyTauum xypHana ,BoeHHo-
TEXHWYECKUA BECTHWK®), Hanpumep, B Cryyae HenpaBUIbHOMO TONKOBaHUS uUnn
NpUMeHeHns nybnukauMoHHbIX CTaHA4apTOB, pefakuus Hanpsamyto 6e3 cogencTsus
TpeTbMX Nnuu, obpallaeTcs K HapywmnTenio cneayowmm obpasom:

- aBTOpy/peueH3eHTy, [AonycTuMBlIeMY  OWWOKy/HapylweHne HanpasnseTcs
NUCbMEHHOe NMpeaynpexaeHue;

- nybnukyetca ysBedomieHve 06 WCMpPaBAeHWW, Hanpumep, eCcnn WUCTOYHMUK,
LUTUPYEMBIW B TEKCTE CTaTbW He BHECEH B CMUCOK NUTepaTyphbl;

- nybnukyeTcs ucnpasrneHue owmnbku, B cnyyae ecnu owmnbka nponsoLurna no BuHe
pepakumu.

B cnyyae rpyboro HapyLlleHUs 3TUYECKUX HOPM pefakums NMpuHMMaeT peLleHue o
JanbHenwux mepax:

- nybnukyeTcs oTAenbHasa 3aMeTKka unu ctaTtbs pejakropa C onvMcaHvuem crnyvas
HapyLleHNs aTU4eCcKUX CTaH4apTOB;

- HanpasnseT odwuumanbHoe yBeAOMIIEHUE PYKOBOAUTEMAM YyupexaeHus, B
KOTOpOM paboTaeT aBTOp/PeLEH3eHT;

- pepakums NPOU3BOAUT OT3bIB ONybNMKOBaHHOM CTaTby;

- pepakuuss obbsBnsgeT 3anpeT K nybnukauum  aBTopa/peuleH3eHTa  Ha
onpefeneHHbIn Cpok;

- VHcopmupyeT  COOTBETCTBYOLLMNE npodeccroHarnbHbIe OpraHvM3aumu
N KOMMETEHTHbIE YYpEeXAeHWs O crnyyae, B LenAx MpUBMEYEeHNs HapywuTtens K
OTBETCTBEHHOCTW.

Pepakumns BnpaBe npeanpuHMMaTb Mepbl OOHOBPEMEHHO WIW MOOYepedHoO Mo
oTAenbHocTn. B npouecce paspelieHus gena no mepe HeobxoAMMOCTM MPOBOAATCH
KOHCYnbTaLMM C COOTBETCTBYIOLUMMMW 3SKCMEPTHLIMW OpraHusaumsMu, opraHamu unm
niuamu.

Mpn paspelweHnn CrnopHbIX CcUTyauui pedakuus >XypHama pyKOBOACTBYETCH
NPeAnNCaHNaMMN N MHCTPYKUMAMN KomuTeTa no aTmke HayyHbix nybnukauui (COPE).

OTKa3 OT OTBETCTBEHHOCTU

BbIHOCMMbIEe MOMOXeHUs1 B OMNyGIIMKOBAHHBIX CTaTbsX HEe OTpaXkaloT TOYKY 3peHus
pedakTopa, peakonnerMM U peaakUMOHHOTO coBeTa XypHana «BoeHHO-TeXHUYecKuii
BECTHMK». ABTOpPbl HECYT OPUOMYECKYID U  MOpasibHyld OTBETCTBEHHOCTb 3a
npeacTaBrieHHble B CBOMX paboTax ngen. Peaakums He HECET HMKaKoW OTBETCTBEHHOCTU
B Criyyae BO3HUKHOBEHWSI TpeGoBaHMii MO BO3MELLEHUIO martepuarnsHoro yuiepba u
B3bICKAHMIO KOMMEHcaLUmM MoparnbHoro Bpeaa.
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KoHhnUKT HTepecos

XKypHan «BoeHHO-TEXHUYECKUI BECTHUK» MPUOEPKMBAETCS MONMUTMKA KOH(prmMKTa
MHTepecos, pekomeHpoBaHHon COPE w/vnn gpyrumMu MexayHapoAHbIMW OpraHamu,
perynupytowmmMmn nyénunkaumm HaydHblx uccnegosaruin (ICMJE, EASE). ABTopbl 4OMKHBI
3asBUTb O CBOEM KOH(prMKTE nHTepecoB B 3asBreHumn o koHdnukTe nHtepecos (ColS). B
ColS kaxablh Ha3BaHHbLIM aBTop cTaTbhk 0653aH npegoctaBuTb: (1) 3assneHue o nbbIX
noTeHumanbHbIX KOHNMKTAX WHTEPECOB, MMEILWMX OTHOLIEHWE K COAEpXaHuio, unm
3asBreHne 06 OTCYTCTBMM Takmx KOHMMKTOB. (2) PackpbiTne nHopMaumMmn o ToM, Kak
dVHaHCcUpyeTCa CTaTbsA, BKMIOYas KOHKPETHOe packpbiTue nwoboro u  BCero
hbVMHAHCUPOBAHUS KOMMaHWWN (YACTUYHOIO MMM MOMHOro) unn 3asBneHne ob oTCyTCTBUM
Takoro yyactusa (ecnv npumeHumo). (3) MNMoppobHoe 0b6BSCHEHVME pPONU CMOHCOPOB B
NOArOTOBKE CTaTbM, €CNN CTaTbsl CNOHCUPYETCS YaCTUYHO MINW NMONHOCTbIO.

Peknama

Peknama B xxypHane «BoeHHO-TEXHUYECKUIN BECTHUK» HE AOMyCKaeTCs.

Bonee nodpobHo ¢ uHgpopmayueli 06 Omuyeckom Kodekce XypHarna «BoeHHo-
MexHUYeCKUll 86CMHUK» MOXHO O3HaKOMUMbCS Ha UHMePHem-CmpaHuuax XxypHana:
PedakyuoHHasi nonumuka, YnpaeneHue Ka4ecmeoM xypHana, [loddepxka
Kayecmey pabom Ha calime Cepbckoeo UHOEKCa HayyHO20 yumuposaHus, 8 6ase
KomopoU XypHan «BoeHHO-mexHU4YecKuli 8eCMHUK» Nep8uyHoO UHOEKCUPYyemcsi.
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parties involved (Editorial Office i.e. Editor, members of the Editorial Board, reviewers, and
authors alike). The aforementioned principles and practices are defined by this Statement
of the Military Technical Courier on Ethical Conduct.

Measures, activities, responsibilities, and duties of the Military Technical
Courier Editorial Office

The Editorial Office of the Military Technical Courier does not charge for submitting
manuscripts from their authors nor from third parties. The whole process of processing and
publishing is completely free of charge for authors — from the manuscript submission
services through processing to the article publishing services. There are no hidden costs
whatsoever.

The Editorial Office decides finally which manuscripts are to be published. Decisions
are based only on manuscript values. In making decisions, there is no discrimination on
the basis of race, sex/gender, religion, ethnic origin or political beliefs. In making decisions,
the Editorial Office is guided by the Journal’s policy, complying with legal regulations
dealing with libel, copyright infringement and plagiarism.

Manuscripts are kept as confidential material. No information and/or ideas from
manuscripts are to be used for private purposes without authors’ explicit consent in writing.

In its work, following the recommendations of the Centre for Evaluation in Education
and Science (CEON/CEES), the Editorial Office uses the Serbian Citation Index
(SCindeks) ASSISTANT electronic editing system which provides full transparency of the
publishing process (developed on the basis of the OJS platform) while being fully
responsible for accepting and publishing articles.

The editing process in the Military Technical Courier consists of the following steps
of the Editorial Office:

1. After receiving manuscripts, the Office asks the authors to fill in the Authorship
Statement in which they: specify their contribution to the manuscript; confirm that they are
familiar with the Journal’s policy regarding the retraction of already published articles;
confirm that the submitted manuscript is an original paper written and signed by its authors,
not previously published, not considered for publication elsewhere and not concurrently
sent for review to other journals; confirm that the manuscript and the additional material
contain neither any false statements that could be considered defamation, any false claims
nor material that in any way endangers personal or property rights of natural or legal
persons; confirm that they do not have a conflict of interest that could cast doubt on the
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article’s integrity and the credibility of the results published in it; confirm that they have
obtained permission from copyright holders to use all content from copyright-protected
works and other copyright-protected material used in the manuscript; and confirm that they
have acknowledged the sources in the manuscript and supplementary material.

2. Before the Editor attends to the manuscript, the Editorial Office checks the
manuscript content for plagiarism in order to establish the originality of submitted papers
and prevent plagiarism and duplication. The Military Technical Courier does not publish
plagiarized papers. The Editorial Office is of the opinion that plagiarism i.e. using another’s
ideas, words or other creative ways of contributing without acknowledging their source and
presenting them as one’s own is serious violation of research and publication ethics.
Plagiarism may also involve copyright infringement which is violation of law.

Plagiarism involves:

- Verbatim or nearly verbatim copying or paraphrasing parts of other authors’ texts
without clear citing of the source purposefully, in order to hide the source;

- Copying equations, data or graphical presentations from documents of others
without clearly acknowledging the source and/or without the authorization of the original
author or copyright holder;

A manuscript showing obvious signs of plagiarism is rejected automatically. In case
plagiarism is found in an already published article, the article is revoked (retracted)
following the procedure given in point 6.

In order to prevent plagiarism, the Journal uses the iThenticate/CrossRef system
within the SCindeks Assistant service for checking manuscripts. The results obtained by
such checking are verified by the Editorial Office in accordance with the COPE guidelines
and recommendations.

The Military Technical Courier does not allow the use of generative Al nor Al-assisted
technologies such as Large Language Models for writing papers. The use of these
technologies is allowed exclusively for improving the language and readability of papers
but only under strong supervision of authors. The Editorial Office of the Military Technical
Courier may use forensic tools and special software to identify unethical writing of papers
with the help of generative artificial intelligence and Al-assisted technologies. Papers found
to have used these technologies unethically will be rejected during the editing and review
process or they will be subsequently retracted if these malpractices are found in already
published articles.

3. After being checked for plagiarism, a manuscript is dealt with by the Editor who
continues the publishing process by choosing peer reviewers. Neither the Editorial Team
nor the Editor in charge of the particular manuscript are allowed to be in a conflict of interest
in the case of the manuscript in question.

If there is a conflict of interest, it is up to the Editorial Board to decide on peer
reviewers and further actions regarding the manuscript. The Editorial Board members who
might be in a conflict of interest are also excluded from the decision-making process in the
case of the manuscript in question.

4. Manuscripts are sent to reviewers only after the initial assessment stating that,
based on their form and content scope, they are eligible for publication in the Military
Technical Courier. Special care is taken that the initial assessment does not last longer
than necessary.

The Military Technical Courier makes use of double-blind peer review of all papers.

It is mandatory for the Editor-in-Chief and the Editorial Team members to take
appropriate measures that authors and reviewers remain anonymous to each other during
and after the reviewing process, in accordance with the double-blind peer review method.
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The Editorial Team of the Military Technical Courier can give information on the submitted
manuscript only to the author, reviewers or potential reviewers if necessary.

Every manuscript has to be reviewed by at least two reviewers who are not aware of
each other's identity and who review the manuscript independently of each other.
Reviewers are chosen solely based on whether they have relevant knowledge for the
particular paper review. They must not have the same affiliation as the paper author(s) and
they are not allowed to have been co-authors with them in the recent past. Possible
suggestions of manuscript authors on engaging particular reviewers are not accepted.

The purpose of a review is to help the Editorial Team make a decision whether the
paper should be accepted or rejected and to improve the quality of the manuscript through
the process of communication with the Editor, authors and other reviewers. During the
reviewing process, the Editor-in-Chief may ask the author to submit additional information,
including raw data, if it is necessary for assessing the manuscript. The Editor and the
reviewers should treat such information as confidential and should not use it for any other
purpose.

The reviewing process usually lasts for four weeks maximum, and only exceptionally
up to three months. The period of time from the manuscript submission to its publishing is
approximately 90 days.

If authors have some serious and justifiable concern with reviews, the Office checks
whether the reviews in question are objective and of academic standard. If the objectivity
or quality of these reviews are questionable, the Editor engages additional peer reviewers.

Additional reviewers are also engaged when the decisions of the assigned reviewers
are contradictory (accept/reject) or somehow incompatible.

The final decision on the acceptance of a manuscript for publication is made
exclusively by the Editorial Team.

5. In extreme cases, especially when the choice of journals is limited due to the
paper’s narrow subject field, it is acceptable that the members of the Editorial Team of the
Military Technical Courier may also be authors of scientific articles published in it. However,
in this case, the Editorial Team ensures that the double-blind review process is even more
transparent and more rigorous. This means that the Editorial Office will make every effort
to maintain the integrity of the review and to minimize any bias by having another associate
editor handle the review procedure independently of the editor — author in a completely
transparent process. The Editorial Team will take special care that a reviewer does not
recognize the author’s identity. As an extra precaution, if and when such an article is
published, the Editorial Team may accompany the article with a note about a high level of
transparency of the editing and reviewing processes in question.

6. In case of the violation of the rights of the Military Technical Courier, copyright
holders or authors as well as in case of multiple publication, fake authorship, plagiarism,
data manipulation or any other malpractice, the published article must be retracted.

Articles can also be retracted for correcting numerous and/or fundamental flaws
which cannot be dealt with by post-publication corrections. Retractions are issued by the
Editorial Team, the author(s) or by both parties based on mutual agreement.

A retraction notice has a form of a separate paper listed in the Contents of an issue,
classified as “Retraction”.

Retractions are published in accordance with the COPE Guidelines elaborated by the
CEON/CEES in its database where the Military Technical Courier is primarily indexed.

The CEON/CEES publishes the national citation index where the metadata of
retraction notices and related retracted articles must be clearly and appropriately marked
and mutually cross-linked. An electronic version of the original article (the one being
retracted) is provided with a HTML link to the retraction notice. Retracted articles are
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retained in their original form but with a watermark on each page of the PDF document
indicating that the article in question is RETRACTED.

7. The Editorial Office is open to academic, scientifically based, collegial and
productive exchange of opinions and critiques as well as for expressing possible
disagreements regarding the results in articles published in the Military Technical Courier
by enabling polemics and reactions to be published in the Journal's section “Letters to the
Editor”.

Measures, activities, responsibilities, and duties of the Military Technical
Courier reviewers

Reviewers are required to assess the scientific and professional values of
manuscripts in a qualified and timely manner. They have to focus especially on the genuine
contribution and originality of manuscripts. A review should be completely unbiased and
the reviewer’s assessment unambiguous and backed with arguments.

Reviewers assess manuscripts with regard to the compliance of the content with the
Journal’s character, importance and effectiveness of the content, convenience of the
methods applied, scientific value of the presented information as well as with regard to the
style, tone and form of the text. A review has a standard form which comprises assessment
of particular elements of a manuscript, general assessment and final recommendation.
Personal criticism of the author is unacceptable.

Reviewers must not be in a conflict of interest with authors or research funders. If
such a conflict exists, the reviewer is obliged to inform the Editor about it in due time.
Reviewers should not accept to review papers out of the scope of their full competence.

They should notify the Editor-in-Chief if they have a reasonable doubt about the
author violating ethical standards. A duty of reviewers is to call to the editor's attention any
substantial similarity or overlap between the manuscript under consideration and any other
published paper of which they have personal knowledge. Also, hey should recognize
relevant sources which have not been taken into account in the manuscript. They may
recommend citing particular references but must not insist on citing articles published in
the Military Technical Courier or their own papers if there is no justification for doing so.

Their suggestions should aim at improving the manuscript’s quality. If they conclude
the paper deserves to be published but with corrections, they are required to provide
detailed instructions.

Manuscripts sent to reviewers must be treated as confidential documents. The
material from manuscripts must not be used for reviewers’ own research without the
author’s explicit consent in writing.

The Editorial Office of The Military Technical Courier encourages reviewers to verify
their reviews on their personal profile pages on the Web of Science (WoS) platform. When
reviewers submit their peer reviews to The Military Technical Courier, they will be asked
whether they would like to track, verify and showcase them on the WoS platform.
Reviewers can further use their verified peer reviews as evidence of their contribution to
the scientific community in applications for promotion, grants, etc.

The reviewing policy of the journal:

- allows visibility of the review in public (only after the article has been
published),

- shows titles of reviewed articles to reviewers (only after the article has been
published).
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Measures, activities, responsibilities and duties of the Military Technical
Courier authors

Authors undertake that the manuscripts are their original contribution, that they have
not been published before, and that they are not considered for publication elsewhere.

Parallel submission represents violation of ethical codes which eliminates the
manuscript in question from being further considered for publication in the Military
Technical Courier. A paper already published elsewhere cannot be published in the Military
Technical Courier.

Authors are fully responsible for the complete content of their manuscripts. The
manuscript should not contain unfunded or illegal statements nor infringe on the rights of
others.

When writing their papers, authors are not allowed to use generative Al nor Al-
assisted technologies such as Large Language Models. These technologies are not to be
used for the realization of the key authors’ task which is to draw scientifically based
conclusions and recommendations. Atrtificial intelligence tools can be used in the process
of research to analyze and draw conclusions from data.

Authors are required to make sure that their team mentioned in the manuscript
consisits only of individuals whose contribution to the content of the manuscript is
significant. If there were other individuals who participated in some other important
moments of the research project or in the manuscript preparation, their contribution is to
be mentioned in a footnote or in a separate note (Acknowledgement).

The name and the code number of the research project from which the paper
originates must be given in a note, as well as the full name of the funding institution. In
case the paper has been presented orally elsewhere with the same title or a similar one,
the details of such a communication have to be metioned in a note as well.

Authors’ duty is to correctly and completely quote the sources which had a significant
influence on the content of the research and the manuscript. Fragments of the manuscript,
including the text, equations, graphical presentations, figures and tables, directly included
from the works of others, must be clearly marked e.g. by quotation marks with a precise
reference to the original source (page number) or in a separate paragraph if they are bigger
in size.

Full references of all citations in the main text must be given in a separate section
(References) in a uniform way, complying with the citation style used in the Military
Technical Courier (Harvard Style Manual). The Reference Section contains only the cited
sources, not all sources used in the preparation of the manuscript.

In case authors find an error in their article after its publication, they are obliged to
promptly notify the Editor-in-Chief (or the Editorial Office) and cooperate in the process of
retracting or correcting the article.

Authors are under the obligation to declare in their manuscript whether there is a
financial or any other conflict of interest that may influence the results or interpretations of
the results.

If the research involves chemicals, activities or equipment posing risk to the health of
humans or animals, this must be clearly stated in the manuscript.

When submitting their manuscript, authors agree to comply with the editorial policy
of the Military Technical Courier and they confirm such compliance by submitting the
Authorship Statement.
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Handling allegations of misconduct

Any individual or institution may notify the Editor and/or Editorial Team of ethical
malpractice and other misconduct by supplying undisputed information/evidence to start an
enquiry. The procedure for investigating the case raised with the supplied evidence is as
follows:

- Editor-in-Chief determines to start investigation;

- all evidence is considered confidential during investigation and is available only to
those directly involved in the case;

- individuals suspected of ethical breaches are given a chance to respond to the
allegations;

- if a misconduct is confirmed, it is further established whether there is a minor or a
major violation of publication ethics.

Minor issues not affecting either the integrity of the paper or that of the Journal, e.g.
misunderstanding or misapplication of publication standards, are dealt with by directly
communicating authors and reviewers, without third parties involved, in one of the following
ways:

- authors and/or reviewers are sent a letter of warning;

- a correction notice is published, e.g. when a source, otherwise properly cited within
the main text, has been omitted from the Reference List;

- an erratum is published, e.g. when an error is made by the Editorial staff. Serious,
maijor violations of the ethical code may lead to different measures:

- a separate note or a leading article is published, describing the case;

- afilliate institution of the author/reviewer is officially notified;

- the published article is retracted;

- publishing in the Journal is prohibited for a defined period of time;

- relevant organisations and regulatory bodies are informed about the case for taking
course of actions within their competence.

These measures may be taken separately or jointly. In the process of handling the
case, relevant expert organisations, bodies or individuals are consulted when necessary.

In resolving ethically controversial issues, the Editorial Team follows the guidelines
of the Committee on Publication Ethics (COPE).

Disclaimer

The views in the published articles do not represent the views of the Editor, the
Editorial Office, the Editorial Team or the Editorial Board of the Military Technical Courier
journal. Authors take full legal and moral responsibility for the information and opinions
expressed in their articles. The publisher will not be held liable in any way for any claims or
damages.

Conflict of interest

The Military Technical Courier adheres to the conflict of interest policy recommended
by COPE and/or other international research publishing regulatory authorities (ICMJE,
EASE). The authors must declare their conflicts of interest in the Conflict of Interest
Statement (ColS). In the ColS, each named author of the article is required to provide: (1)
A statement of any potential conflicts of interest relevant to the content or a statement that
there are no such conflicts. (2) Disclosure of how the article is funded, including specific
disclosure of any and all company funding (partial or total), or a statement that there was
no such involvement (if applicable). (3) A comprehensive explanation of the role of
sponsors in article preparation if the article is sponsored in part or whole.
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Advertising

Advertising in the Military Technical Courier is not permitted.

Details on the ethical conduct of the Military Technical Courier are also available on
the Journal pages: Publication Policy, Journal Quality Management and Article
Quality Support via the website of the Serbian Citation Index (SCindex) — publisher of the
national citation index, i.e. publisher of the base in which the Military Technical Courier is
primarily indexed.
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