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Abstract In the current realities arising from the
full-scale armed aggression of the Russian
Federation against Ukraine, and in light of the rapid
technological development of highly effective
weapons, the issue of ensuring the reliability and
stability of fortifications and defensive structures
has acquired unpreceden-ted relevance. The critical
task of engineering defence is to counter a wide
range of threats, including the penetrating action of
small-arms  bullets, cumulative jets, armour-
piercing shells, and the destructive impact of high-
explosive fragmentation ammunition.

The impact of these factors is not limited to local
damages, such as perforation or chipping of
structural elements. It determines the overall
survivability of the object - its ability to maintain
integrity, load-bearing capacity, and essential
functional characteristics directly during intense fire
exposure. A wide range of methods is used to
predict the behaviour of structures: from analytical
and empirical approaches to complex numerical
modelling.

The reliability and accuracy of such predictions
directly depend on the comprehensive consideration
of input parameters. Firstly, these are the kinematic
characteristics of the striking elements: their mass,
velocity vector, angle of encounter with the
obstacle, and shape. Secondly, the physico-
mechanical properties of the materials of the
obstacle itself play a decisive role, in particular
dynamic strength, ultimate plasticity, impact
strength, and the degree of structural heterogeneity
(for example, in reinforced concrete). Thirdly, the
geometry and design of protective elements are
essential, such as multilayered structures or spaced
armor.
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In practical terms, there is a clear division of
calculation methods. Empirical formulas, due to
their simplicity, are indispensable at the stages of
preliminary design for obtaining quick, albeit
approximate, estimates. Instead, modern numerical
methods, implemented using the finite element
method (FEM), allow us to reproduce with high
accuracy the mechanisms of interaction between the
projectile and the structure in time and space.
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FORMULATION OF THE PROBLEM

The military actions in Ukraine have led to an
urgent need to construct a large number of
fortifications and protective structures of
various purposes and designs, which must
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account not only for normal loads and
influences but also for special effects related to
threats of enemy attack. Such effects include
blast wave action, shrapnel damage, partial or
complete penetration of ammunition into the
body of the protective structure, which may be
explosions,

accompanied by subsequent
temperature changes, and so on.

To our great regret, the enemy is improving
and increasing their means to inflict maximum
damage on targets. Yes, there have been more
frequent cases of using metal shrapnel in the
bodies of unmanned aerial vehicles or in
missiles (Fig.1).

Fig. 1. The body of the undetonated missile filled with shrapnel (photo by the Denys Mykhailovskyi)
Puc. 1 Koprryc He3/1eTOHOBaHOT pakeTH 3alioBHEHUI mparHesuo (Gpoto 3podieHo [erncom

MHuxaiIoOBCHKIM)

However, despite these threats, Ukraine still
lacks regulatory documents that specify the
methodology or procedures for calculating the
elements of protective structures against the
penetrating effects of the main types of
ammunition and fragmentation damage.
Recommendations for ensuring the thickness of
elements to prevent penetration are provided in
DBN V.2.2-5:2023 "Civil Defence Protective
Structures™ [2] in section 14.2.3; however, it
does not specify which threats these values are
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intended to address, and it is not clear how to
apply them to current realities.

As part of this work, a comparison was made
of the calculation of the penetrating action of
the main types of ammunition and
fragmentation damage using the following
methods:

1. Engineering method of Berezan V.1.;

2. Energy method (or energy balance

method);

3. Engineering method of NDRC (National

Defence Research Committee).
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Ne Material Reduced coetficient Min. Thickness, mm
1 Concrete heavy C16/20 0.917 360
2 Concrete heavy €20/25 0.943 350
3 Conerete heavy C25/30 1.0 330
4 Concrete heavy C30/35 1.032 320
5 Concrete heavy C32/40 1.065 310
6 Concrete heavy C35/45 1.1 300
7 Concrete heavy C40/50 1.138 290
8 Ordinary soil 0.134 2470
9 Clay 0.189 1750
10 Sandy loam 0.267 1240
11 Loam 0.228 1450
12 Sand 0.267 1240
13 Pine 0.152 2180
14 Maple 0.271 1220
15 Oak 0.341 970
16 Brick masonry 0.703 470
17 Steel 3.667 20

Fig. 2. Minimum wall thicknesses according to DBN V.2.2-5:2023 "Civil Defence Protective Structures"

[2]

Puc. 2 MinimManbHi TOBIIMHY CTiH BignoimHo 1o JIbH B.2.2-5:2023 "3axucHi ciopyau IUBITEHOTO

3axucry"[2]
MAIN RESEARCH
Engineering methodology of Berezan V.I.

Berezana V.lI.'s method is a classical
empirical dependence widely used in the Soviet
school of military engineering and fortification
to calculate the penetration depth of a
penetrator (projectile, fragment) into an
obstacle (concrete, soil, brickwork).

According to this formula, the penetration
depth is recommended to be determined using
an empirical formula:

m
» d—ZVpr CoS« (1)
pr

h, = 2k

where: h, — the depth of projectile
penetra-tion  along  the
normal to the outer surface
of the obstacle in metres;
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A - the coefficient, which mainly
depends on the shape of the
projectile, is equal to 1.3
when firing armour-piercing
shells at concrete and 1.0 in
other cases;

k, — the coefficient of compliance
of this environment to
penetration (taken as in Fig.
3);

m - the weight of the projectile at
the moment of encountering
an obstacle, kg.

dor - projectile diameter in

metres;

Vpr - projectile speed at the
moment of encountering an
obstacle, in m/s.
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Values of coefficients
High-
Name of the medium Penetration | Explosion explosive Spalling,
ke F action Fen
Frexp

Freshly placed loose soil 0.0000130 0.60 1.40
Ordinary soil 0.0000065 0.53 1.07
Dense sand 0.0000045 0.50 1.04
Sandy loam 0.0000050 0.50 1.00
Loam 0.0000060 0.50 1.00
Dense clay 0.0000070 0,50 1.00
Limestone or sandstone 0.0000020 0.25 0.92
Granite or gneiss 0.0000016 020 0.86
Pine 0.0000050 0.30 0.60
Oak. beech, ash 0.0000040 0.30 0.60
Dry brick masonry 0.0000030 0.25 0.96
Dry stone masonry 0.0000030 0.25 0.96
Brick masonry in cement mortar 0.0000025 025 0.88 0.81
Stone masonry in cement mortar 0.0000020 0.20 0.84
Reinforced brick masonry 0.0000022 020 0,52 0.73
Rubble concrete 0.0000016 0,18 0.70
Heavy concrete of class C 8/10, 0.0000012 0,18 0.65
C12/15.
Reinforced concrete of class 0.0000010 0,12 0.30 037
C20/25.
Fortification concrete of class 0.0000008 0.16 0.60
C 40/45
Fortification reinforced concrete of 0.0000007 0.11 0,25 033
class C 40/45
with flexible spall liner 0.0000008 0.13 0.52
with rigid spall liner 0.0000008 0.13 0.42
Monolithic reinforced concrete 0.0000007 0,11 0,25 033
structures of concrete C45/60

Fig. 3. Coefficient of penetrability of the medium dvantages of the method [4]
Puc. 3 KoedilieHT 0IaTIMBOCTI cepenoBuUIIa MPOHUKHERHIO [4]
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e Simplicity and convenience: The formula
has a linear form and allows for quick
calculations without the use of complex
software. It is ideal for rapid assessment in
field or engineering conditions.

e Clear physical meaning of parameters: All
variables (mass, diameter, speed, angle of
incidence) are understandable and easily
measurable.

e Experimental confirmation: The
methodology is based on a large number of
field tests; therefore, for typical materials
(concrete, reinforced concrete, soil), it
provides sufficiently accurate results for
engineering purposes.

Disadvantages of the method:

e Empirical nature: The formula depends on
empirical coefficients that are selected for
specific materials. If the material of the
protective structure is non-standard (for
example, ultra-strong fibre concrete), the
accuracy of the calculation sharply
decreases.
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e Limited speed range: The formula works
correctly within the range of speeds typical
for ordinary artillery shells and fragments.
At hypersonic speeds or in the case of
cumulative jets, the physics of the process
change, and the linear dependence ceases to
be valid.

elgnoring the material dynamics: The
methodology considers the final result
(depth), but does not account for wave
processes within the wall, the formation of
chips from the back side, or the interaction
of the fragment directly with the
reinforcement.

Energy method (or energy balance method)

This method has gained widespread
popularity in Western European countries
(France, the United Kingdom). It is based on the
law of conservation of energy.

According to this method, the penetration
thickness is determined by the formula (2)
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where ht - the thickness of the projectile
penetration, m;
d - projectile diameter, m;
Ex - kinetic energy of the projectile,
J;
G — average pressure, MPa
The kinetic energy of the projectile (J)
should be determined using the formula (3):
E, = 1 mv? ®)
2
m — mass of the projectile, kg;
V — projectile velocity, m/s

ISSN 2522-4182

The average stresses are determined by the
formula (4):

P
oc=|a+p |———=V, |o 4
p (qxlOG) ' )
where pt - density of target mate-
rial, kg/m3;

ot - shear strength (YY) of the
target material, MPa;
- projectile velocity at im-
pact, m/s.
The alpha (o) and beta () coefficients, which
depend on the material and shape of the
projectile or fragment, are determined from the
tables shown in Fig. 4.

Parameter values for steel target

a p G [
1 2E e
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Parameter values for concrete and soi1l targets
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Fig. 4. Parameter values for mean stress determination [4]

Puc. 4. 3HaueHHs TApaMeTPiB 17T BU3HAYEHHS cepesl Hix HanpyxkeHs [4]

Advantages of the methodology:

e Fundamentality: It is based on the law of
conservation of energy, which makes it
physically transparent and understandable
for explanation.

e Versatility of input data: Allows operating
with energy as a comprehensive parameter,
without breaking it down separately into
mass and velocity at each stage.
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e Ease of adaptation. Convenient for
comparative analysis of the effectiveness of
different ammunition, if their energy is
known.

Disadvantages of the method:

e Idealisation of the process: The method
assumes that the resistance force of the
material is constant throughout the entire
penetration path, which is not the case in
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reality (resistance varies depending on
speed and depth).

e The absence of a time factor: The energy
balance shows the final state but does not
describe the dynamics of the process over
time (rate of deformation).

Engineering methodology of the US National
Defence Research Committee

This method is the most common in Western
engineering practice (in particular, in the
standards of the USA and NATO countries).
The difference between this method and the
previous two is that it uses its own empirical
formula for the main types of materials.

So, to calculate the penetration of
ammunition or shrapnel into reinforced
concrete, the formula for determining the depth
of penetration takes the form (5):

m 0.075_
1.8
- 56.6(d3j NmvV (9]0.15 g (5)
- dz\/f_c c age
where ht - maximum concrete penetration
thickness by projectile, mm;
d - projectile diameter, mm;
m - mass of the projectile, kg;
V - projectile speed, m/s;
fc - compressive strength of concre-te,
MPa; ¢ — maximum stone size,
mm (19 mm for heavy concrete
and 4 mm for concrete masonry);

N. projectile end shape coefficient
according to Annex C UFC 4-
023-07 [18];

fage — concrete age coefficient, which
should be taken as:

1.05 - for concrete less than 28
days old;

1.02 - for concrete aged from 28
to 66 days;

1.01 - for concrete aged from 66
to 360 days;

1.00 - for concrete aged more than
360 days.

N =0.91 for low threat severity;
N

= 1.26 — for medium threat
severity level;

N = 1.39 —for a high level of threat
severity;

N = 1.31 — for a very high level of
threat severity;
The residual velocity of the projectile after
penetrating an obstacle can be calculated using
the formula (6):

t 0.733
V, =V|1— —<ne 6
= (2t ©)

Vr — residual velocity, m/s;
V — impact velocity, m/s;
tconc — concrete thickness, mm;
ht — maximum penetration depth,
mm
To determine the maximum

penetration thickness of a steel

obstacle in UFC 4-023-07, it is
recommended to use the following @)

formula (7):

h —d vmscos®® o )
1.125d® log,, BHN

where hy - maximum steel penetration

thick-ness, mm;

d - projectile diameter, mm;

m - ammunition mass, kg;

V — projectile velocity, m/s;

@ - obstacle inclination angle from
steel, degrees;

BHN - Brinell hardness number, for
ordinary steels 110-160, for
armour steels 220-350.

The residual velocity of the projectile after
penetrating steel obstacles in accordance with
UFC 4-023-07 21 should be determined using
the formula (8):

where

2\05

08
1.1275(;) d*® log,, BHN
Vr =|V?- (8)

m°®° cos®® @

t - actual thickness of the steel, m;

d - diameter of the projectile, mm;

m - mass of the ammunition, kg;

V - velocity of the projectile, m/s;

@ - angle of inclination of the steel
obstacle, degrees;

BHN — Brinell hardness number,
for ordinary steels 110-160, for
armour steels 220-350.

where



To determine the maximum penetration
thickness of an obstacle made of wood, UFC 4-
023-07, it is recommended to use the formula

(9):

1.4897

0.4113
ht =0.64 v 12296
d>) 9)
,0(”4 } [ 05414
where  ht - maximum drilling thickness of

the wood, m;
d - projectile diameter, m;
m mass of the projectile, kg; V —
velocity of the projectile, m/s;
p - wood density, kg/m?;
H- wood hardness, kg.

Although we note that the hardness values
are for American and European timber, for our
purposes of performing similar calculations, we
need to standardise these data for our own
timber.

The residual velocity of the projectile after
penetrating obstacles made of wood should be
determined according to UFC 4-023-07 using
the formula (10):

t 0.5735
vfﬂ/1—f—j
h

t - the actual thickness of the wood,
m.
Advantages of the method:
e High accuracy for different materials: These
formulas are considered the 'gold standard'

(10)

where
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for calculating concrete barriers, steel plates,
and wooden barriers, as they take into
account the specific characteristics of the
material (for concrete, this includes the
concrete strength, aggregate size, and
concrete age).

¢ A wide testing base: The methodology relies
on a vast array of experimental data obtained
by US military engineers.
Disadvantages of the method:

e Difficulty of calculation:
contains  fractional exponents,
complicate manual calculation;

e Speed limitation: The formula gives an error
at high impact speeds when the projectile
begins to deform (it is designed for a rigid'
non-deformable projectile).

To analyse the results of calculations using
different methodologies in this work, a
reinforced concrete element was calculated
using various concrete classes. The results of
the calculation were also compared with the
parameters specified in Tables 14 and 13 of
DBN B.2.2-5:2023 'Protective Structures of
Civil Defence'. The calculation was carried out
for threats posed by fragments from the
explosions of UAVs and missiles, in
accordance with the latest recommendations of
the Central Directorate of Military Education
and Science of the General Staff of the Armed
Forces of Ukraine, as shown in Fig. 5.

The formula
which

Fig. 5. Threats from fragments
caused by UAV and
missile  explo-sions in

UAV

accordance with the latest

TNT equivalent weight of warhead charge, kg

100

recommendations of the

Central Directorate of
Mili-tary Education and
Science of the General
Staff of the Armed Forces

of Ukraine

Impact velocity. nv's 145
Impact angle, 20-60
' Fll\i&'llldlllrrhlllcll\lml\. A x B x C (thickness), cm: 9x2x0,7;
mass, g 80
| Initial fragment velocity. mvs 2300
Missile
: TNT equivalent weight of warhead charge, kg 718.2

Impact angle.

800

80-90

i Pue. 5 3arpos3u Bij ynaMmkiB mpu
BuOyxy brJIA Ta pakern

BIAIIOBIAHO [0 OCTaHHIX

Fragment dimensions. A x B x C (thickness). cm:
[ Inass, g

3.5x3.5 (Cylindrical shape)

pexkoMeHnartiit Llearpans-
HOT'O YNpaBIIiHHA BIHCh-

Initial fragment velocity. m/s

2380

KOBOI OCBITHM Ta HayKu
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Table 1. Penetration depth of reinforced concrete elements by missile blast fragments
Taba. 1. ['mubuHa MpoOUTTS 3a1i300€TOHHUX SIIEMEHTIB IPU BPaKCHHI YIIaMKaMU BiJl BUOYXY paKeTH

Class of Depths of drilling into the reinforced concrete element, mm _ _
concrete DBN V.2.2-5: 2023 Method of Berezan V.1.; Eg?;% Metrllzo r(]jgollnc?ge;"lllgDRC
C20/25 350 340 497 512

C25/30 330 340 457 476

C30/35 320 310 440 446

C35/42 310 290 425 422

Table 2. Penetration depth of reinforced concrete elements by UAV blast fragments
Ta6a. 2. ['mubuna npoOUTTs 325113006 TOHHUX €JIEMEHTIB MIPU BPaXXKCHH1 yiaMKkamu BiJ BuOyxy BriJIA

Class of Depths of drilling into the reinforced concrete element, mm

concrete | ppN V.2.2-5:2023 | Method of Berezan V.I.; 5123:% MethEo r:jgoilnoege;irlllgDRC
C20/25 350 410 615 458

C25/30 330 410 565 425

C30/35 320 340 544 399

C35/42 310 270 525 377

As we can see from the calculation results,
the energy method and the engineering
methodology of the US National Defence
Research Committee give quite similar results,
but they significantly exceed the required
thickness according to the Berazan method,
which in turn is quite close to the thickness
values given in DBN V.2.2-5:2023 "Civil
Defense Protective Structures”[2].

CONCLUSIONS AND PROSPECTS FOR
FURTHER RESEARCH

Based on these results, it can be concluded
that when calculating according to the
methodologies of the USA and the United
Kingdom, the recommended wall thicknesses
are not sufficient in accordance with DBN
B.2.2-5:2023 'Civil Defence Protective
Structures'. A promising direction for further
research is improving the calculation method
for penetrative effects on various obstacle
materials and all potential damage mechanisms.
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Developing modern calculation methods,
considering existing military threats, will
enable the most effective construction of
engineering  protective and fortification
structures, which will significantly support the
realisation of the 'Country-Fortress' concept.

It should be noted that a critical task is the
development of modern regulatory documents
that would regulate the basic requirements and
calculation methods for fortification and
protective structures of various purposes,
taking into account contemporary military
threats.
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AHAJII3 METOJIHUK PO3PAXYHKY
ITPOHUKHOI IIi OCHOBHUX BU/IIB
BOEIMPUIIACIB TA OCKOJIKOBOI'O

YPAKEHHSA KOHCTPYKIIN
3AXHCHHMX CIIOPY ]

Tenuc MUXAHTIOBCHKHUH,
Onez KOMAP

AHoTalisA. Y MOTOYHHUX peaisix, U0 CKIIAIUCS
BHACIIIOK MOBHOMacIITaOHOI 30poiiHoi arpecii pd
npoTd YKpaiHHu, a TakoX 3 OIJIIIy Ha CTPIMKHI
TEXHOJIOTIYHUA  PO3BUTOK  BUCOKOC()EKTUBHUX
3ac00iB ypaxkeHHs, MpoOiieMaTnka 3abe3rnedeHHs
HamiHHOCTI Ta cTiMKoCcTi QoprudikamiiHux i
3aXHUCHHX CIOpyA Habyna Oe3mpereaeHTHOI
aKTYaJIbHOCTI. Kputnunum 3aBJaHHSAM
IH)KEHEPHOTO 3aXHCTy CTa€ MPOTHUIIS MIUPOKOMY
CHEKTPY 3arpo3, U0 BKIIOYAE MPOHUKHY Til0 KyJb
cTpienbkoi  30poi, KyMYJISATHBHUX CTPYMEHIB,
OpoHeOIHUX CHApsNIB, a TAKOXK PYHHIBHUN BILUTUB
OCKOJIKOBO-(pyracHHX OO€MpHUIAciB.

BB mmx ¢daktopiB He 0OMEXYyeThCS JHMIIE
JOKAJBHUMH  TOUNIKO/DKEHHSMH, TaKUMH  SIK
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MPOOUTTS UM BIJIKOJ €IeMEHTIB KOHCTpYKIii. Bin
BU3HAUA€ 3araibHy JKUBYYICTh 00'ekTa — HOTrO
3/aTHICTH 30epiraTu IiTiCHICTh, HECYUY 3[aTHICTh
Ta OCHOBHI (DYHKIIOHANbHI XapaKTEPHCTHKH
0e3rmocepeIHbO i Yac iHTEHCHBHOTO BOTHEBOTO
BIUIUBY. Jl7s1 MPOTHO3YBaHHA MOBEIIHKH CIOPYA
BUKOPHUCTOBYETHCS IIMPOKUN CIEKTP METOAMK: Bif
AHAITUYHUX Ta CMIIPUYHUX TIOXOMIB  JIO
CKJIaZIHOTO YHCEIHHOTO MOJICIIFOBAHHS.
JloCcTOBIpHICTH Ta TOYHICTH TAaKHX IPOTHO3IB
HaIpsIMy 3aJIeKAaTh BiJl KOMIUIEKCHOTO BPaxyBaHHS
BXinHNX mapamerpiB. [lo-mepiie, e KiHeMaTH4Hi
XapaKTEPUCTUKH BPXKAIOYMX EJIEMEHTIB: iXHS
Maca, BEKTOp INBHUIKOCTi, KyT 3ycTpidui 3
nepemkonow ta ¢dopma. [lo-apyre, BUpilIANIbHY
poIb BimirparoTh (Pi3MKO-MEXaHIYHI BIIACTHUBOCTI
MarepiaiiB caMoi Mepenkoan, 30KpeMa JHHaMidHa

MIIHICTh, TpaHWYHA IUIACTHYHICTB,  yAapHa
B’SI3KICTh Ta CTYIiHb TE€TEPOT€HHOCTI CTPYKTYpH
(mampuxman, y  3amizoberoni).  Ilo-Tpere,

BOXJIMBHUMH € TEOMETpisi Ta KOHCTPYKTHBHI
pIIIICHHS  3aXHCHUX  €JIEMEHTIB, Taki 5K
OararomapoBicTe ab0 HasBHICTH PO3HECEHOT'O
OpOoHIOBaHHS.

VY npakTUYHIM MIOMIKHI iICHYE WiTKUA PO3MOIiI
3aCTOCYBaHHS METOJIB pO3paxyHKy. Emmipudni
(hopMyIu, 3aBASIKH CBOIH MPOCTOTI, € HE3aMiHHUMH
Ha eTarnax ecKi3HOTO MPOEKTYBAHHS ISl OTPUMAaHHS
MIBUJKHX, X04a ¥ HAOMKEeHUX omiHoK. HaTomicTh
Cy4acHi YUCEJIbHI METOIH, 10 PEATI3yIOThCS Yepes3
MeToa ckiHdeHHUX eneMeHTiB (MCE) mo3BosIIoTh
3 BHCOKOIO TOYHICTIO BIATBOPUTH MEXaHI3MHU
B3a€MOJIi CHapsay 3 KOHCTPYKIE Yy daci Ta
pOCTOPI.
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