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Abstract Current engineering practice for the
design of underground defensive and fortification
structures is largely based on empirical and semi-
analytical approaches that describe projectile
penetration, local explosive effects, and the
response of structural materials to combined impact
and blast loading. Widely used methods rely on
simplified relationships for estimating penetration
depth as a function of projectile mass, velocity,
diameter, and impact angle, as well as material-
dependent coefficients reflecting resistance to
penetration. Additional models address the
formation of explosive craters, the extent of damage
within a barrier, and minimum thickness
requirements to prevent spalling. For underground
structures, particular importance is given to
approaches that represent soil as an elastic—plastic
medium, allowing estimation of blast wave
attenuation with depth and conversion of blast
effects into equivalent loads acting on buried
structures. However, these methods are often
fragmented, insufficiently unified, and not fully
adapted to modern threats such as UAV-delivered
munitions and combined impact—explosion
scenarios.

In this paper, the key analytical dependencies
used in current practice are systematized and
clarified. Improved expressions for penetration
depth are considered, including factors accounting
for projectile geometry and possible trajectory
devition within protective layers. The study
formulates a consistent procedure for evaluating
local damage from concentrated explosions,
including crater depth, damaged zone thickness, and
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conditions for preventing spalling. In addition, an
analytical approach is

developed for estimating pressure transmission
through soil backfill or embankments based on
attenuation laws, loading duration, and impulse
characteristics. On this basis, a practical
calculation sequence is proposed, enabling the
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determination of design loads and the selection of
protective elements for underground structures
under combined impact and blast effects.

Keywords: engineering protection;
underground structures; damage, explosion, blast
effect.

PROBLEM STATEMENT

The design of underground defensive and
fortification structures under modern warfare
conditions faces increasing challenges due to
the rapid development of high-precision
weapons, including missiles and UAV-
delivered munitions [2, 3, 16, 20]. These threats
are characterized by combined impact and
explosive effects, high penetration capability,
and variability in attack scenarios [6, 7, 13].
Existing engineering approaches for structural
design are largely based on empirical
dependencies developed for conventional
munitions and simplified conditions [4, 7]. As a
result, they often consider penetration,
explosive action, and soil response separately,
without providing a unified framework for their
combined effect on underground structures [11,
12].

In practical design, this leads to uncertainties
in determining key parameters such as
penetration depth, thickness of damaged zones,
spalling conditions, and the magnitude of loads
transmitted  through  soil  backfill  or
embankments [8, 9, 10]. In addition, the
influence of factors such as projectile geometry,
trajectory deviation within protective layers,
and soil properties on blast wave attenuation is
not always consistently taken into account [5,
10]. This limits the reliability and efficiency of
design solutions and may result in either
insufficient protection or excessive material
consumption [15, 18].

Therefore, there is a need to develop a
consistent analytical approach that integrates
existing methods for penetration, explosion
effects, and soil-mediated load transfer, and
adapts them to current threat conditions [1, 2,
13]. Such an approach should provide engineers
with practical tools for accurately determining
design loads and optimizing the parameters of
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underground protective and fortification

structures.
ANALYSIS OF PREVIOUS RESEARCH

Modern engineering practice provides the
use of several principal methods for analyzing
structures under blast wave effects, among
which the most widely applied are the quasi-
static method, the impulse (shock impulse)
method, and the direct integration method of the
equations of motion [5, 11, 14, 19]. The quasi-
static method is based on transforming dynamic
loading into an equivalent static load using a
dynamic amplification factor and is an effective
tool for preliminary engineering assessments
[6, 15]. The impulse method allows accounting
for the integral effect of short-duration loading
through impulse parameters, providing a more
adequate representation of blast wave action
[11, 12, 19]. At the same time, the most
accurate approach is the direct integration of the
equations of motion, which makes it possible to
consider the actual time-dependent variation of
loads, inertial characteristics of the system,
damping, and the complex spatial behavior of
structures [11, 19].

In domestic practice, the most widely used
method for calculating protective and
fortification structures, as well as engineering
protection structures in the event of direct
damage without a pre-detonation screen, is
based on [1; 2; 17]. At the same time, the
number of studies on this issue is constantly
growing [3, 13].

The penetration depth of the charge
(warhead of a UAV or missile) in [1; 2; 17] is
recommended to be determined by the
empirical formula:

m
h, =2k, d—2pr cosa 1)

pr

where hp, — depth of penetration of the
projectile along the normal to
the outer surface of the
obstacle in meters;
A — the coefficient, which depends
mainly on the shape of the
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projectile, is 1.3 when firing
concrete-piercing shells at
concrete and 1.0 in other
cases;

k, — coefficient of susceptibility of
this medium to penetration
(taken from Table 1);

m — weight of the projectile at the

moment of meeting the obstacle,
kg.

Since we are talking about mechanical
permeability, for the case of missiles, the value
can be taken as the weight of the missile at the
moment of impact; dpr — diameter of the
projectile (aircraft bomb, missile), m; Vpr —
velocity of the projectile (aircraft bomb,
missile), at the moment of meeting the obstacle,
in m/s; o. — angle at which the projectile
penetrates the protective layer, it is calculated
from the normal to the protective surface.

An improved formula for determining the
depth of penetration of a charge (of a UAV or
missile warhead) taking into account the
probable curvature of the projectile trajectory in
the protective layer was obtained by a team of
authors [17] and has the form:

Nk m cos(na)

Vv 2
TN RS

where dyr — projectile caliber, mm.

The angle o at which the projectile
penetrates the protective layer, it is calculated
from the normal to the protective surface:

90°
*= 2n-1" ®)

where n — coefficient that takes into
account the possible curvature
of the trajectory of the
projectile in the protective
layer: for long-range
projectiles n=1.82, for short-
range projectiles n=2.62.
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A coefficient that takes into account the
shape of the projectile head and its caliber
A=ula.

The shape coefficient of the projectile head 11
is determined from the expression:

zi=o,5+o,43s[:fJ | 4)

pr

where H, — height of the projectile head or
warhead of a missile or UAV
(Fig. 1), m.

e——

o

|
d,..

A=A

Fig. 1. To determine the height of the projectile
head

Puc. 1. /o BU3HaYEeHHs] BUCOTH T'OJIOBHOI YaCTHHU
CHapsfy.

The caliber coefficient of the projectile A2 is
determined by the formula:

2, =2,83d, +13,d, | (5)

where d,r — diameter of the projectile head
or warhead of a missile or
UAV (Figure 1), m.

In the absence of data on ammunition
parameters, it is permissible to use the formula
[1; 2]:

m
h,=173k, 5=V, cosa (6)

pr
MAIN RESEARCH
The parameters of destruction from the local
action of the concentrated charge explosion are

recommended to be determined by the
following empirical formulas (7-9) [1, 8, 17].
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The depth of the explosion crater when the
concentrated charge explodes on the surface of
the structure:
where ke, — coefficient of compliance of the

ISSN 2522-4182

2, =2,8yd, +13d, . (7)

material of the barrier to the high- Le =L /2 — distance from the center of the

explosive action of the explosion,
which  should be determined

charge to the surface on which the
projectile mechanically stopped, in m;

according to Table 1; L — projectile length (which for missiles and UAVs can

mes — Mass of the explosive charge of a
projectile or warhead for missiles or
UAVs in TNT equivalent, kg.

be approximately taken as the length of its
warhead).

Table 1. Coefficient of compliance of the impact or explosion environment.
Tao6a. 1. KoedimienT nogatiuBocTi cepenoBuiia Aii ynapy abo BUOyXy.

Environment name - Coefficiént values
Penetration ky Explosion ky Explosive action Kexp

Freshly poured soil 0,0000130 0,60 1,40
Normal 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 sandy rock 0,0000020 0,25 0,92
Granite or gneiss rock 0,0000016 0,20 0,86
Pine 0,0000050 0,30 0,60
Oak, beech, ash 0,0000040 0,30 0,60
Dry brickwork 0,0000030 0,25 0,96
Dry stone masonry 0,0000030 0,25 0,96
Cement mortar brickwork 0,0000025 0,25 0,88
Cement mortar stone masonry 0,0000020 0,20 0,84
Reinforced brickwork 0,0000022 0,20 0,52
Booth concrete 0,0000016 0,18 0,70
Heavy concrete of class C 8/10, C 12/15. 0,0000012 0,18 0,65
Reinforced concrete of class C 20/25. 0,0000010 0,12 0,30
Fortification concrete of class C 40/45 0,0000008 0,16 0,60
Fortification reinforced concrete of class 0,0000007 0,11 0,25
C 40/45
-with flexible anti-splintering 0,0000008 0,13 0,52
-with rigid anti-splintering 0,0000008 0,13 0,42
Monolithic reinforced concrete 0,0000007 0,11 0,25
structures made of concrete C45/60
The thickness of the barrier within which h, =k, 3fm, —r., | ®)

destruction occurs when a concentrated charge
explodes in the body of the barrier is
determined by the formula:
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where me — mass of the explosive charge of
a projectile or warhead for
missiles or UAVs in TNT
equivalent, kg;
ke — explosion action coefficient,
which should be taken in
accordance with Table 1;
ror — the radius of the charge, taken
from the tactical and technical

characteristics of the
ammunition, is approximate rp,
= Lef.

The minimum thickness of the structure at
which chipping does not occur is determined by
the formula:

hch = kch 3 my — rpr , (9)

where ken — coefficient that takes into
account the probability of
chipping and is taken according
to table 1.

The calculation of coatings for the local
effect of an explosion is performed in the case
when the distance from the charge of a
projectile or warhead for missiles or UAVS to
the structure is, when detonated in the air or on
the ground above the structure, in the presence
of a collapse, less than:

4 rpr — for reinforced concrete structures;
6 rpr — for brick (stone) structures.

The thickness of elements of structures with
solid protective structures, when directly hit by
ammunition under the combined action of
impact and explosion, is determined from the
condition of preventing chipping by the
formula:

h= hp +1,2k,, \3[ My — L, (10)

where h — thickness of the element of a
continuous protective structure,
taking into account the penetrating
effect of the ammunition and the
probability of chipping, m;
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h, — ammunition penetration depth,
determined by formula (1) or (6),
m;
ken — coefficient adopted according to
table 1;
Ler — is assumed:
Le=ro— for a concentrated charge
ammunition;
Ler=rpr(1+2c0osa) — for ammunition with
an extended charge

It is recommended to determine the
penetration depth of a projectile in a layered
environment by replacing this environment
with an equivalent homogeneous environment,
proportional to the ratio of coefficients for the
materials included in the protective layer.

The full depth of the crater or the thickness
of the protective plate (“mat”) under the
condition of ammunition penetration with
subsequent explosion in the body of the
protective structure is determined from the
expression:

hat = hy + hy, (11)

where h, — ammunition penetration depth,
determined by formula (1) or (6),
m,
h,— the thickness of the barrier within
which destruction occurs when a
concentrated charge explodes in
the body of the barrier, which
should be determined by formula

(8).

The thickness of the external covering,
which is intended, in addition to camouflage, to
weaken the impact force and fragmentation
effect, is recommended to be taken at least
30..50 cm. The thickness of the protective plate
(“mat”), which should stop the ammunition and
cause an explosion to reduce the impact of high-
explosive action on the main protective
structure with a small covering thickness, can
be approximately determined by the formula:

hpI =15 hexp, (12)

where  he, — the depth of the explosion crater
when a concentrated charge
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explodes on the surface of the
protective structure, determined
by formula (11), taking into
account the coefficients for the
material of the protective plate
(“mat”).

The final thickness of the protective plate
(“mattress”) should be taken to satisfy the
following conditions:

ho>h;  hp>hgs, (13)
where hy — thickness of the protective plate
(“mattress”), m;

h — thickness of the element of a
continuous protective structure,
taking into  account the
penetrating  effect of the
ammunition and the probability
of chipping, m;

hat — thickness of the protective plate
(“mat”) under the condition of
ammunition  penetration  with
subsequent explosion in the body of
the protective structure, m.

The calculation of the action of an explosive
shock wave in the soil is based on considering
the soil mass as an elastic-plastic medium in
which the energy of the explosion is transferred
through compression and shear of particles. The

Table 2. Damping index in soils.
Tabua. 2. KoedirieHt 3aTyxaHHs B IPyHTax.

ISSN 2522-4182

main hypothesis of the method is that the law of
attenuation of the maximum pressure in the soil
depends on the physical and mechanical
characteristics of the soil itself (density, sound
propagation speed, humidity) and the depth of
the object. Such assumptions make it possible
to establish the calculated values of the
maximum pressure at a certain depth and to
perform further calculation of structures based
on the equivalent soil load.

The value of the maximum pressure in the
soil at a given depth can be determined by the
generalized formula:

I:)soil = P ’ kz ) (14)

where P — maximum pressure of the air
shock wave on the soil surface,
kKN/m?2;

k. — the pressure damping index by
depth, which takes into account
the absorption capacity of the soil
and its structural features, which
will be determined by the formula:

Kk, —2,72°«" (15)

where a - damping index , determined
according to Table 2;
h — depth at which wave pressure is
determined, m.

Soil type Damping index o, Mm!
Rocky and semi-rocky soils 0,08
Water-saturated sands, clays (soft-plastic) 0,25
Loams and sands of medium moisture 0,60
Dry sands, loess-like soils 1,00
Unlike air, the wave propagation speed in h
the soil is much lower, so the shape of the T =Tg+ 1 C (16)

pressure graph changes. The duration of the
load action at a depth h increases compared to
the duration on the surface and is determined by
the formula:
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soil
where Vs — the speed of propagation of the
stress front in the soil,
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determined according to Table
3.

Table 3. The speed of propagation of the stress front in the soil.
Ta6a. 3. llIBuaxicTs mommpeHas (GPOHTY HAPYKEHB Y TPYHTI.

Soil type Estimated speed Vsoit, M/s
Granites, basalts, very dense limestones 2500 — 4500
Semi-solid rocks, dense marls, hard clays 1000 — 2000
;%azggjrzi artigri;jt E|a})(;<?1stic, sands are dense and 400 — 800
Dry sands, loose sandy loams, loess soils 150 - 350

Water-saturated soils (below the groundwater level)

~1500 (speed of sound in water)

The impulse of an explosive shock wave in
the soil, which determines the ability of the
wave to cause damage to massive structures, is
calculated as the area under the pressure curve:

P ..
[soil — 50|I2750|I , (17)

Thus, we can calculate the pressure that will
come on the protected structure due to the
thickness of the soil backfill or embankment,
depending on the type of soil, and adjust it
accordingly by solving the inverse problem.

CONCLUSIONS AND PROSPECTS
FOR FURTHER RESEARCH

The paper considers the methodology for
calculating  protective and fortification
structures, as well as engineering protection
structures when they are directly hit without a
pre-detonation screen.

The issue of the need to develop a clear
engineering methodology for calculating
protective and fortification structures, as well as
engineering protection structures when they are
directly hit without a pre-detonation screen
under different scenarios of damage by various
means of attack is raised.

An algorithm for determining the pressure
that will come to the protected structure through
the thickness of the soil backfill or embankment
is presented for further use in its calculation.
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The prospect of further research is to
improve the methodology for calculating
protective and fortification structures, as well as
engineering protection structures when they are
directly hit by various means without a pre-
detonation screen.

The development of modern calculation
methods with awareness of existing threats in
wartime will allow the most effective
construction of engineering protection and
fortification structures, which will help to
implement the concept of the “Fortress
Country” as much as possible.
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AHAJITHYHI METOJH PO3PAXYHKY
KOHCTPYKII MII3EMHHUX
3AXACHUX TA ®OPTUPIKAIIIITHNX
CIIOPY [

Tenuc MUXAHTIOBCHKUH
leop CKJIAPOB
Onee KOMAP
Temsana CKJ/ISIPOBA

Anotanisa. CydacHa iHXCHEpHA NpaKTHKa
NPOEKTYBaHHS  MiA3€MHUX  OOOpOHHHX  Ta
¢dopTudikamifHIX  CIOpyX  3HAYHOK  MIpOIO
0a3yeThCsl HAa EMIIPUYHHUX Ta HaIiBaHATITHIHHUX
miAXoJax, 10 ONUCYIOTh MPOHWKHEHHS CHApPSiB,
JoKaJdbHI  BUOYXOBI  epeKTH Ta  peakiilo
KOHCTPYKIIIMHAX MaTepiamiB Ha KOMOiHOBaHe
ylapHe Ta BUOyXOBE HaBaHTaXKCHHSI.
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[Iupoko pO3MOBCIOHKEHI METOIN CITUPAIOTHCS
Ha CIPOIICHUX CHIBBIJHOIICHHAX JUIS OLIHKH
TTOVHY TPOHUKHEHHS SIK (QYHKI Macu CHapAIiB,
IIBUJIKOCTI, JiaMeTpa Ta KyTa yJapy, a TaKoX Ha
koedimieHTax, IO 3ajekarh BiAg Marepiaiy, sKi
YUHATH ONIp NpOHUKHEHHIO. JlomaTkoBi Moxerni
BpaxoOBYIOTh YTBOPCHHS BHOYXOBHUX Kparepis,
CTYIiHb TOIIKO/UKCHHS B Mexax Oap'epy Ta
MIHIMaJbHI BUMOTH IO TOBIIWHY JJIA 3aI00ITaHHsA
BiJIKOJIFOBaHHIO. {715 miA3eMHMX criopya ocoOnuBe
3HAYCHHS HATAE€THCS ITiIX01aM, SIKi IPECTABIISIOThH
IPYHT SK TMPYXHO-TUIACTUYHE CEPENOBUINE, IO
JTO3BOJISIE OIIIHUTH 3aTyXaHHSI BHOYXOBOI XBHIIL 3
TIMOMHOI0 Ta TEpEeTBOPEHHS eQeKTiB BUOYXY B
€KBIBAJICHTHI HABaHTAXKCHHS, 10 [IIOTH Ha
3arnmuOneHi crmopyan. OmHaK I METOAM YacTo
(dparMeHTOBaHi, HEJIOCTaTHHO YyHi(pikOBaHI Ta He
TIOBHICTIO aJalTOBaHi A0 CyYacHHX 3arpo3, TaKuX
K Ooempumacy, 1o aoctaBistotkes BITJIA, Ta
KOMOiHOBaHi clieHapii yiapy Ta BHOYXY.

Y craTti cHCTEMaTH30BaHO Ta YTOYHEHO
KJIFOYOBI aHANITHYHI 3aJIC)KHOCTI, 110
BUKOPUCTOBYIOTbCS B CydYacCHId  IMpakTHII.
Po3rnsHyTO BIOCKOHAICHI BUpasd I TIIMOWHU
MPOHUKHEHHS,  BKJIIOYalOud  (akTtopu, 10
BPaxOBYIOTh T'€OMETPII0 CHapsja Ta MOMKJIHMBE
BIIXWJICHHSA TPA€KTOPil B MeXax IIapiB 3aXHUCHOT
ciopyar. Y  JOCHiKeHHI  chopMyIIbOBaHO
Y3rO/UKeHYy  TPOIENypy  OIIHKH  JIOKAJIbHUX
MOUIKO/DKEHh  BiJI KOHIGHTPOBaHWX BHUOYXIB,
BKIIIOYAIOYM  TIUOWHY  yTBOPEHHA  Kparepa,
TOBIIMHY TMOIIKO/DKEHOT 30HM Ta YMOBH JUIS
3amo0iraHus BIJIKOJIIOBAHHIO. Kpim TOTO,
pO3pO0JIEHO aHANITHUYHUN MiAXiy U1 OI[HKH
nepefadi THUCKY dYepe3 TIPYHTOBY 3acHNKy abo
HACHIIM HA OCHOBI 3aKOHIB 3aTyXaHHS, TPUBAJIOCTI
HaBaHTAXXEHHS Ta IMIYJIbCHUX XapaKTepucTUK. Ha
ik OCHOBI 3aMporoHOBaHO MPaKTHYHY
MOCIIIIOBHICT,  PO3pPaxyHKiB, IO  JO3BOJISIE
BU3HAYaTH PO3PAXYHKOBI HABaHTAXCHHS  Ta
BHOWpAaTH  paIlioOHalbHI  TOBIIMHH  3aXHUCHUX
eIeMEeHTIB Ui MiA3eMHUX  CIOpyAd  3a
KOMOIHOBaHOTO BIUIMBY yIapy Ta BHOYXY.

Kuo4oBi cj10Ba: ilKEHEPHMIA 3aXUCT; IMiI3eMHI
CTIOPY/IU; MOIIKOXKCHHS, BUOYX, BUOYXOBA XBHIIS.
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