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In the opposition of the people of Ukraine to the aggressive policy of the Russian Federation,
the question of studying the experience of combat operations in the east of our state is relevant.
Analysis of the losses suffered by the Armed Forces of Ukraine and the civilian population during
the operation. The Joint Forces (anti-terrorist operation) in Donetsk and Luhansk region clearly
point to the need to study the issue of creating safe shelters, especially for the civilian population
with limited time and resources. This can be realized provided that explosive methods of
underground construction are used alongside traditional earthworks.

The construction of such structures must be strong and have a sufficient internal volume and
ensure the safety of the people there and allow the placement of various household and sanitary
equipment.

Based on the above, it should be noted that the article considers the topical issue of
arrangement of underground structures and shelters in one of the ways, namely explosive. The
essence of the explosive method of arranging underground workings is that a well is arranged in
the soil, in which the appropriate charge of the explosive is installed and detonation is carried out.
Due to the explosion of the charge, a camouflet cavity is formed, which is used for the
construction of an underground protective structure or its elements.

The use of this method can significantly reduce and sometimes completely eliminate time-
consuming and unproductive work on the development and removal of soil from the slaughter.
Accordingly, the conditions of camouflage of buildings are significantly improved and the terms
of their construction are reduced.
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The purpose of the article is to highlight the methodological approach to substantiate the
requirements for the main indicators of construction of protective structures by arranging
underground workings in an explosive manner.

The considered methodical approach can be used both at planning of actions for the
fortification equipment of shelters for the civilian population and during carrying out scientific
researches for the purpose of substantiation of requirements to the basic indicators of construction
of protective constructions by arrangement of underground workings by explosive way. As a
direction of further research in the subject area is the improvement of scientific and
methodological approach to the calculation of a multilayer underground protective structure.

Key words: construction, civilian population, earthworks, blasting, dynamic loading, shock
wave, soil, camouflet, deep charge, calculation methods, safety, optimization.

Introduction. The problematic issue in the field of civil protection and
engineering support for the preservation of human life and health is relevant
[1-3] in conditions of active hostilities in areas of armed conflict.

The solution to this issue becomes possible thanks to the skilful
combination of the protective properties of the terrain with the construction of
defensive fortifications, mainly underground. Most of the problematic issues of
survivability under such conditions require in-depth study.

Fortification equipment (FE) of defensive line systems, areas and positions
of troops in the formation of defense is one of the most important tasks. At the
same time, the role and significance of FE in modern conditions is growing
significantly. This is due to the discrepancy between the spatial scope of the
conduct of hostilities and the existing forces taking part in them, as well as the
discrepancy between the scope of tasks for the construction of protective
structures and the capabilities of troops to create it.

Analysis of the research and publications showed [4-5] that the sufficient
attention was paid to the issues of FE and especially to the protective
properties of fortifications buildings. At the same time, the issue of protective
properties of the structural elements of protective structures, as well as the
technology of their construction currently need additional study. There are
methods of substantiation of requirements to the specified constructions which
are considered in some scientific works [6-7], but the results obtained differ in
objectivity and reliability from the generally accepted ones. At the same time,
the issue of construction of the protective structures in promising ways,
namely the explosive method, is not fully investigated and not to highlight
enough. Thus, there is a need in the theory of engineering support, on
substantiation of requirements to processes of arrangement of underground
workings by explosive way. Given the above, the purpose of the article is to
highlight the methodological approach to justify the requirements for the main
indicators of construction of protective structures by arranging underground
workings in an explosive manner.

The main material of the article. During the detonation of explosive
located in the soil (rock), funnels are not always formed on the soil surface. The
minimum depth of the charge, at which the funnel is not formed on the firee
surface, but only some swelling of the soil (rock), is called the critical depth.

The charge that laid at the critical depth Ay, is called the maximum charge
of loosening or the largest camouflet. Charges are located at the depths that
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exceed the critical depth are called camouflet. The mass of the maximum
charges of loosening (the largest camouflet) is determined if the explosion
indicator n = 0.

These zones in the case of concentrated charges have the shape of a sphere,
and in the case of elongated charges - the shape of an ellipsoid. The
mechanical action of the camouflet explosion (Fig. 1) is shown:

in the formation of a cavity (void) or zone of displacement of the soil
(rock); ‘

in crushing (destruction)
of soil (rock) with a violation
of the connection of particles
within a certain zone, which
is called the =zone of
destruction;

in the shaking of the soil
(rock) with the destruction or
damage of structures located
in it within a zone called the
zone of dangerous shaking.

The radius of the zone of
displacement of the soil

Fig. 1. Scheme of mechanical action of camouflet

(rock), which is formed by the explosion: 1 — charge; 2 — zone of displacement; 3 —
explosion of camouflet R, (in zone of destruction; 4 — zone of dangerous shaking
meters), is determined by the
formula:

R, = mr,, (1)

where m is the coefficient that depends on the properties of the explosive and
the shape of the charge (determined from Table 1); 7y is the radius of charge in
meters.

The charge radius 7y is calculated by the formula:

e, @)

GRS TR
for elongated charges:
IC
Th="5 O" . (3)

The radius of the soil destruction zone R (in meters), which is formed
during the explosion of the camouflet, is determined by the formula:

C
= 3| —Z-
R=1,133 = 4)

CP
R=1.2 < ®)

for elongated charges:
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The value of the radius of the dangerous shaking zone R, depends on the
weight of the charge C,,), which is detonated, on the characteristics of the soil
(rock) K and on the strength of the structure located in it, for which this value
must be determined.

Table 1
The value of the coefficient m (of explosive of normal power*)
Value m
. for for
Name of soils and rocks concentrated | elongated
charges charges
Plastic clay 11,2-12,9 37,5-46,0
Ordinary clay 6,4-9,8 16,3-30,8
Soft marl 5,4-7,6 12,5-20,6
Scrap clay dark blue; sandy clay; heavy loam 4,8-6,6 10,4-17,1
Soft chalk, coquina 3,8-4,6 7,4-10,0
Marl of medium strength; marl dolomite; soft 8 B
chalk-stone and high density 1.8-3,2 2,456
FmeTgramed. gypsum; strong shal.es; high . 1.8-2.9 2.4-4.9
density granite; limestone of medium density
Medium density granite; dense quartzites; dense
. . 1,6-2,5 2-4
limestone; sandstone; dolomite
Marble; strong limestones; dense granite;
. . 1-2 1-3
fine-grained gypsum; strong dolomite

* for ammonites, the value of m decreases by 10%, and for ammonium nitrate and dynamos - by
15%.

The meaning of the explosive method of arranging underground workings
is as follows. The well is arranged in the soil, in which the corresponding
explosive charge is installed along the axis of the planned work and the
wellhead is plugged with material (eg soil). Due to the explosion of the
explosive charge, a camouflet cavity is formed, which is used for the
construction of an underground protective structure or its elements.

The use of this method can significantly reduce and sometimes completely
eliminate time-consuming and unproductive work on the development and
removal of soil from the slaughter. Accordingly, the conditions of camouflet of
buildings are significantly improved and the terms of their construction are
reduced.

The disadvantages of this method include the presence in the camouflet
cavities and the surrounding soil of harmful gases containing the products of the
explosion. Ventilation of such cavities requires additional resources and time.

It should be noted that the main conditions for the application of this
method are:

the presence of cohesive, stable and at the same time porous soils (clay,
loam, etc.);

appropriate linear planning of the building;
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availability of drilling wells.

Two the best common schemes for creating underground camouflet
workers are known: due to the explosion of an elongated explosive charge or
an explosive chain of concentrated explosive charges located along the axis of
the workers at a certain distance from each other [6]. However, studies of
practical experience of fortification equipment using an explosive method of
soil development have confirmed the working hypothesis of sufficient
efficiency of the combined scheme of formation of underground camouflet
excavations by explosive method (Fig. 2).

The technology of formation of underground camouflet workings by
explosive method may include [7] the following technological processes:

well formation;

fabrication and supply of explosive charge to the well;

preparation of an explosive network (for example: electric networks);

plugging wells with driving material;

activation of the explosive network and explosion of charges;

opening, airing and inspection of camouflet workings;

penetration and strengthening of workings for an entrance;

completion of camouflet cavities to the required profile, installation of
excavation and removal of excess soil.

| Schemes of formation of underground camouflet workings |

elongated charge Combined with elongated and Concentrated charges of
concentrated explosive charges explosives
E]onga(téf)chargc a=08D a a
Elongated charge
(Co)

Concentrated explosive charges (C)

Concentrated explosive charges (C)

Fig. 2. Options for erection of protective structures according to different schemes
by arrangement of underground camouflet workings by explosive method.

At the same time the necessary preparatory and auxiliary works are
performed.

Each of these processes is characterized by heterogeneous parameters
(time, labor costs, cost, probability, cost in terms of charges, detonators and
other material means, etc.).

Consider the sequence of calculation of the cost of explosives for blasting
in soils of different categories required for the formation of underground
camouflet excavations.

The required mass of the elongated explosive charge (C,, kg) to obtain the
desired diameter of the camouflet cavity (D, m) depends on the depth of the
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explosive charge, the properties of explosives and soil. The mass of explosives
per 1 running meter of elongated charge is determined by empirical formula

2
C,=0,25K,K K D>, (©6)
where K, is coefficient that takes into account the degree of deepening of the

explosive charge in the soil; K. 1is coefficient that characterizing the

vr
properties of explosive (for calculations taken for TNT equal to 4.1); K, is
coefficient that characterizes the properties of the soil; D - the required
diameter of the camouflet cavity, m.

The value of the coefficient K, is taken equal to the value of the
established linear dependence on the depth of the explosive charge in the soil,
which is presented in table 2.

The value of the coefficient K, that characterizes the properties of the soil
according to [8] takes values from 0,6 to 2,4. More precisely, the value of this

coefficient can be determined on the basis of experimental studies according to
one - two test explosions of elongated explosive charge.

Table 2
Dependence of the coefficient K; value on the depth of the explosive charge
in the soil
Deepening of the
explosive charge center 3 4 5 6 7 8 9 10
(H ,m)
K, 4|16 1,8 2 (22241261238

The amount of clogging of the explosive charge in any case must be not
less than 3.5 of the diameter of the production to ensure the conditions of
formation of the camouflet cavity.

Taking into account the inclination of the axis of production to the daily
surface, the amount of plugging is advisable to calculate

l,=K,D, (7

where K is the coefficient depending on the angle of inclination (Fig. 3); D

— the required diameter of the camouflet cavity, m.

The mass of the explosive of the concentrated charge of the explosive is
proposed to be defined as
1
6
where K, is the coefficient that takes into account the degree of deepening of

C,=-K,K.K,D, (6)

vr gr

the explosive charge in the soil; K. is coefficient that characterizing the

vr
properties of explosive; K, is coefficient that characterizes the properties of

the soil; D is the required diameter of the camouflet cavity, m.
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Fig. 3. The dependence of the coefficient K, on the angle of the axis of production

to the day surface

To arrange explosive cavities in the soil drill a vertical well (the depth of
the well should be greater than the diameter of 100-120 times), the depth H
and the diameter d, which is determined by the formulas

H=h+D, (M

d=125240,01, (8)
m

where H is well depth, m; d — well diameter in meters; D — the diameter of the
required cavity (wells), m; /# — the required thickness of the protective layer of
soil, m; m — coefficient that depends on the properties of the soil (determined
by table 1).

Depending on the mass of the chain of concentrated explosive charges,
their minimum depth is defined as

H. =+K K K_3C . )

mm_lo nrvrttgr
where K, is the coefficient that takes into account the number of explosive
charges (Fig. 4); K, is the coefficient that characterizing the properties of

explosive; K,, is the coefficient that characterizes the properties of the soil;

C, is mass of one explosive charge, kg.

It should be noted that the dependences shown in Figures 3 and 4 are
established on the basis of a number of experimental studies and fairly
accurately reflect the studied process. The permissible error in the results of
calculations using the proposed methodological approach does not exceed 5%.

It is advisable to remove the concentrated charges of explosives are
considered equal

a=08D . (10)

Then the required number of concentrated explosive charges can be

calculated by expression
n=L/a, (11
where L is the required length of the camouflet cavity, m.
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The number of charges is rounded to a larger value.

Kn
2,5

2 —1,71—"

1,5
/
1

0,5

1 2 3 4 5 6 7 8 9 0 "

Fig. 4. Dependence of the coefficient k on the number of explosive charges

Here is an example of calculations using the proposed methodological
approach. As initial data we will accept the following. It is necessary to
substantiate the parameters of the explosive arrangement of the camouflet
cavity in the soil with concentrated explosive charges with a length of 6 m and
in diameter D=2 m. The required thickness of the protective layer of the soil
h=3 m, the coefficient of the soil K, =1,5.

The depth of the well is determined by the formula (7)
H=3+2=5m.
In Table 2 we determine the value of the depth factor K} =1,8 . By formula
(6) we calculate the mass of explosives of one concentrated explosive charge

C, :%1,8~4,1~1,5'23 =14,76 ~15kg-

The distance between adjacent charges is calculated by formula (10):
a=08-2=16m.

The required number of concentrated explosive charges is calculated by
formula (11):
-6

1,6
The required diameter of the well is calculated by formula (8):
d=1252+0,01=032 m.

Calculate the minimum depth of the chain of concentrated explosive

charges by formula (9):

n =3,75=4.

H. =1129.4115315=195 m.

min =m
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Based on the fact that H>H .

min » the rate of action of the explosion n = 0,

that indicates compliance with the conditions of formation of the camouflet
cavity.

Additionally, according to formulas (1) - (5), the parameters of the zones of
displacement, destruction and dangerous shaking, which are shown in Fig. 1,
can be substantiated.

Thus, the methodological approach considered in the article can be used
both when planning activities with FE and in the course of research to
substantiate the requirements for the main indicators of construction of
protective structures by arranging underground workings in an explosive
manner. As a direction of further research in the subject area is the
improvement of scientific and methodological approach to the calculation of a
multilayer underground protective structure.
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Koytopy6a B.1., ayenxo LII., JJaukoscoxuti B.O., Tkau M.A., I'onoa O.JI1., F'onoa M.A.,
Knonyax M. A., Muxaiinoa A.B.
OBIPYHTYBAHHSI BUMOT LIOA0 3BEJEHHS 3BAXUCHUX CIIOPY/I LIJIAXOM
YJIAULITYBAHHS NIA3EMHUX BUPOBITOK BUBYXOBUM CITOCOBOM

VY nporucrosiHHi Hapoay Ykpainu arpecuBHii nomituii Pociiicekoi @enepaltii € akTyanibHUM
[UTaHHS BUBYCHHS JOCBily 0OMOBHX IiliHa CXOJi HAIIOI JAEpXKaBU. AHAJi3 BTpAT, SIKMX 3a3HAJH
36poiini Cuimm YKpaiHM Ta MHPHE HACElCHHs, 3a 4ac BeleHHs omepaiii OO6’eIHaHUX CHII
(aHTHTEPOPUCTUYHOI Orepallii) Ha TepuTopii JloHeubkoi Ta JlyranchKkoi o0sacTeil 4iTKO BKa3ylHOTh
Ha HEeOOXIZHICTh BUBYCHHS MUTAHHS LIOAO0 CTBOPCHHS OE3MEYHHX YKPHTTIB B IEPILY Yepry Uit
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LIMBUIBHOTO HAcelIeHHs pH oOMEeXeHi dacy Ta pecypciB. Lle MOXIMBO peanizyBaTé IpU yMOBI
3aCTOCYBaHHsS Ha psAy 3 TPaAULIHHUMH 3eMJICPUHHAMH poOOTaMH BHOYXOBHX CIIOCOOIB
yJAIITYyBaHHS HiJ3€MHUX CIIOPYA.

KoHCTpyKIist TAKHX CHOPYA MOBUHHA OyTH MIL[HOIO 1 MaTH JOCTAaTHIiil BHYTpIIUHIN 00’eM Ta
3a0e3neuyBati Oe3leKy JIOACH M0 TaM 3HAXOIATHCS 1 JO3BOJISATH PO3MILICHHS Pi3HOMAHITHOrO
noOyTOBE Ta CAaHITAPHOrO 00JIa JHAHHSL.

Buxoasiuu 3 BUILE3a3HAYCHOO CJIJ] BiIMITHTH L0 B CTATTi PO3IJIIHYTO aKTyaJlbHE MMUTAHHS
yJAIITYyBaHHS MiI3eMHUX CIOPYA Ta yKPUTTIB OZHHM i3 Cr1ocobiB, a came BHOyxoBuM. CyTHICTh
BHOYXOBOIO Croco0y yJaIITyBaHHS IiA3€MHHMX BHPOOITOK IOJNArac BTOMY IO B IPYHTI
BIIALITOBYETHCS CBEPUIOBHHA, Y SKY BCTAHOBIIIOETHCS BIAMOBIIHHUH 3apsi BUOYXOBOI pEYOBUHHU Ta
3IIHCHIOETHCS MiAPUB. 3a paXyHOK BHOYXY 3apsilly YTBOPIOEThCS Kamy(ieTHa MOPOXHHHA, IO
BHKOPUCTOBYETHCS U1l 3BECHHS ITiI3EMHOI 3aXHCHOI Criopyan abo i elleMeHTIB.

BUKOpHUCTaHHS TaKOro Croco0y 103BOJISIE 3HAYHO 3HU3UTH, a 1HOJI W TMOBHICTIO BHKJIOUUTH
TPYAOMICTKI Ta HENPOAYKTHBHI pPOOOTH IIOAO PO3POOKM Ta BHIAICHHS IPYHTY i3 3a60f0.
BiAnoBigHO 3HAYHO MOKPALLYIOTHCS YMOBH MACKyBaHHsS CIOPYA Ta CKOPOUYYIOTBCS TEPMIiHH iX
3BEJICHHSI.

MeTol0 CTarTi € BHCBITJICHHS METOAMYHOrO IIXOAY LIOAO OOIPYHTYBAHHS BHMOL O
OCHOBHHX IIOKa3HHKIB 3BE[ICHHS 3aXHCHHUX CIIOPYH LUIIXOM YJIAIITYBAaHHS MiA3EMHHUX BHPOOITOK
BHOYXOBHM CIIOCOOOM.

Po3risiHyTHI METOAMYHUN MiAXiq MOXKe OyTH BUKOPUCTAHHUM SIK i 4ac IUIAHYBaHHS 3aXOAIB
3 ¢poprudikauiiHOro 00JaJHaHHs YKPUTTIB U1 UBUJIBHOIO HACEICHHS TaK 1 y XOA1 HPOBEICHHS
HayKOBUX LlOCJ'IiL[)KeHb 3 METOK OGFPyHTyBaHHﬂ BUMOI' 10 OCHOBHHX l'lOKa3Hl/lKiB 3BCIACHHA
3aXMCHUX CHOPYA LULSIXOM YJIAIITYyBaHHS IMiA36MHHX BHPOOITOK BHOYXOBHM cIOCOOOM. Sk
HANPSIMOK OANIbIINX JOCIIDKEHb y IPEAMETHII ranysi € yI0CKOHaJICHHSI HayKOBO-METOAUYHOTO
HiIXOAY LIO00 PO3PaxyHKy OaraTtoIapoBoi Mi3eMHOI 3aXHCHOI CIIOPYIH.

KarouoBi ciioBa: criopyza, UMBiIJIbHE HACEJICHHS, 3eMIICPHiiHI poOOTH, BUOYXOBHIi CroCiO,
JMHAMIYHE HaBAHTAKCHHS, yAapHa XBHJI, IPYHT, Kamyduer, 3arinubieHuii 3apsa, po3paxyHKoBi
MeTou, Oe3reKa, OnTUMi3allis.

Kotsiuruba V.I., Datsenko I.P., Dachkovsky V.O., Tkach M.Y., Holda O.L., Holda M.A.,
Klontsak M.Y., Mykhailova A.V.

JUSTIFICATION OF THE REQUIREMENTS FOR THE CONSTRUCTION OF
PROTECTIVE STRUCTURES BY MEANS UNDERGROUND WORKINGS IN AN
EXPLOSIVE MANNER

In the opposition of the people of Ukraine to the aggressive policy of the Russian Federation,
the question of studying the experience of combat operations in the east of our state is relevant.
Analysis of the losses suffered by the Armed Forces of Ukraine and the civilian population during
the operation. The Joint Forces (anti-terrorist operation) in Donetsk and Luhansk region clearly
point to the need to study the issue of creating safe shelters, especially for the civilian population
with limited time and resources. This can be realized provided that explosive methods of
underground construction are used alongside traditional earthworks.

The construction of such structures must be strong and have a sufficient internal volume and
ensure the safety of the people there and allow the placement of various household and sanitary
equipment.

Based on the above, it should be noted that the article considers the topical issue of
arrangement of underground structures and shelters in one of the ways, namely explosive. The
essence of the explosive method of arranging underground workings is that a well is arranged in
the soil, in which the appropriate charge of the explosive is installed and detonation is carried out.
Due to the explosion of the charge, a camouflet cavity is formed, which is used for the
construction of an underground protective structure or its elements.

The use of this method can significantly reduce and sometimes completely eliminate time-
consuming and unproductive work on the development and removal of soil from the slaughter.
Accordingly, the conditions of camouflage of buildings are significantly improved and the terms
of their construction are reduced.
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The purpose of the article is to highlight the methodological approach to substantiate the
requirements for the main indicators of construction of protective structures by arranging
underground workings in an explosive manner.

The considered methodical approach can be used both at planning of actions for the
fortification equipment of shelters for the civilian population and during carrying out scientific
researches for the purpose of substantiation of requirements to the basic indicators of construction
of protective constructions by arrangement of underground workings by explosive way. As a
direction of further research in the subject area is the improvement of scientific and
methodological approach to the calculation of a multilayer underground protective structure.

Key words: construction, civilian population, earthworks, blasting, dynamic loading, shock
wave, soil, camouflet, deep charge, calculation methods, safety, optimization.

VK 623.1/.7:007.52 (477)

Koywopyba B.I, Hayenxo LII., Hauxoecvkuit B.O. Trkau M.A., T'onoa O.JI, T'oroa MA.,
Knonyax M A., Muxaiinoa A.B. OGIpyHTYBaHHSI BUMOI LI0/A0 3BeJdeHHSI 3aXHCHHX CIIOPYJX
IUISIXOM YJAIITYBaHHSI NiI3eMHUX BHPOOiTOK BHOYXOBHM cmoco6oMm // Omip maTepiamiB i
Teopis cnopya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2021. — Bum. 106. — C. 129-140.

YV emammi eucsimniocmoca memoouunuii nioxio wjooo 06IPYHMYSauHs 6UMO2 00 OCHOGHUX
NOKA3HUKIE 36€0eHHs 3AXUCHUX CNOPYO WIAXOM VIAUIMYSAHHS NIO3EMHUX 6UPOOIMOK 6UOYX06UM
cnocobom.
bibn. 12, puc. 4, Tabmn. 2.

UDC 623.1/.7:007.52 (477)

Kotsiuruba V.1., Datsenko I.P., Dachkovsky V.O., Tkach M.Y., Holda O.L., Holda M.A., Klontsak
M.Y., Mykhailova A.V. Justification of the requirements for the construction of protective
structures by means underground workings in an explosive manner // Strength of Materials
and Theory of Structures: Scientific-and-technical collected articles — Kyiv: KNUBA, 2021. —
Issue 106. — P. 129-140.
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