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Abstract

Introduction. Subsidence loess soils, widespread in Russia, China and Central Asia, are a challenge in modern construction due
to their tendency to subsidence and low strength under external loads. Insufficient attention to their mechanical-and-physical
properties can cause deformation of structures, which creates a safety hazard and financial losses. Scientific research in this area
is fragmentary and does not provide sufficient understanding of compaction methods and their impact on the durability of
structures. Moreover, there are no developed optimized mathematical models to predict the efficiency of engineering and
technology processes of compaction. Thus, the objective of this study is to develop a mathematical model that determines the
explosive charge capacity for compaction of loess. This model is aimed at eliminating the experimental stage, which improves
the quality of compaction and contributes to saving financial resources in construction.

Materials and Methods. Mathematical modeling was carried out by including the solution to the inverse applied problem
of assessing the power of an explosive charge when eliminating loess subsidence. Initial-boundary value problems with
a semiempirical partial differential equation describing the compaction of loess with and without the ejection of soil onto
the construction site’s surface were considered by analyzing specific models and mathematical approaches. Based on the
solution to these problems using the analytical method, a mathematical model for assessing the power of an explosive
charge was developed. The power was determined numerically using two methods: calculations in a program developed
in the Python language, and modeling a computational experiment with an assessment of the error of the result. In this
case, the effect of the mechanical-and-physical properties of soils, their isotropy and anisotropy were taken into account.
Results. A mathematical model of the explosive charge power during compaction of subsiding loess using deep hydraulic
blasts was constructed. The density of dry soil before and after compaction, the vertical diffusion coefficient, dispersion
coordinate changes of gas in the compacted soil, and the depth of the explosive charge were taken into account. With an
average density of dry compacted soil, the absolute error of the calculated values of the charge power was 3.28 g for
compaction of loess without ejection, and 21.13 g for the situation with soil ejection onto the surface. The adequacy of
the proposed mathematical solution to the experimental data of a full-scale construction site was shown.

Discussion. The proposed model allows for the assessment of the explosive charge power for isotropic and anisotropic
geological systems. The resulting analytical representations demonstrate the degree and nature of the influence of
mechanical-and-physical properties of soils on the magnitude of the charge power. Numerical comparison with both
experimental data on natural soil compaction and recommendations for compaction of subsidence soils of high power by
the hydraulic blasting method has shown that the proposed mathematical model is consistent with empirical data.
Conclusion. The main result of the study is a mathematical model of the explosive charge power when eliminating loess
subsidence using deep hydraulic blasts. Analytical representations of the charge power are constructed taking into account
the mechanical-and-physical properties of soils. A numerical estimate of the power consistent with the values of empirical
data is obtained. The practical significance of the study involves the possibility of using the mathematical model as a
calculation method and implementing it in research and design organizations. Further study will be aimed at constructing
solutions using mathematical modeling and other inverse problems within the framework of the engineering and
technology process of soil compaction.
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AHHOTANNUSA

Beeoenue. [1pocagounbie 1ECCOBBIE TPYHTHI, IMUPOKO pacipocTpanénusie B Poccun, Kutae u Cpenneit A3uu, npeicras-
JISFOT cOO0H 3HAYMMYFO IPOOJIEMY B COBPEMEHHOM CTPOHUTEIBCTBE H3-3a CBOCU CKIIOHHOCTH K IMPOCAAKE U HU3KOU MPOoY-
HOCTH IIPH BHENIHUX Harpy3kax. HemocraTouHoe BHUMaHHE K HX (PU3HKO-MEXaHHISCKIM CBOWCTBAM MOXKET IPUBECTH K
nedpopManni COOPYKEHHH, 9TO co30aéT yrpo3y 0e30macHOCTH U (HMHAHCOBEIE TOTepH. HaydHble nccienoBaHus B 3TOU
00acTH ABIAIOTCA PparMeHTAPHBIMU U HE JAIOT JOCTATOYHOTO IIOHMMAaHU METOAOB YIUIOTHEHHS M MX BIMSHUS Ha A0J-
TOBEYHOCTh KOHCTpYKLUi. KpoMe Toro, He cyliecTByeT pa3pabOTaHHBIX ONTHMH3HPOBAHHBIX MAaTEMaTHUECKHX MOJIE-
JIei, TIO3BOJISIFOLIMX MPEACKa3aTh dPPEKTUBHOCTh HHKEHEPHO-TEXHOJIOTMIECKHUX IPOIIECCOB YIUIOTHeHHUs. TakuM odpa-
30M, LIENbI0 JAHHOTO UCCIIEIOBaHUS SBIIIETCS pa3paboTKa MaTeMaTHYECKON MOETIH, ONIpeIeIIIoNIe MOIITHOCTD 3apsiia
B3PBIBUATOTO BEIECTBA YIS YIUIOTHCHHS JEccoB. JlaHHAs MOJCIb HAlpaBlicHa HA MCKIIOYCHUE dKCIEPHUMEHTAIBLHOTO
JTara, YTo yJIy4IllaeT KauyeCTBO YIUIOTHEHUS U CIIOCOOCTBYET SKOHOMUH (DHHAHCOBBIX PECYPCOB B CTPOUTEIBCTRE.
Mamepuanst u memoodst. MaTeMaTHIECKOE MOJICITUPOBAHHE TIPOBOIIUIN ITyTEM BKIIFOUCHUS pEIIcHusT 00paTHOW IpH-
KJIQTHOM 3a/1a9X OIICHKH MOIIHOCTH 3apsi/ia B3PHIBYATOTO BEIISCTBA IIPH YCTPAHCHUH POCATOYHOCTH JIEccoB. HavanpHo-
TpaHUYHBIC 331a49H C TIOTYIMIIPHUYECKIM TP PepeHIHATEHIM yPAaBHEHHEM B YaCTHBIX TIPOU3BOIHBIX, OMTUCHIBAIOIINM
yIUTOTHEHHE Jécca ¢ BEIOpocoM U 0e3 BEIOpoca rpyHTa Ha MOBEPXHOCTH CTPOUTENFHON IUTOMIAAKH, PaCCMATPHBAIIICH
MyTEM aHaJIN3a KOHKPETHBIX MOJIETICH 1 MaTeMaTHYECKHX MOIX0A0B. Ha 0OcHOBE pemeHust 3THX 3a/1a9 C HCIIOIb30BaHHEM
AHAJTUTHYCCKOTO METOZAa OblIa CO37AaHa MaTeMaTHUYCCKash MOEIb OIEHKH MOIIHOCTH 3apsiia B3PHIBYATOTO BEIICCTBA.
MOIIHOCTh ONPEEIIsUIN YKCICHHO IByMsl METOJIaMH: pacyéTamMy B IporpaMme, pa3padoTaHHOH Ha si3bike Python, u my-
TEM MOJICTUPOBAHISI BBIYHCIUTEIBHOTO SKCIIEPUMEHTA C OICHKOW MOrPEITHOCTH pe3yibTara. [Ipyu 3TOM yUUTHIBAIA BITH-
sIHAC (PU3UKO-MEXaHUUCCKUX CBOWCTB IPYHTOB, HX H30TPOITHOCTh U aHU30TPOITHOCTb.

Pe3ynomamut uccnedosanusn. IloctpoeHa MaTeMaTndeckas MOJICIb MOITHOCTH 3apsia B3pHIBUATOrO BEIIECTBA IPHU
YIUIOTHEHUH TPOCATOYHBIX JIECCOB C MCIIOF30BAaHUEM TITyOWHHBIX THAPOB3PHIBOB. YUTEHBI IUNIOTHOCTH CyXOTO TPYHTA
JI0 ¥ TIOC)Ie YIUTOTHEHUS, K03(Q(UIIMEHT BepTHKATEHON MU dy3HuH, TUCTIEPCHOHHBIC KOOPIUHATHRIC H3MCHEHUS T'a3a B
YIUIOTHAEMOM TPYHTE, a Takke TIyOMHa 3aJI0’KEHHS 3apsiia B3PbIBUATOrO BemlecTBa. [Ipu cpeqHel TIOTHOCTH CyXOTro
YIUIOTHEHHOTO TPYyHTa a0COIIOTHAS IOTPEITHOCTh PACYETHBIX 3HAYCHNI MOIITHOCTH 3apsiia coctaBmia 3,28 T I yIUIOT-
HeHus J1éccoB 6e3 BriOpoca u 21,13 1 — Juis1 cuTyanuu ¢ BEIOPOCOM IrpyHTa Ha MOBEPXHOCTh. [loka3zaHa afekBaTHOCTh
npeajrara€Moro MaTeEMaTH4ICCKOTro pe€uICHUA OKCIIEPUMEHTAJIbHBIM JaHHBIM HATYPHOI'O CTPOUTECIIBHOTO O6'I)CKTa.
Oodcyrncoenue. TlpepyioxkeHHas MOJEb MO3BOJIET MPOBOAUTH OLEHKY MOIIHOCTHU 3apsifia B3PHIBUATOTO BEILIECTBA IS
M30TPOIHBIX U aHU30TPOITHBIX TEOJIOTHYECKUX CHCTeM. [loydyeHHbIe aHATUTHYCCKUE TIPEICTABICHUS JEMOHCTPHPYIOT
CTETIeHb W XapaKTep BIMSHUSA (PU3NKO-MEXaHHUECKUX CBOMCTB IPYHTOB Ha BEIHMYMHY MOITHOCTH 3apsna. YucieHHOe
CpaBHEHHE KaK C SKCIIEPUMEHTATBHBIMA TJAHHBIMHA HATYPHOTO YIDIOTHEHHS TPYHTOB, TaK M C PEKOMEHIAIHSMH I10 YIUIOT-
HEHHIO TPOCAOYHBIX TPYHTOB OOJIBIION MOITHOCTH THAPOB3PHIBHBIM METOJOM IOKA3aJI0, YTO MPENIO’KEHHAs MaTeMa-

TAYCCKAasI MOIEIIb COIIACyE€TCA C OMITMPUICCKUMHU TaHHBIMH.
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3aknrouenue. OCHOBHBIM PE3YJIbTAaTOM HUCCICAOBAHUS SBIIACTCSA MaTEMaTUYECKasA MOEIIb MOIITHOCTH 3apsga B3pbIBYa-
TOTO BEIIECTBA MPU YCTPAHCHUU ITPOCATOYHOCTU JECCOB FJ'Iy6I/IHHLIMI/I TUAPOB3pPbIBAMMU. HOCTpOGHLI AHAJIUTHYCCKHUC
IpeACTaBICHUA MONIHOCTH 3apsja C y‘{éTOM (I)I/IBI/IKO-MCXElHI/I‘ICCKI/IX CBOICTB TPYHTOB. Honyqua YUCJICHHas OILICHKa
MOMIIHOCTH, COIJIaCyromasacd CO 3HAUYCHHUAMU SMIHNPHUYCCKUX JaHHBIX. HpaKTI/I‘lGCKaH 3HAYUMOCTh HCCJIICAOBAHUA CO-
CTOUT B BO3MOXXHOCTHU IPUMEHCHUA MaTeMaTHYECKON MOJIeNIN B Ka4eCTBE paC‘IéTHOﬁ MCTOAWKHU U BHEAPECHUA B UCCIIC-
JAOBATCJIbCKUEC U MPOCKTHLIC OpTraHU3alnU. I[EU'II)HGI\/‘IHII/Ie HUCCICO0BaHUsA 6yHyT HalpaBJICHbI HAa MOCTPOCHUC peHIeHI/Iﬁ
cpeacTtBaMm MAaTEMATHYCCKOTO MOACIUPOBAHUA U JPYTHUX 06paTHI:-IX 3aa4 B paMKaX HHXCHCPHO-TCXHOJIOI'HYECKOro
mnponecca yrjaOTHCHUS I'PYHTOB.

KiroueBble ¢J10Ba: MOIIHOCTh 3apsija, IPOCaT0YHOCTh, JIECCHI, TJIyOMHHBIA THAPOB3PHIB, IITyOHHA 3aJI0KCHUS 3apsaa,
VILUTOTHEHHE C BRIOPOCOM, YIDIOTHEHHE 0e3 BRIOpOca, H30TPOITHOCTh, AaHU30TPOITHOCTD, BEIYUCITUTEIHHBIN SKCIICPUMEHT

BaaronapHocTu. ABTOp BhIpakaeT MPU3HATENBHOCTh M Onaropaput bopuca ®&nopoBuua ["anas, mokropa reosoro-
MHHEPAJIOTHYECKUX HayK, NMpodeccopa 3a KOHCYIbTUPOBAHHE M OKa3aHHYIO ITOMOIIb IIPH HAIMCaHWM CTaTbu. Takxke
aBTOp OJIarofapeH pellakiy 1 PELeH3eHTaM 32 BHUMATEJIbHOE OTHOLICHUE K CTAThe U 3aMEUaHHsl, KOTOPBIE MTO3BOJIMIIN
MIOBBICUTH €€ KaueCTBO.

Jusi nurupoBanusi. Tapacenko E.O. Marematnieckoe MOJEIMPOBAHKE OICHKA MOITHOCTH 3apsiia TPH  WCKITIOYESHUH
TIPOCAIOYHOCTH JIECCOB TITyOMHHBIMU THApOB3pbBaMu. Advanced Engineering Research (Rostov-on-Don). 2025;25(3):233-241.
https://doi.org/10.23947/2687-1653-2025-25-3-233-241

Introduction. Research into the surface of the earth's crust has shown the distribution of structurally unstable
subsidence loess soils throughout the world. They predominate in Russia [1], China [2] and Central Asia [3]. Loess
covers about 17% of Russia's territory. Loess soils are most often found in the North Caucasus, southern Russia,
Crimea and other areas.

On a planetary scale, loess is a rock of the Quaternary period. It is characterized by yellow, yellow-brown or yellow-
fawn colors [4]. Loess has low density and high macroporosity, which allows water to penetrate deeply into the soil
structure. This causes rapid soaking [5] and subsidence [6]. Calculated subsidence from its own weight reaches values
of 2.5 m [7].

It is not possible to construct safe and durable buildings and structures on subsidence soils. Designing and
constructing objects on loess, as well as insufficient research of their physical and mechanical properties, lead to
deformations of buildings and structures, reducing their safe service life. As a result, financial costs grow, and the
security threat rapidly increases.

The elimination of subsidence is carried out by various methods, whose selection depends on the conditions of their
implementation. This paper examines the method of compaction of loess by deep hydraulic blasts, showing economic
efficiency at low production costs [8].

The engineering and technology process of compaction is performed on the basis of a comprehensive detailed study
of the mechanical-and-physical properties of subsidence loess soils, which are widely presented in modern literature.
Studies have been conducted on the permeability of subsidence soils [9], the deformation characteristics of loess [10]
with different moisture content, compaction energy [11], creep [12] and mechanical stability of clays [13]. Strength and
deformation properties of clayey soils from the point of view of physical-chemical theory are analyzed under the action
of external loads, compressive load, counterpressure [14]. However, a mathematical description of the mechanical-and-
physical properties of subsidence clays and loams, as well as their changes as a result of compaction by deep blasts, is
not carried out in the noted works. Research is performed on the basis of field and compression tests of loess soils.

Mathematization of individual properties of explosive compaction soils, namely their strength characteristics, is given
in the reports on engineering and geological surveys [15]. Adaptation of strength indicators to values for numerical
calculations is implemented. Studies on the indicators of specific adhesion and the angle of internal friction of soils
compacted by deep blasts using the regression analysis method are performed in [16]. Modeling of the vertical diffusion
coefficient of gas in loess soils compacted by blasts is implemented [17]. Regression models of individual physical
parameters of soils, such as porosity, permeability, water saturation [18], and filtration depending on pressure [19], are
constructed. These studies allow us to evaluate the mechanical-and-physical properties of loess soils after their
compaction by deep blasts, but do not describe the specifics of the implementation of the engineering and technology
process of loess compaction.
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Mathematical modeling of compaction of loess soils by deep hydraulic blasts requires solving individual inverse
applied problems — assessing the power of the explosive charge, the depth of its placement, dispersion coordinate
changes of gas atoms formed during the blast, in soils, and others. One of these problems sets the objective of this
research — mathematical modeling of the power of the explosive charge taking into account the mechanical-and-
physical properties of compacted geological systems, their anisotropy and isotropy.

The development of the model will not only improve the quality of compaction, but also reduce the financial costs of
implementing the engineering and technology process. Compaction of loess using the proposed model eliminates the
stage of trial preliminary blasts at the construction site, which is performed to determine the optimal power of the
explosive charge and obtain the required mechanical properties of non-subsiding soils.

The research objective is implemented through mathematical modeling tools (analytically and numerically).
Analytical representations will be constructed to estimate the explosive charge power based on the solution to initial
boundary value problems with a semi-empirical diffusion equation. The mechanical-and-physical properties of compacted
soils will be taken into account. Numerical modeling tools will be used to obtain an estimate of the charge power.
Conducting a computational experiment will allow us to establish the adequacy of the proposed solution to the inverse
problem to the experimental data.

Materials and Methods. The inverse problem of estimating the power of an explosive charge arises within the
framework of mathematical modeling of compaction of subsidence soils by deep blasts. To eliminate the subsidence of
loess, the process of their compaction is described by the model based on a given differential semi-empirical diffusion
equation. It also takes into account the initial and boundary conditions. The mathematical formulation of the density
model of compacted soils has the form [17]:

oq o(uq) 0 oq

— = — K--_
o Ly M Z oi Z ig |Te M

i=x,y,2 i=x,y,2 Jj=x,.z
q(to,%,7.2)=0-3(x=x°)-8(y-»")-8(z-2"), 2
k.4 _0, 54, 3)
0z|,_,0

q(t,x,y,z)L:ZO , t>1, “)

where ¢(¢, x, y, z) — density of compacted soil during a deep blast at time ¢; u — parameter of horizontal gas propagation; K.,
Ky, K.. — diftusion coefficients; o — parameter of interaction of gas produced by blast and loess subsidence soil; Q — power
of explosive charge (i.e., amount of gas ejected by the charge at time #, at point (xo, Vo, zo)); 6 — Dirac delta function.

Initial boundary value problem (1)—(3) corresponds to the process of loess compaction by deep blasts with soil ejection
onto the surface. Problem (1), (2), (4) is the compaction of loess without ejection onto the surface. The analytical solutions
to problems (1)—(3) and (1), (2), (4) can be represented, respectively, in the form [17]:

2 i 2 2)]
X—u, -t 2 z—H z+H
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In solutions (5) and (6): (0, 0, H) — coordinates of the location of the concentrated explosive charge with power
O = const > 0, acting at the moment of time fp; / — depth of the explosive charge; 62, (5}2,, o2 — dispersion changes in
the coordinates of gas atoms in the soil.

Statement of the inverse problem of estimating the power of an explosive charge: let the average values of the soil
density and the explosive charges compacted by the method of deep blast be established, corresponding to relations (5)
and (6) for cases of soil compaction with and without ejection onto the surface. The value of the depth of the explosive
charge H is known. The value of the dispersion coordinate changes of gas atoms in the soil ¢ is determined. It is required
to estimate the power of the explosive charge Q.

Research Results. We implement solutions to inverse applied problems on the assessment of charge power during
compaction of subsiding loess by deep hydraulic blasts based on analytical and numerical methods of mathematical modeling.

According to (5) and (6), two cases are possible: compaction with ejection onto the surface and without ejection. In
the first case, based on (5), we obtain the equation:

2 2 2
ens e et [l ]
o

3/ 2
(4nt) chycz 46)( -t 46)/ -t 462 -t
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In the second case, based on (6), we arrive at the equation:

2 2 2
qz(t,x,y,z)—#xexp{—(x_ux.t) - y }x exp{—%}—exp{—w} =0. (8)

(4m)3/2 6,6,0. 467t 4ot 462 -t
For geological systems, the characteristic mechanical-and-physical properties are anisotropy and isotropy.

If the geological system under study is anisotropic, then the filtration properties of the soil depend on the direction of

groundwater movement. When implementing soil compaction by blasts with surface ejection, the desired root QO of

equation (7) takes the analytical representation:

(47‘5!)3/2 qi(t,x,9,2) G,:0,0,
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If the system under study is isotropic, then the filtration properties of the soil do not depend on the direction of
groundwater movement. Let us assume that the dispersion coordinate changes are equal in all directions 6. = 6, = oy, then,
under compacting soils with ejection onto the surface, the desired root Q of equation (7) takes the analytical
representation:

)3/2 3

(4m‘ g, (t,x,y,z) o,

0= > 5 X > L
N R N R N
462 ¢ 462 ¢ 4c? -t 462 ¢

(10)

z

Now let us consider the case of soil compaction by deep blasts without ejection onto the surface. If the geological
system under consideration is anisotropic, then the desired root Q of equation (8) takes the analytical form:

(4m)3/2 ¢, (1,x,,2) 6,:0,-0,

x .
_(x—ux't)z_ y? (z-H)’ (z+H)’
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z z
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If the system under consideration is isotropic, then c. = 6, = 6, and we can write the required root Q of equation (8)
in the form:

(4m)"” gr (tryz) o}
C(xmuet) (z-H)’ (z+H)’
exp{ 4c? -t 4c? -t el 4c% -t —en T 4c% -t

Constructed relations (9)—(12) define analytically the power of the explosive charge depending on the mechanical-

0= (12)

and-physical properties of the compacted soils and the depth of the charge. To estimate the power values, we use
numerical modeling tools.

Computational experiment. We conduct a computational experiment to solve inverse problems arising in the
mathematical modeling of loess compaction by deep blasts to provide numeric evaluation of the explosive charge power.
The calculations are based on data from a full-scale construction site.

At the construction site “Construction of a Commodity and Raw Material Warehouse”, “Stavrolen” LPG LLC
(Budyonnovsk), compaction of subsidence soils [8] with a thickness of 28 m was performed using deep blasts. The total
subsidence of the soil under its own weight was from 43 to 78 cm. Groundwater was recorded at a depth of 29-31 m [20].
The average density of dry soil before compaction was 1.43 g/cm?.

At the construction site, drainage blast holes with a diameter of 20 cm were drilled on a cm grid to perform compaction.
Charges of water-resistant ammonite weighing 10,000 g were placed in them at a depth of H =600 cm. A month after
compaction, control holes were drilled with the selection of monoliths. The density of dry soil took values in the range
from 1.60 g/cm? to 1.75 g/cm?. The average density of dry compacted soil was 1.66 g/cm? [8]. Loess refers to soils with
a columnar structure and is orthotropic vertically [20]. Taking into account the physical parameters of the soil, we
calculate the coefficient of vertical diffusion of gas in soil Kz, according to [17]. Using Kz, we determine the dispersion
coordinate changes of gas atoms in the soil, which are equal to 6. = 0.726. The parameter of horizontal gas propagation
is zero u, = 0. The calculation of the values of the explosive charge power is made according to formula (12). Loess
compaction is implemented without ejecting soil onto the surface.
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Table 1 presents the result of the assessment of the explosive charge power for known values of compacted soil
density, dispersion coordinate changes of gas atoms in the soil, and the depth of the charge. The calculations were
conducted using the author's program, developed in the high-level programming language Python, designed to calculate
the explosive charge power.

Table 1
Estimated Explosive Charge at Different Values of Compacted Soil Density without Ejection onto the Surface
Soil density, g/cm? Estimated explosive charge, g
1.60 9797.53
1.61 9809.56
1.62 9815,83
1.63 9836.05
1.64 9876.28
1.65 9936.51
1.66 9996.72
1.67 10046.74
1.68 10094.16
1.69 10114.28
1.70 10137.53
1.71 10159.82
1.72 10186.04
1.73 10208.27
1.74 10228.49
1.75 10243.71

Let us analyze the results presented in Table 1. To exclude the property of subsidence and reach the density of dry
compacted soil >1.60 g/cm?, the power of the explosive charge can take values in the range from 9797.53 to 10243.71 g.
According to experimental data, the power of the explosive charge is 10000 g [8]. The absolute error of calculations for
soil density values from 1.60 g/cm3to 1.75 g/cm?® does not exceed 0.244. With an average soil density g = 1.66 g/cm?, the
absolute error is 3.28 g.

We consider the compaction of loess with the ejection of soil onto the surface. We calculate the values of the explosive
charge power using formula (10) at o, = 0.726 and the density of dry soil from 1.60 g/cm? to 1.75 g/cm?. The results
obtained are presented in Table 2.

Table 2
Estimated Power of Explosive Charge at Different Values of Compacted Soil Density with Ejection onto the Surface
Soil density, g/cm? Calculated Explosive Charge, g

1.60 9852.18

1.61 9881.62

1.62 9952.77

1.63 10021.13
1.64 10053.84
1.65 10094.28
1.66 10123.92
1.67 10157.54
1.68 10187.62
1,69 10204.75
1.70 10221.83
1.71 10242.25
1.72 10256.89
1.73 10279.34
1.74 10293.79
1.75 10301.24
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The analysis of the explosive charge power values presented in Table 2 shows that the calculated charge power can
take values from 9852.18 g to 10301.24 g. The absolute calculation error does not exceed 0.301. With the average soil
density g = 1.66 g/cm?®, the absolute error is 123.92 g. The minimum absolute error is 0.02113 at g = 1.63 g/cm’.

Figures 1, 2 show a graphical interpretation of the calculated values of the explosive charge power at different
indicators of the density of dry compacted soil and experimental data on the charge power. The charge power values are
marked in accordance with the recommendations for compaction of subsidence soils of high power by the hydraulic
blasting method' (solid line). When the explosive charge is placed at the specified depth, its power is equal to 9960 g.
Figure 1 shows the case of loess compaction by deep blast without ejection onto the surface, Figure 2 — with ejection
onto the surface.

11,000
= 10,600 r
5}
210,200
t=h
2
"B 9,800
g
<
O 9,400

9’000 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1.60 1.61 1.62 1.63 1.64 1.65 1.66 1.67 1.68 1.69 170 1.71 1.72 1.73 1.74 1.75
Soil density, g/cm?
® Estimated charging power = = Experiment Recommended
Fig. 1. Estimated and experimental power of explosive charge at different values
of soil density without ejection onto the surface
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e 10,600
8
£ 10,200
2,
=
‘& 9,800
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&

9,400

9’000 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1.60 1.61 1.62 1.63 1.64 1.65 1.66 1.67 168 169 170 1.71 1.72 1.73 1.74 1.75

Soil density, g/cm?

® Estimated charging power = = Experiment Recommended

Fig. 2. Estimated and experimental power of explosive charge at different values
of soil density with ejection onto the surface

Upon completion of the engineering and technology process of compaction of loess using deep blasts, in accordance
with [8], after the discharge of water from the pit, the upper buffer layers of the construction site are further compacted
using surface methods.

Discussion. The constructed mathematical model of the explosive charge power is described analytically (9)—(12).
The model is intended for performing numerical calculations and assessing the charge power values. The formulas
show the nature and degree of dependence of the charge power and the mechanical-and-physical properties of soils,
their isotropy and anisotropy. A growth of the charge power entails an increase in soil density, a decrease in subsidence
and porosity.

The ideas obtained allowed us to conduct a theoretical experiment on the numerical evaluation of the values of the explosive
charge power. The calculated values have an absolute computational error in the intervals: (3.28; 243.71) g — compaction without
soil ejection onto the surface, and (21.13; 301.24) g — compaction with soil ejection onto the surface of the construction site.

! Recommendations for compaction of high-power subsidence soils using hydraulic blasting. Moscow: Stroiizdat; 1984. 56 p. (In Russ.) URL:
https://meganorm.ru/Data2/1/4293782/4293782665.pdf (accessed: 01.06.2025).
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The disadvantage of the proposed approach is that the density of the compacted loess, the value of the dispersion
coordinate changes of gas atoms in the soil are determined on the basis of field and laboratory tests. The depth of the
explosive charge is also specified in advance. Thus, when assessing the power of the charge, stamp and compression data
will be contained. The proposed model takes into account the isotropy and anisotropy of soils. The results obtained in this
study are adequate to the experimental data and confirm the possibility of their practical application in planning the
engineering and technology process of compaction of subsidence soils by deep hydraulic blasts.

Conclusion. The main research result is a mathematical model for assessing the power of an explosive charge.
Analytical expressions for the power of the charge are obtained. The mechanical-and-physical properties of soils, their
isotropy and anisotropy are taken into account. Numerical values of power are found using a program developed in
Python. The results obtained are in good agreement with the values of a natural experiment and the recommended values
based on empirical data.

The practical significance of the study involves the possibility of using the mathematical model as a calculation
method in research and design organizations engaged in theoretical investigation and practical implementation of
compaction of subsidence loess soils. Further research will be aimed at constructing solutions through mathematical
modeling and other inverse problems within the framework of the engineering and technology process of soil compaction.
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