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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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Аннотация 
Введение. Просадочные лёссовые грунты, широко распространённые в России, Китае и Средней Азии, представ-
ляют собой значимую проблему в современном строительстве из-за своей склонности к просадке и низкой проч-
ности при внешних нагрузках. Недостаточное внимание к их физико-механическим свойствам может привести к 
деформации сооружений, что создаёт угрозу безопасности и финансовые потери. Научные исследования в этой 
области являются фрагментарными и не дают достаточного понимания методов уплотнения и их влияния на дол-
говечность конструкций. Кроме того, не существует разработанных оптимизированных математических моде-
лей, позволяющих предсказать эффективность инженерно-технологических процессов уплотнения. Таким обра-
зом, целью данного исследования является разработка математической модели, определяющей мощность заряда 
взрывчатого вещества для уплотнения лёссов. Данная модель направлена на исключение экспериментального 
этапа, что улучшает качество уплотнения и способствует экономии финансовых ресурсов в строительстве. 
Материалы и методы. Математическое моделирование проводили путём включения решения обратной при-
кладной задачи оценки мощности заряда взрывчатого вещества при устранении просадочности лёссов. Начально-
граничные задачи с полуэмпирическим дифференциальным уравнением в частных производных, описывающим 
уплотнение лёсса с выбросом и без выброса грунта на поверхность строительной площадки, рассматривались 
путём анализа конкретных моделей и математических подходов. На основе решения этих задач с использованием 
аналитического метода была создана математическая модель оценки мощности заряда взрывчатого вещества. 
Мощность определяли численно двумя методами: расчётами в программе, разработанной на языке Python, и пу-
тём моделирования вычислительного эксперимента с оценкой погрешности результата. При этом учитывали вли-
яние физико-механических свойств грунтов, их изотропность и анизотропность. 
Результаты исследования. Построена математическая модель мощности заряда взрывчатого вещества при 
уплотнении просадочных лёссов с использованием глубинных гидровзрывов. Учтены плотность сухого грунта 
до и после уплотнения, коэффициент вертикальной диффузии, дисперсионные координатные изменения газа в 
уплотняемом грунте, а также глубина заложения заряда взрывчатого вещества. При средней плотности сухого 
уплотнённого грунта абсолютная погрешность расчётных значений мощности заряда составила 3,28 г для уплот-
нения лёссов без выброса и 21,13 г — для ситуации с выбросом грунта на поверхность. Показана адекватность 
предлагаемого математического решения экспериментальным данным натурного строительного объекта. 
Обсуждение. Предложенная модель позволяет проводить оценку мощности заряда взрывчатого вещества для 
изотропных и анизотропных геологических систем. Полученные аналитические представления демонстрируют 
степень и характер влияния физико-механических свойств грунтов на величину мощности заряда. Численное 
сравнение как с экспериментальными данными натурного уплотнения грунтов, так и с рекомендациями по уплот-
нению просадочных грунтов большой мощности гидровзрывным методом показало, что предложенная матема-
тическая модель согласуется с эмпирическими данными.  
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Заключение. Основным результатом исследования является математическая модель мощности заряда взрывча-
того вещества при устранении просадочности лёссов глубинными гидровзрывами. Построены аналитические 
представления мощности заряда с учётом физико-механических свойств грунтов. Получена численная оценка 
мощности, согласующаяся со значениями эмпирических данных. Практическая значимость исследования со-
стоит в возможности применения математической модели в качестве расчётной методики и внедрения в иссле-
довательские и проектные организации. Дальнейшие исследования будут направлены на построение решений 
средствами математического моделирования и других обратных задач в рамках инженерно-технологического 
процесса уплотнения грунтов.  

Ключевые слова: мощность заряда, просадочность, лёссы, глубинный гидровзрыв, глубина заложения заряда, 
уплотнение с выбросом, уплотнение без выброса, изотропность, анизотропность, вычислительный эксперимент 
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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]: 

 
( )i

ij
i x ,y ,z i x ,y ,z j x ,y ,z

u qq qq K Q
t i i j

= = =

 ∂∂ ∂ ∂ + + α = +
 ∂ ∂ ∂ ∂ 

∑ ∑ ∑ , (1) 

 ( ) ( ) ( ) ( )0 0 0
0q t ,x, y,z Q x x y y z z= ⋅δ − ⋅δ − ⋅δ − , (2) 

 
0

0zz
z z

qK
z =

∂
=

∂
, 0t t> , (3) 

 ( ) 0z z
q t ,x, y,z

=
, 0t t> , (4) 

where q(t, x, y, z) — density of compacted soil during a deep blast at time t; u — parameter of horizontal gas propagation; Kxx, 
Kyy, Kzz — diffusion coefficients; α — 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 t0 at point (x0, y0, z0)); δ — 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 2 22

1 3 2 2 2 2 24 4 4 44
x

/
x y z zx y z

x u t z H z HQ yq t,x, y,z exp exp exp ,
t t t tt

      − ⋅ − +      = × − − × − + −     
σ ⋅ σ ⋅ σ ⋅ σ ⋅ π σ σ σ            

 (5) 
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( ) ( ) ( )2 2 22

2 3 2 2 2 2 24 4 4 44
x

/
x y z zx y z

x u t z H z HQ yq t,x, y,z exp exp exp .
t t t tt

      − ⋅ − +      = × − − × − − −     
σ ⋅ σ ⋅ σ ⋅ σ ⋅ π σ σ σ            

 (6) 

In solutions (5) and (6): (0, 0, H) — coordinates of the location of the concentrated explosive charge with power 
Q = const > 0, acting at the moment of time t0; Н — depth of the explosive charge; σx

2, σy
2, σz

2 — 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 Н is known. The value of the dispersion coordinate changes of gas atoms in the soil σ 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 22

1 3 2 2 2 2 2 0
4 4 4 44

x
/

x y z zx y z

x u t z H z HQ yq t,x, y,z exp exp exp .
t t t tt

      − ⋅ − +      − × − − × − + − =     
σ ⋅ σ ⋅ σ ⋅ σ ⋅ π σ σ σ            

 (7) 
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In the second case, based on (6), we arrive at the equation: 

 ( )
( )

( ) ( ) ( )2 2 22

2 3 2 2 2 2 2 0
4 4 4 44

x
/

x y z zx y z

x u t z H z HQ yq t,x, y,z exp exp exp .
t t t tt

      − ⋅ − +      − × − − × − − − =     
σ ⋅ σ ⋅ σ ⋅ σ ⋅ π σ σ σ            

 (8) 

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 Q of 
equation (7) takes the analytical representation: 

 
( ) ( )

( ) ( ) ( )

3 2
1

2 2 22

2 2 2 2

4

4 4 4 4

/
x y z

x

x y z z

t q t ,x, y,z
Q .

x u t z H z Hyexp exp exp
t t t t

σ ⋅σ ⋅σπ ⋅
= ×

      − ⋅ − +     − −  − + −     σ ⋅ σ ⋅ σ ⋅ σ ⋅            

 (9) 

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 σz = σy = σx, then, 
under compacting soils with ejection onto the surface, the desired root Q of equation (7) takes the analytical 
representation: 

 
( ) ( )

( ) ( ) ( )

3 2 3
1

2 2 22

2 2 2 2

4

4 4 4 4

/
z

x

z z z z

t q t ,x, y,z
Q .

x u t z H z Hyexp exp exp
t t t t

π ⋅ σ
= ×

      − ⋅ − +     − −  − + −     σ ⋅ σ ⋅ σ ⋅ σ ⋅            

 (10) 

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: 
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 (11) 

If the system under consideration is isotropic, then σz = σy = σx and we can write the required root Q of equation (8) 
in the form: 
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 (12) 

Constructed relations (9)–(12) define analytically the power of the explosive charge depending on the mechanical-
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/cm³.  

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/cm³ to 1.75 g/cm³. The average density of dry compacted soil was 1.66 g/cm³ [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 σz = 0.726.  The parameter of horizontal gas propagation 
is zero ux = 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/cm3 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/cm3, 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/cm3 to 1.75 g/cm3 does not exceed 0.244. With an average soil density q = 1.66 g/cm3, 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 σz = 0.726 and the density of dry soil from 1.60 g/cm3 to 1.75 g/cm3. 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/cm3 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 q = 1.66 g/cm3, the absolute error is 123.92 g. The minimum absolute error is 0.02113 at q = 1.63 g/cm3. 

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 method1 (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. 

 
Fig. 1. Estimated and experimental power of explosive charge at different values  

of soil density without ejection onto the surface 

 
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.  

 
1 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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