
Eastern-European Journal of Enterprise Technologies ISSN-L 1729-3774; E-ISSN 1729-4061	 2/7 ( 140 ) 2026

62

1. Introduction 

Protecting civilians and critical infrastructure under con-
ditions of military threats requires extensive development of 
urban underground space in order to construct new protective 
facilities (in particular, civil defense facilities). In addition, it is 
also possible to use existing underground facilities, which, if 
necessary, could serve to protect people from air strikes, pro-
viding the functions of dual-purpose facilities [1–3].

The task of ensuring the stability of underground facil-
ities under the influence of external explosions is critically 
important for civil, military, and industrial infrastructure 

at different stages of their life cycle – from design and con-
struction to operation. This issue is especially acute under 
conditions of full-scale military hostilities. To ensure the 
reliability of shallow-laid civil defense facilities from critical 
explosive effects (direct hit of warheads into the perimeter 
of an underground facility), special engineering protection 
is required. Among the promising ways of such protection 
are the solid soil-cement structures (screens), formed by jet 
cementing of soils to the required depth and placed in the 
path of the blast wave [3–5].

Unlike above-ground structures, underground facilities 
respond to explosive loading indirectly – through a dynamic 
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This study investigates dynamic interaction between 
the soil and an obstacle under explosive loading. The task 
addressed is to protect underground structures with shallow 
laying in the soil massif from the effect of critical explosive 
influences, which is becoming increasingly relevant under 
conditions of military threats. 

A methodology has been devised to numerically solve the 
problem of a cylindrical warhead explosion on the surface 
of the soil massif, taking into account the interaction with 
the foundation-cement obstacle. That has made it possible 
to investigate the patterns of change in wave processes in the 
soil and obstacle depending on time, charge mass, and depth 
of the screen. 

The wave interaction between the explosion and the soil 
massif with an obstacle was numerically simulated. The iso-
bar field was determined at different times and velocity iso-
seisms were defined, which show the dynamics of wave prop-
agation deep into the soil massif and changes in their velocity. 
Dependences of the peak stress on the depth for different war-
head masses (50, 150, and 500 kg) were derived, as well as the 
resulting peak stresses and the minimum safe horizontal dis-
tances to the epicenter of the explosion for the obstacle. The 
dependences between the deflection and pressure of the pro-
tective soil-cement structure were determined, which makes 
it possible to predict the stability of the protective screen at its 
different thickness. 

It has been established that the peak stress decreases rap-
idly with distance from the epicenter of the explosion. For 
R < 3.7 m, the screen (obstacle) is in the zone of high ten-
sile stresses (σmax > 2 MPa), which leads to crushing, loss of 
shape, and stability of the structure. For R ≈ 7.4 m, the tensile 
stress decreases to approximately 0.3–0.5 MPa. These values 
should be considered as a threshold value for maintaining the 
holding (protective) function of the soil-cement obstacle. 

A nomogram has been constructed to assess the mechan-
ical properties of a soil-cement barrier located at a certain 
depth during a surface explosion of a warhead of different 
mass depending on the cement content. This facilitates practi-
cal management of the stability of the protective structure by 
adjusting the parameters of the bonding mixture. 

The prospects of engineering protection of underground 
facilities by forming a continuous soil-cement screen in the 
path of the blast wave, formed by jet cementing of soils, have 
been proven
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seismic wave propagating through the soil [6]. An external 
explosion near the earth’s surface generates an air shock 
wave, which is transformed into a stress wave in the soil 
mass. The intensity and nature of this wave depend on the 
mass of the charge, distance, depth of the structure, physical 
and mechanical properties of the soil, as well as the presence 
of obstacles [7]. Assessment of critical explosive effects on the 
soil mass and soil-cement obstacle opens up new opportuni-
ties for controlling the parameters of engineering protection 
of underground objects of critical infrastructure and civil 
defense under conditions of active military operations.

The above renders relevance to studies aimed at predict-
ing the stability of a protective soil-cement structure in a soil 
massif under the action of critical explosive influences.

2. Literature review and problem statement

Paper [8] reports a study on the peak pressure Pmax and 
impulse I of an explosion wave in the soil depending on the 
scaled distance Z by using classical methods that employ 
empirical and semi-empirical dependences. However, this 
approach does not make it possible to obtain regularities in 
the evolution of wave processes for different soil conditions 
and explosion parameters.

An option for overcoming corresponding difficulties is to 
use mass, momentum, and energy conservation equations. 
This is the approach used in [9], in which specialized hy-
drodynamic programs are applied for accurate modeling of 
the near explosion zone and the initial phase of shock wave 
propagation in the soil (for example, CTH, AUTODYN that 
were developed in the USA). However, the middle and far 
explosion zones are not studied, but protective structures are 
located at these distances, so these studies cannot be used to 
solve the problem.

The main tool for analyzing the soil-structure interaction 
is numerical modeling using the following methods.

The finite element method and the finite difference 
method are the most common ones for modeling the dynamic 
response of a structure. They are used to model the nonlin-
ear behavior of the soil at high strain rates. Damage Models 
and plasticity models (for example, the Cap-Player model 
or the Johnson-Holmquist model) are used to simulate the 
compaction, shear, and possible liquefaction of the soil under 
wave action [10]. However, issues related to the interaction of 
the soil mass with the obstacle under explosive loads remain 
unresolved.

The smoothed particle hydrodynamics method and the 
discrete element method are used to model the failure and 
fragmentation of materials, especially in rock masses or in 
the analysis of the failure of a protective shell. The assess-
ment of stability and damage is based on the application of 
different criteria. The displacement/velocity-based criteria 
most often use the peak particle velocity, the permissible 
levels of which for underground structures are usually higher 
than for above-ground structures, but more stringent criteria 
are applied to equipment inside the structure [11]. The shell 
deformation criterion is critical for tunnels and determines 
the risk of cracks or deflections leading to loss of load-bearing 
capacity. The damage-based criteria use the concept of accu-
mulated material damage (e.g., concrete damage according to 
the Holmquist-Stewart model) to predict the degree of shell 
failure. The shortcomings of the work include the lack of a 
description of the process in the coupled formulation of the 

soil-obstacle system and simplified rheological models of the 
considered environments.

Experimental studies are necessary to obtain reliable dy-
namic parameters of materials and validate numerical models.

Work [12] reports the results of full-scale field tests using 
real explosive charges: measured pressure and velocity pro-
files in the soil (using accelerometers, peak velocity meters) 
and the stress-strain state of the shell (using strain gauges).

Paper [13] reports the results of scaled-up experiments 
using reduced-scale models of structures, following the laws 
of similarity. These tests are more cost-effective and allow for 
more control over variables (e.g., soil type, embedment depth).

Laboratory tests of dynamic properties of soil and con-
crete are described in [14]. To determine the behavior of ma-
terials at high strain rates (from 10−1 to 103 s−1), a Split Hop-
kinson Pressure Bar was used, which allowed the authors 
to obtain stress-strain curves for materials under a dynamic 
mode. This is critically important for numerical modeling.

Works [12–14] are useful for comparing the results of nu-
merical calculations with experimental data, but these data 
are limited to specific soil conditions, structure models, and 
types of explosive charges.

Current research is actively developing innovative ap-
proaches to increasing the stability of protective structures 
under dynamic loads. Protective layers of foam concrete 
or geosynthetic materials are introduced between the soil 
and an obstacle. These layers are designed to dissipate the 
energy of the blast wave and reduce the load transmitted to 
the main structure [15]. Composite materials (fiber concrete 
and polymer composites) are used to increase the plasticity 
and resistance of the obstacle to cracking and fragmentation. 
Structures made of monolithic soils (jet grouting technology) 
that form soil-cement screens are being investigated. The 
shape of underground structures is being optimized [16].

Thus, the following conclusions can be drawn from 
our analysis of literary sources. Analytical methods do not 
make it possible to obtain regularities in the evolution of 
wave processes for different soil conditions and explosion 
parameters [8]. In numerical modeling, the near zone of the 
explosion and the initial phase of the shock wave propaga-
tion in the soil are studied in detail [9], while the middle 
and far zones are ignored. Issues related to the interaction of 
the soil mass with an obstacle under explosive loads remain 
unresolved [10]. There is no description of the process in the 
coupled formulation of the “explosion products-soil-obsta-
cle” system and simplified rheological models of the con-
sidered media are applied [11]. At the same time, simplified 
rheological models of the considered media are used in the 
above works. Experimental studies [12–14] are useful for 
comparing the results of numerical calculations with field 
data, which are limited by specific soil conditions, structure 
models, and types of explosive charges. The development of 
practical innovative approaches to increasing the stability of 
protective structures under dynamic loads [15, 16] requires 
further advancement of a reliable assessment of the stability 
of protective soil-cement structures in the soil massif under 
the action of critical explosive influences.

The above review of the literature [1–16] allows us to 
state that it is advisable to conduct a study aimed at detailed 
determination of the stress-strain state of the soil massif 
and soil-cement protective structure under the action of 
critical explosive loads. In this case, it is necessary to in-
vestigate wave processes in the coupled system “explosion 
products-soil massif-obstacle” using modern environment 
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models. This will make it possible to more reliably assess the 
stability of underground structures protected by a soil-ce-
ment screen under different explosion parameters, depths of 
installation, as well as compile practical recommendations 
regarding its component composition.

3. The aim and objectives of the study

The purpose of our work is to determine stability of a 
protective soil-cement structure in the soil under the action of 
critical explosive effects; this will make it possible to control 
the parameters of jet cementing at different depths of laying 
and explosion scales.

To achieve the goal, the following tasks were set:
– to construct a model of the stress-strain state of the sys-

tem “detonation products - soil - soil-cement barrier”;
– to investigate the patterns of interaction between 

explosive waves and the soil mass and soil-cement protec-
tive structure depending on the mass of the warhead, the 
depth of laying, and the distance from the epicenter of the 
explosion;

– to establish the dependence of stability of the soil-ce-
ment barrier on the cement content and to build a nomogram 
for practical calculation of stability of protective structures at 
different depths of laying under the explosive action of war-
heads of different masses.

4. The study materials and methods

The object of our study is the dynamic interaction be-
tween the soil and an obstacle under the explosive load of 
warheads of different masses.

The main hypothesis assumes that wave processes occur 
in the connected system “detonation products-soil mas-
sif-protective structure”. This is due to the fact that only in 
such a setting can a complete picture of the propagation, 
departure, and interaction of waves be obtained, which ulti-
mately will provide more reliable information for predicting 
stability of the protective structure. In addition, it is assumed 
that the soil and soil-cement obstacle are studied within the 
framework of a modern model of a solid, porous, multicom-
ponent, viscoplastic medium with a variable coefficient of 
bulk viscosity, which most fully reflects the mechanisms of 
dynamic deformation.

To determine the stress-strain state of the soil massif and 
protective structure, the equation of motion of a continuous 
medium was used. With the addition of rheological equations 
of state of detonation products, soil and soil-cement barrier 
and the corresponding initial and boundary conditions, a 
closed system of partial differential equations was built.

To solve the task, the finite difference method was used 
in a moving Lagrangian coordinate system with a moving 
grid that automatically expands at the end of each compu-
tational cycle. A finite-difference scheme of the “cross” type 
with artificial viscosity was used [17]. This approach allowed 
us to conduct end-to-end calculations both on smooth flows 
and on discontinuities (shock waves reflected from the sur-
faces of the wave medium interface).

To construct the dependences, the information and ana-
lytical software MS Excel (developed in the USA) was used.

Calculations were performed for soil with the following 
physical and mechanical characteristics:

ρ20 = 1,000, ρ30 = 2,650 kg/m3;

c20 = 1,500, c30 = 4500 m/s;

γ2 = 7, γ3 = 4; ρ0c2
S   = 3·106,

ρ0c2
D   = 1.2 · 107, ρ0c2

S  R = 3·106 Pa;

m = 3; k = –1.5 · 107 Pa; 

γS = 6; γD = 7; γSR = 7;

ηD = 200 Pa·s; α1= 0.1; 

α2= 0.3; α3 = 0.6; ρ0=,1620 kg/m3.

The physical and mechanical properties of a soil-cement 
barrier are as follows: α1 = 0.04–0.3; α2 = 0; α3 = 0.7–0.96: 
ρ0 = 2000 kg/m3, τ = 2 MPa.

Cast TNT with the following characteristics was used as the 
explosive: Pn = 9.6 · 109 Pa, ρn = 1,600 kg/m3, Q = 4.87 · 106 J/kg, 
N = 3.12; γ = 0.25; D = 6,440 m/s [16].

To solve the task set, the finite-difference method was cho-
sen in a moving Lagrangian coordinate system with a moving 
grid that automatically expands at the end of each computation-
al cycle using a finite-difference scheme of the “cross” type [15].

5. Results of investigating stability of the protective 
structure in the soil massif under the action of 

explosive influences

5. 1. Model of the stress-strain state of the system 
“detonation products-soil-soil-cement barrier”

The explosion of a TNT warhead of cylindrical shape with 
a length l and a radius r0 in the soil massif on a free surface 
was considered. It is assumed that upon impact with the soil, 
the warhead detonates instantly, and the detonation products 
throughout the volume have the same density ρn, equal to the 
initial density of the explosive (EX), and the pressure Pn. In 
the Cartesian coordinate system rОz, the cylindrical volume 
is formed as a result of the rotation of a rectangle with sides l 
and r0 around the z axis (Fig. 1).

The equations of motion within the framework of contin-
uum mechanics for the system “detonation products-soil-ob-
stacle” for cylindrical symmetry take the following form [15]:

,rz rzrr du
z r r dt

τ τσ
ρ

∂∂
+ + =

∂ ∂
,dzu

dt
= 		  (1)

Fig. 1. Experimental model

0 r0 r,  m

l

z, m
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,rz zz zz dw
z r r dt

θθτ σ σ σ
ρ

∂ ∂ −
+ + =
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 ,drw

dt
= 	 (2)

1 ,dV u w w
V dt z r r

∂ ∂
= + +
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		  (3)

,  zz zzS Pσ = −  ,  rr rrS Pσ = −  ,S Pθθ θθσ = − 	 (4)

( )1 ,
3 rr zzP θθσ σ σ= + +  0 ,V

ρ
ρ

=

where t is time; ρ is density; u, w are velocity components; 
P is mean hydrostatic pressure; V is relative specific vol-
ume; σrr, σθθ, σzz are normal stresses; τzr is tangential stress;  
Szz, Srr, Sθθ are components of the stress tensor deviator.

The soil and the soil-cement structure (obstacle) are mod-
eled by a solid, porous, multicomponent, viscoplastic medium 
with a variable coefficient of bulk viscosity [17]. The equation 
of soil compression and unloading takes the following form
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The functions included in equation (5) for the load are:
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where ρi0, ci0 – densities and sound speeds of liquid and solid 
components at atmospheric pressure P0; γi – exponents in 
Theta-type equations for these components; ρ0 – initial den-
sity of the medium at P0; cS, γS – sound speed and exponent in 
the volume compression equation under static loading.

When the medium is unloaded, the values of the func-
tions take the following form:
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The variable coefficient of bulk viscosity has the form:
– under load [18]
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– when unloading [19]

The components of the soil stress deviator were deter-
mined by the following relations:

,
1
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o

k P
S y

k P
y

τ

τ
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=

+
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where yо is the soil cohesion, kτ is the coefficient of internal 
friction, τ is the ultimate shear strength.

The expansion of detonation products occurred according 
to a binomial isentrope

1,NP A B γρ ρ += + 		  (10)

where A, B, N, and Y are constants that define this type of EX.
The initial conditions of the problem are as follows:
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The boundary conditions are the continuity of the normal 
components of the velocity and stress vectors at the contact 
boundaries “PD-soil” and “soil-obstacle”, as well as the con-
dition σzz = τzr = 0 met on the free surface.

5. 2. Regularities in the interaction between blast 
waves and the soil massif with soil-cement protective 
structure

As a result of numerical modeling, the following results 
were obtained. Fig. 2, a, b shows the isobars of the average 
hydrostatic pressure (GPa) in the plane at different times.

From Fig. 2 it is seen that the isobar field is a complex pat-
tern, caused by the interaction between waves with different 
boundaries and corner points, as well as with each other. At the 
initial time, the highest pressure is reached in the gas cavity and 
in the soil near it. There is a gradual degeneration of the wave 
front from cylindrical to spherical. The wave pattern becomes 
more complicated when propagating along the soil surface. In 
the flow region behind the front of the main shock wave, several 
secondary waves can be distinguished in the explosion prod-
ucts. One of them is reflected from the axis of symmetry, and the 

other propagates towards it, causing pressure pulsations, which, 
in turn, will lead to an increase in soil deformation.

Fig. 3 shows isoseisms of velocity u (m/s) at different 
times, from which it is possible to observe the propagation 
of the wave deep into the soil massif with a simultaneous 
decrease in its velocity.

The dependence of peak stress on depth for different 
charge masses is shown in Fig. 4.

Plots of the exponential decay of peak stress with increasing 
depth Z were constructed (Fig. 4). It can be seen that at a small 
depth (0–2 m) the stress drops very sharply. This is a zone of 
plastic deformations and possible crushing (the zone where the 
soil-cement barrier was located). Further (from 5 m) the rate 
of decay slows down, and the stress turns into a typical seis-
mic wave, transmitted over longer distances, but with a much 
smaller amplitude. This confirms why the soil-cement barrier 
at a depth of 2 m is very vulnerable – it is located precisely in 
the zone of the largest and fastest stress drop. And if we con-

Fig. 2. Stress isobars σrr (MPa) at different times during the 
explosion of a cylindrical warhead at different times: 	

a – t = 0.05 s; b – t = 0.1 s

a

b
Fig. 3. Isoseisms of velocity u (m/s) at different times during 

the explosion of a cylindrical charge at different times: 	
a – t = 0.05 s; b – t = 0.1 s

a

b
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sider that the compressive strength of the soil-cement barrier 
is 2–5 MPa, then from the analysis of the graphical dependence 
we can conclude that it will be destroyed at a depth of 2 m.

With an increase in the mass of the charge to 150 kg, the 
critical depth required to prevent complete crushing of the 
soil-cement barrier increases to ≈ 5.3 meters. If the barrier is 
at a shallower depth, it will be destroyed even without hori-
zontal displacement of the charge.

Fig. 5 shows pressure fields at different times when the 
wave falls on the soil-cement barrier.

It is known that the nature of the reflection of the incident 
wave from the interface of the layers will be different de-
pending on their physical and mechanical properties. In this 
case, the second medium is denser; therefore, it has greater 
acoustic rigidity. Hence, the reflected wave will be impact. 
Fig. 4 shows that when the incident wave approaches the 
“soil-obstacle” interface, the pressure in it increases sharply. 

With increasing time, the reflection coefficient increases. 
The maximum pressure is at the front of the passing shock 
wave, and the minimum at the “detonation products-soil” 
rupture contact. As the wave propagates along the obstacle, 
the peak value decreases, but its oscillations can be observed, 
which causes oscillations of the soil-cement obstacle (Fig. 6).

From Fig. 6 it is established that although the pressure on 
the obstacle decreases with time, the deflection at the frontal 
point increases. This is explained by the fact that the behav-
ior of the obstacle is elastic-plastic since the pressure in the 
incident wave causes stresses in the frontal point of the obsta-
cle exceeding its elastic limit and causes plastic deformations. 
These deformations can cause the destruction of the obstacle 
with such a close location of the charge.

From Fig. 7 it is established how the distance from the 
epicenter of the explosion of a soil-cement obstacle affects the 
peak pressure values.

From the plot in Fig. 7, it is established that the peak 
stress decreases rapidly with distance from the explosion cen-
ter. For R < 3.7 m, the obstacle is in a zone of very high stress-
es (σmax > 2 MPa), which leads to complete crushing and 
loss of shape. For R ≈ 7.4 m, the stress drops to approximate-
ly 0.3–0.5 MPa. This is the threshold value for preserving 
the function of the soil-cement obstacle since it is close to its 

Fig. 4. Dependence of peak stress on depth for different 
charge masses: 1 – 150 kg; 2 – 50 kg
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tensile/shear strength limit. At R > 10 m, the stress decreases 
sharply, and the impact turns into a normal seismic oscillation, 
which is unlikely to cause significant structural damage.

This plot (Fig. 7) demonstrated that horizontal distance 
is a key factor in protecting underground fragile structures 
from surface explosions.

Therefore, it was investigated what the safe distance to 
the explosion epicenter was for an obstacle with a 2 m laying 
height for charges of different masses (Fig. 8).

As can be seen from the calculation (Fig. 8), with a de-
crease in the mass of the charge from 500 kg to 50 kg, the 
zone of safe horizontal distance decreases significantly, but 
even 50 kg of TNT is a very powerful destructive mechanism 
at distances less than 13.5 m. 

Therefore, the question arose about the safe depths of laying 
soil-cement protective screens when detonating charges on 
the surface of the soil massif. In this case, various soils with 
densities from ρ0 = 1990 kg/m3 to ρ0 = 2485 kg/m3N will be 
considered, which covers the main types of soil conditions from 
sandy loam to clay. In work [17], it was established that during 
the explosion of an EX charge with an increase in soil porosi-
ty (decrease in density) there is a decrease in peak pressure, but 
at the same time the deformation increases. Fig. 9 shows the 
minimum safe depths for laying a soil-cement barrier depending 
on the mass of a charge for different types of soils.

As can be seen from our calculations (Fig. 9), with a de-
crease in the charge mass from 500 kg to 50 kg, the zone of 
intensive destruction decreases significantly. However, even 
50 kg of TNT is powerful enough to cause complete crushing 
of the soil-cement obstacle if it is located at a distance of less 
than 3.7 meters from the epicenter of the explosion.

Increasing the depth of the obstacle to 5 m for a 50 kg 
charge brought the obstacle out of the zone of complete 
crushing even when the explosion occurred directly above it. 
To maintain its functionality, it is enough to carry the charge 
to a horizontal distance of more than 5.4 m.

With an increase in the charge mass to 150 kg, the critical 
depth required to prevent complete crushing of the soil-ce-
ment obstacle increases to ≈5.3 meters. If the obstacle is lo-
cated at a shallower depth, it will be destroyed even without 
horizontal displacement of the charge.

Increasing soil porosity requires the obstacle to be placed 
at a greater depth. With a 20% decrease in soil density, the 
critical depth increased by 15%.

5. 3. Dependence of soil-cement barrier stability on 
cement content, laying depth, and warhead mass

A nonlinear relationship between soil-cement strength 
and the amount of added binder has been established, which 
is based on the classical theory of hardening of binders, 
adapted to the specifics of the soil environment. The main 
theoretical basis for the calculation is Abrams’s Law, which 
postulates a direct dependence of concrete strength on ce-
ment content [20].

The more cement, the higher the strength, but this de-
pendence is not infinite and has its economic and technical 
limits. Sandy soils interact best with cement; even with a 
5–7% content, sufficiently high strength can be obtained. 
Clay soils require more cement (10–14%) due to the high spe-
cific surface area of particles and the need to neutralize clay 
minerals. With a cement content of more than 12–15%, the 
material becomes too stiff. This led to the appearance of “re-
flected” cracks in the upper layers of soil cement due to high 
hydration shrinkage. Increasing the cement content from 5% 
to 10% provided a 2–3-fold increase in strength, while a fur-
ther increase to 15% would give an increase of only 30–50% 
and could, with further increase, form a system of cracks. 
Thus, the recommended cement content in a protective soil 
cement structure was determined to be appropriate to be 
taken within 10–15%.

From the above patterns, calculations were carried out 
for cement contents of 8, 15, and 30% according to the meth-
odology given in [20].

Fig. 10 shows the dependence of compressive strength τ of 
a soil cement barrier on cement content (%).

Based on the results of our calculations, a nomogram 
was constructed to determine the mechanical properties 
of a soil-cement barrier located at a certain depth during a 
surface explosion of a warhead of a certain mass depending 
on the cement content (Fig. 11). In this case, curves 1 and 2 
are shown in Fig. 3, and curve 3 is shown in Fig. 10. A com-
mon scale was used for the peak pressure P and compressive 
strength of the soil-cement barrier. The use of the nomogram 
makes it possible to control the stability of the protective 
structure by adjusting the parameters of the jet cementation 
of soils.

From this nomogram, we can calculate the composition 
of the soil-cement (cement content) when laying the obstacle 
at different depths. For example, if it is necessary to place the 

Fig. 8. Minimum safe horizontal distances to the epicenter of 
the explosion for a soil-cement barrier at a depth of 2 m in 

the soil massif depending on the mass of the charge
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obstacle at a depth of 2 m when a 50 kg warhead explodes, 
then following line 1, we find the peak pressure P and the 
corresponding compressive strength of the soil-cement obsta-
cle and then determine the cement content in %.

6. Discussion of results based on investigating the 
stability of a protective underground structure under 

the action of critical explosive loads

Our results, in particular the stress isobars (Fig. 2) and 
velocity isoseisms (Fig. 3) are related to a well-founded math-
ematical model of the stress-strain state of the system “deto-
nation products – soil – soil-cement barrier” (1) to (12), which 
correctly reflects the processes of dynamic interaction under 
the specified conditions.

Analysis of the research results allows us to trace the 
exponential decrease of the peak stress with increasing 
depth (Fig. 7). At a small depth (up to 2 m), the stress de-
creases very sharply. This is a zone of plastic deformations 

and possible crushing (the zone where the soil-cement bar-
rier was placed). Further (from 5 m), the rate of decrease 
slows down, and the stress turns into a typical seismic wave, 
which is transmitted over longer distances, but with a much 
smaller amplitude. This explains why the soil-cement barrier 
at a depth of 2 m is very vulnerable – it is located precisely in 
the zone of the largest and fastest stress drop. And if we take 
into account that the compressive strength of soil-cement 
is 6–8 MPa, we can conclude that its destruction is highly 
probable at a depth of up to 2 m (even with a minimum 
warhead mass of 50 kg). With an increase in the mass of the 
charge to 150 kg, the critical depth required to prevent the 
destruction of the soil-cement barrier increases to 5.3 m (if 
the barrier is located at a shallower depth, it will be de-
stroyed) (Fig. 9). Classical methods that use empirical and 
semi-empirical dependences [8, 13] do not make it possible to 
obtain regularities of wave processes for different soil condi-
tions and explosion parameters.

It was found that the peak stress decreases rapidly with 
distance from the epicenter of the explosion (Fig. 8). For 
R < 3.7 m, the screen (obstacle) is in the zone of high tensile 

stresses (σmax > 2 MPa), which leads to crushing, 
loss of shape, and stability of the structure. For 
R ≈ 7.4 m, the tensile stress decreases to approxi-
mately 0.3–0.5 MPa. These values should be con-
sidered as a threshold value for preserving the 
holding (protective) function of the soil-cement 
obstacle, since it approaches the tensile or shear 
strength limit of the soil-cement. At R > 10 m, 
the stress decreases sharply, and the impact 
turns into a normal seismic oscillation, which 
is unlikely to cause noticeable structural dam-
age. Unlike well-known works [10, 12, 14], which 
investigate the protective properties of the rein-
forced concrete frame of underground structures 
under the action of explosive influences, our task 
considered the impact of a protective screen. At 
the same time, unlike [10, 12], which investigate 
protective concrete screens laid on the surface, 
our results substantiate a more promising direc-
tion of the formation of soil-cement protective 
structures, the appropriate depth of placement of 
which is determined by our studies.

Thus, the prospects of engineering protection 
of underground facilities by forming a continuous 
soil-cement screen in the path of the blast wave, 
formed by jet cementing of soils, have been proven.

Among the limitations of this study, it should be 
noted that the modeling of explosive effects in the 

form of detonation of a charge from the free surface is import-
ant. Actual air strikes from unmanned aerial vehicles or cruise 
missiles add energy and angle of incidence to the critical effects, 
as well as the effect of a certain immersion of the warhead in the 
soil before the explosion. These effects can enhance the destruc-
tive effect of the warhead by 10–15% [5] (in this case, we are not 
talking about special types of warheads for the destruction of 
underground facilities).

The disadvantages of the study include the simplification 
associated with the fact that the protective structure is laid 
in the form of a soil-cement barrier, but most real protective 
structures have more complex geometric and physical-me-
chanical properties.

Further advancement of the research is associated with 
the addition of a directly underground structure with differ-

Fig. 10. Dependence of compressive strength τ of a soil-
cement barrier on cement content (%)
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ent geometric, structural, and mechanical parameters to the 
considered system “detonation products - soil - soil-cement 
barrier”. This is necessary for a comprehensive assessment 
of protective capabilities of the soil-cement screen and the 
reinforced concrete frame of the structure.

7. Conclusions 

1. A model of the stress-strain state of the system “detona-
tion products-soil-soil-cement barrier” has been built. Special 
feature of the model is the study on the dynamics of fields in 
the coupled system of the considered media and the applica-
tion of a modern soil model with variable viscosity. For the 
analysis, the finite-difference method was used in a moving 
Lagrangian coordinate system with a moving grid that au-
tomatically expands at the end of each computational cycle 
using a finite-difference scheme of the “cross” type and a 
method for numerically solving the problem of the explosion 
of a cylindrical projectile in a soil mass near the free surface, 
taking into account the interaction with a soil-cement bar-
rier (screen). This allowed us to study the stress-strain state 
and the patterns of change in wave processes in the soil mass 
and barrier depending on the time of impact, the mass of the 
charge, and the depth of the screen.

2. By modeling, the isobar field of the average hydrostatic 
pressure during the explosion of a cylindrical warhead at 
different times and velocity isoseisms were obtained. They 
reveal the regularities of wave propagation deep into the soil 
massif and changes in its velocity and pressure (exponential 
decrease of peak stress with increasing depth). The wave pat-
tern during propagation along the soil surface becomes more 
complicated. In the flow region behind the front of the main 
shock wave, several secondary waves can be distinguished 
in the explosion products. One of them is reflected from the 
axis of symmetry, and the other propagates towards it, caus-
ing pressure pulsations, which, in turn, leads to an increase 
in soil deformation. The dependence between the pressure 
and the deflection of the protective soil-cement structure (ob-
stacle) has been determined, which makes it possible to 
predict the stability of protective screen at different depths 
of installation. The optimal depth of laying the soil-cement 
screen with a charge weight of 50 kg should exceed 2 m, with 
a weight of 150 kg – 5.3 m.

3. Based on the results of our calculations, a nomogram 
was constructed to determine the mechanical properties of 

the soil-cement barrier under the action of critical loads de-
pending on cement content. The use of the nomogram makes 
it possible to control stability of the protective structure by 
adjusting parameters for the jet cementation of soils.
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