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Abstract. Determining soil deformations under the influence of dynamic
loads of different nature, including during military actions, is an important
scientific and practical problem. At the same time, when solving problems
of determining the stress-strain state of soils under the action of short-term
dynamic loads, little attention has been paid to the multicomponent
composition and viscous properties. The aim of the research is to develop a
mathematical model of soil deformation taking into account the variable
coefficient of volumetric viscosity both during loading and unloading. The
methods of mathematical modeling and numerical integration are used in
the research. The possibility of using the proposed model to determine the
deformation of soils under explosive and shock loads is shown, which
helps control the properties of soils for the protection of shallow
underground structures. The results of a comparison of the obtained
analytical data with the experimental data are presented.

1 Introduction

For a long time, Europe lacked a doctrine for large-scale war involving modern
conventional weapons [1]. This absence of a comprehensive strategy led to significant
oversight in the planning and project decisions of shallow underground complexes. The
security (protective) factor was not given priority in these decisions. Consequently, these
structures were designed without considering potential military threats [2]. The absence of a
clear strategy meant that security considerations were often overlooked. As a result, open
cast and shallow underground complexes were not adequately protected against modern
military risks [3]. This oversight highlights the need for a revised approach to planning and
designing these structures.
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However, the current increase in military risks has changed this perspective. Now, there
is a growing recognition of the importance of security considerations in these planning
processes [4]. As a result, research into these issues, which are both science-intensive and
far from theoretical, has become a priority. These research efforts aim to address practical
solutions for enhancing the protection of such underground complexes [5]. The urgency and
importance of this research reflect the modern conditions and the need for effective security
measures.

World and local experience of underground space development demonstrate that
ensuring the reliability and safety of underground infrastructure objects from dynamic loads
is a significant challenge [3, 6]. This problem is science-intensive and cannot be solved
solely through natural experiments [7]. The complexities involved require a more
comprehensive approach. Under conditions of war and terrorist threats, the relevance of
protecting shallow underground structures becomes even more critical [1, 4, 8]. The role of
the geological environment surrounding the underground facility in providing protection is
increasingly recognized. Effective and economically justified approaches to addressing
these challenges are essential. These solutions are mainly implemented based on
appropriate mathematical models, which provide the necessary precision and reliability
[4, 9]. Modern concepts demand the use of mathematical models throughout the entire
lifecycle of an object [10]. These models are essential during the planning stage to ensure
precise design specifications[11]. They play a crucial role during construction and continue
to be vital in the operation phase for maintaining and optimizing performance [12]. The soil
massif and its protective properties remain the key element in this project. Its ability to
absorb and dissipate dynamic loads is crucial for the safety of underground structures
[10, 13]. This importance underscores the need for precise mathematical models that
accurately represent soil deformation under such conditions [14]. Adequate approximation
of these models to real processes is essential. When these models effectively simulate the
impact of dynamic loads, such as explosions from air attacks, they provide valuable
insights. These insights open new possibilities for innovative design solutions [1, 15].
Consequently, the enhanced models can significantly improve the protection of
underground objects, ensuring their resilience and safety.

2 Literature review

The rheological properties of soils are of great importance in understanding soil behaviour.
Properties such as creep play a critical role in how soils deform over time. Stress relaxation
is another key property, indicating how soils gradually reduce stress under a constant strain
[16, 17]. Long-term strength is vital for assessing soil stability over extended periods.
These rheological properties are closely related to the viscosity of the soil. Viscosity itself
influences how soils flow and resist deformation [16, 18]. To study these properties,
different models can be employed. Well known approach involves analysing wave
processes in soils [19].

Another method uses the similarity theorem to draw parallels between different
rheological phenomena [20, 21]. Additionally, machinery learning techniques can be
applied for more accurate predictions [22]. Neuron networking offers a sophisticated way to
model complex soil behaviours [23]. Other Al methods of modelling can also be utilized to
enhance our understanding of soil rheology [24]. Each of these methods contributes to a
more comprehensive analysis of soil properties.

The rheological properties of soils, including creep, stress relaxation, and long-term
strength, are closely related to the viscosity of the soil itself. Viscosity plays a crucial role
in determining how soils behave under various stress conditions. In soil mechanics, the
concept of viscosity is fundamental and cannot be overlooked [25]. Any rheological model
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used to analyse soil behaviour invariably incorporates the simplest Newtonian model. This
model serves as a foundation for understanding more complex behaviours exhibited by
soils under different loading conditions.

Currently, there is a fairly large number of mechanical models that describe the
rheological properties of the soil skeleton. These models are constructed by combining
elastic, viscous, and plastic elements to capture the complex behavior of soils. The
properties of the soil skeleton are represented through various models. One such model is
the Kelvin-Voigt model, which incorporates both elasticity and viscosity [26]. Well-known
model is the Maxwell model, which combines viscous flow and elastic deformation [27].
Additional models include the Shvedov model, the modified Tymoshenko model, and the
Bingham-Shvedov-Maslov model, each offering unique insights into the rheological
properties of soils [26 — 28].

The Modified Tymoshenko model is a significant tool in soil mechanics for describing
angular viscoplastic deformation. This model is particularly useful in understanding the
speed of such deformations under various conditions. Z.G. Ter-Martirosyan applied this
model to analyze creep deformations. The focus was on how these deformations occur
during shear stress applied to the soil medium. By using the Modified Tymoshenko model,
Ter-Martirosyan was able to capture the complexities of soil behavior under shear. This
application provides valuable insights into the long-term stability and performance of soil
structures [28, 29].

The resulting rheological equation for clayey soils is a complex and nuanced
representation of their behavior. This equation accounts for both the simultaneous
hardening and softening that occur during the shear process. The intricate nature of this
phenomenon has been extensively studied by several prominent researchers. It was made
significant contributions to understanding the hardening aspects of clayey soils and
provided insights into the softening mechanisms that accompany shear stress [30].
S.R. Meschyan’s work further elaborated on the interplay between hardening and softening
[26, 27, 31]. It was contributed valuable experimental data supporting these theories [32].
G.Y. Ter-Stepanyan introduced additional modifications to the rheological models. Z.G.
Ter-Martirosyan integrated these findings into a comprehensive rheological equation [29].
Collectively, their works provide a robust framework for predicting the behavior of clayey
soils under shear stress[26, 27, 32 — 34].

Because the soil viscosity coefficient depends on many factors, such as time, the stress-
strain state of the soil mass, temperature, humidity, re-arrangement of soil particles during
its compaction and creep, the determination of this parameter during experimental studies
and subsequent interpretation of the obtained results, based on different test methods, is
difficult and leads to a wide spread of results [35].

In most cases, there is a misinterpretation of the value itself. Indeed, taking viscosity as
a constant value (» =const) is valid only for an ideally viscous (Newtonian) medium. In
soils, the correlation between stresses and flow speed is nonlinear, and because of this, the
coefficient of soil viscosity will be a variable value, depending both on the magnitude of
the applied load and on the time of its action.

So, for example, at the beginning of the test, when the soil deformations are still small,
the soil viscosity can be 10 Poise, and closer to the end of the deformation stage, the value
of the viscosity coefficient can increase to a value of 10'* Poise. This phenomenon is
confirmed in [36] based on experimental studies on sandy soils.

The viscosity coefficient is also used to describe the nature of the deformation of ice,
thawed and frozen soil [37]. The average values of the viscosity of ice, depending on its
structure, temperature, and the load acting on it, are in the range from 10%° to 10%° Poise
[38]. The research [39] summarizes the viscous properties or the influence of the speed of
loading on the behavior of stress and deformation of unbound and bound soils, in particular
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unbound granular materials. Viscous properties are evaluated by gradually changing the
speed of deformation and performing a long-term load during another monotonous load.
However, the work emphasizes that any constitutive model that describes the influence of
the load speed as a function of time is not objective.

The research [40, 41] proposes a mathematical model that allows estimating the total,
elastic, and final deformations that occur in soils of complex composition under the action
of short-term force loading. In the research, the multicomponent composition of the soil is
not taken into account, and the limit diagrams of compression and unloading are assumed to
be linear.

In the research [42] the spread of waves in the soil within the framework of an elastic-
viscoplastic medium with a constant viscosity coefficient is considered.

Currently, the most advanced model of water unsaturated soils, which takes into account
their multicomponent and viscous properties, is the model of a solid multicomponent
viscoplastic medium [37].

3 Research methods

In the study of the action of an explosive pulse on the soil environment, extended modes of
loading were analyzed to understand their impact. The mathematical approach involved
deriving a second-level differential equation. This differential equation is crucial for
modeling the dynamic response of the soil to explosive forces. To solve this complex
equation, the Runge-Kutta method of the fourth order was employed. This numerical
technique is known for its accuracy in solving differential equations. The use of the Runge-
Kutta method allowed for precise simulations of soil behavior under explosive loading
conditions [38].

To approximate the system of differential equations that describe the spread of
explosive waves in the soil, the finite difference method using a finite difference scheme of
the “cross” type of the second order of accuracy in space and time coordinates is used.
Mobilegrid that automatically expands to size of spread of shock wave is applied in the
solution. As an additional value to the average hydrostatic pressure of movement the linear-
quadratic artificial viscosity is entered inequation of differences that allows to make
through calculations, both on smooth and discontinuous ones flows [38].

As experimental studies demonstrate [43], with increasing loading speed, the viscosity
coefficient of soils # decreases. The decision of the question of how to introduce variable
viscosity for soils is under development currently.

The constitutive correlations of the model include the equation of volumetric
compressibility and unloading of the medium

F(P, P, ¢ ¢)=0 (1)

and the plasticity condition proposed for soils by A.l. Botkin and S.S. Grigoryan [37] as
following
T =+l61, = F(P);
1 2 2 2 @
I, :g[(al—az) +(62—63) +(03—61) ]

where P is the average hydrostatic pressure; ¢ is the volumetric deformation of medium;

P, & are their time derivatives; T is the intensity of tangential stresses; oy, oy, o3 are

main normal stresses.
The presence of time derivatives of pressure and strain in equation (1) makes it possible
to take into account the influence of deformation speed on the nature of deformation.
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Dependence (1) is different at loading and unloading, which causes the appearance of residual
deformations. At P — o0, & — o — the equation of limiting dynamic compression is follows,
andat P — 0, £ — 0 — the equation of limiting static compression of the medium.

The model of medium takes into account the effect of deformation speed on volume
change only, and landslide viscosity is not taken into account. VVolumetric deformation and
deformation speed are related to the deformation and deformation speed of the components

by the correlations

3 3
=Y a5, €= 2 aig, ©))
i=1 i=1

where o is the content of pore space, «, is the content of liquid component, a5 is the
content of solid components — per unit volume of soil, and &g +a, + a3 =1.

It is accepted that the equation of dynamic volumetric compression of a medium
Po—PRy=fp(e) differs from the equation of static volumetric compression

P — Ry = fg(¢) by alinear term Py (g)—Ps(¢) =ke (k — proportionality coefficient).

Taking these assumptions into account, the equation of dynamic volumetric
compression of a solid porous multicomponent viscoplastic medium can be written as

s
. 24} 3 dg, . 24} d&'l 3 1:|
f=| A 4y |p- A1 AP B f||e- S as)|t ()
dfp % ' dP n(e)|  dfp { 0 SH i—2 i)
dé‘l dé‘l

where & = g;(P) is the compression diagrams of solid and liquid components (they are the

same for both dynamic and static loading, since it is assumed that under the action of short-
term and long-term loading the deformation of solid and liquid components is the same);
n(e) is the variable coefficient of volumetric viscosity of medium.

One of the most well-known types of equations for dynamic and static compression of
media (metals, rocks, water, air) is the Theta equation. The constants included in this
equation have a specific physical meaning.

Let us consider a variant of the model when the compression equation of liquid and
solid components are Theta type equations. Then equation (4) becomes as following

) - AP, €
i=op, P-4 ©)
n(P, &)
The functions included in the equation (5) for the load are the following.
Under load:
df )" 3 -1 dfp ) df
D B D S .
ce)=a1l —2| - X aiBilA(p-p)+1] " Alp, &) =1-| 2| 5,
o(p, €) 061[ db"lj EzalBl[Al(p Po) ] A(p, €) (dglj dz,

w(p. )= p=Po— (1) fo(e)=AsY (1 +D) 7% ~1]: o (or) = fye) +hoyirc <0,

1 3 1 . . | o
51:-(e—Zaisi]:—{gH—_Zai[Ai(p—po)+l} }_1; A = 7.2 ;
: h - = Piy Cio
1 1.
Bi: 2;ki=—;|=2’ 3’AS= }/32.
PioSig Vi 24C
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In the equation (6) the following notations are used: Piy, Ci, are density and speed of

sound of liquid and solid components at atmospheric pressure Py ; y; is the exponents in
Theta type equations for these components; pq is the initial density of the medium at Py ;
Cs, ¥ are speed of sound and exponent in the equation of volumetric compression under

static loading.

The model assumes that the equations for unloading the material of the solid and liquid
components coincide with the equations for their loading.

Unloading of free pore space occurs according to the following equation

. +1:{7$(szpo)+1} s _[7SR(Pm2_ Po)+l} v , @
PoCs PoCsR
where cgr is the speed of sound when medium is unloaded; ysr is the exponent in the
equations of volumetric compression during unloading of medium; B, is the pressure
when the volumetric deformation of the pore space reaches its maximum value &, .
Unloading of medium occurs when deformation &; reaches the value &, , that is, when
it is met the condition

j —(1+7)
g‘:i(g—iaigijzi{i—é Bi(A‘-(P—PO)Jrl)yin}:O. ®)

22l i=2 | Vo =2
From condition (8) and when &, = &, it is possible to determine B, :
P =P+ Agl[(u e ) 7S —1} . ©)

The equation for volumetric unloading of a medium is as (5), but the functions included
in it during unloading differ from the corresponding ones during loading and are written as
the following:

dfp_df dig
dgl dc";'l dé'l

-1
3 — =
o(p, 8)=a1{ } —_%aiBi[Ai(p—po)ﬂ] ki 1:

-1
df . dfe)(dfy dfe df
a(pe)=| =—L-—2 D_—_ S-SR\ s y(pe)=—p-po—fle);
dey  dgy )\ dgp  dgp  deg

fy(en) = ASY (e +D) 7 ~1; o (er) = fole) +hyy s 6 <0, (10)

;1 1 ~7SR
fsr(61) = Ask {81+1+|:ASR<pm_po)+1:|7/SR_[AS(Pm_PO)+l]7/5} -1r

_ s . 1. . . VSR . b4
Pm—Po= Azt (em+1) 7S ki=—; i=2, 3 A =——5—; Ag =—>_..
Vi PoCsr PoCs

The type of the function for a variable viscosity coefficient 7(¢) is determined from the
following considerations. For a given soil, there are limiting static P and dynamic Py, as

well as intermediate compression diagrams. The higher the loading speed, the closer the
compression curve is to the limiting dynamic diagram. Taking these considerations into

- . *
account, for a given fixed pressure P :
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2
* C _
p —P0=PS(‘91)+1<51=’D;3 S [(81+1) 7s —l:|+l('¢91; k<0 |xl<lk]. (12)
S

The limiting case x =0 corresponds to the static diagram, and « =k is the limiting
dynamic diagram. | x| increase corresponds to an increase in loading speed. Taking into
account the above, as well as the experimental fact that the viscosity coefficient decreases
with increasing loading speed, the following form of the viscosity function is proposed:

2 —m

K— pnC

n(e) =np [—po 2] ;m>1 (12)
K= poCs

where 7p is the “dynamic” coefficient of volumetric viscosity, corresponding to the value
of the function 7(¢) at the dynamic diagram.
Having determined the value « from (11) and substituting its value into (12):
2 -m
PR, —%[ysgl 1+ (g +1)7 J
7s (13)

7(5)=70 gl(k_/)océ)

From the correlation (13) it follows that the coefficient of volumetric viscosity is a function
of the magnitude of volumetric deformation, which depends, in turn, on time, loading modes,
pressure, physical and mechanical characteristics of the medium.

The model assumes that during unloading the coefficient of volumetric viscosity is constant
and equal to the value achieved at maximum deformation of the medium, that is

-m

(14)

However, as theoretical and experimental research demonstrate, at the medium
unloading, such time-dependent parameters as pressure and volumetric deformation change.
Therefore, the postulate about the constancy of the coefficient a of the volumetric viscosity
during unloading is a significant simplification.

In [44 — 46], the behavior of different types of soils is studied within the framework of
this model in different loading modes: maximum pressure under load, time of action of the
pressure pulse, and time of pressure rise to maximum.

4 Results and discussion

Using the described methods, the research of the effect of volumetric deformation on the
volumetric viscosity coefficient is carried out. The research is carried out with the following
loading mode parameters: Prqy =10° —10°Pa; @ =102 =15; tys = (0.01-0.5)@. The
following designations are used here: P,y iS the maximum pressure; @ is the duration of
the pressure pulse; t.x iS the time for pressure to rise to maximum.
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In Figs. 1 — 3 the dependence of the coefficient of volumetric viscosity on the volumetric
deformation of the soil at the same Py =10° Pa and various loading speeds is presented.

Curves 1 correspond to the loading speed P = 10° Pa-s, curves 2 —to P =2-10% Pa:s.
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Fig. 1. The dependence of the coefficient of Fig.2. The dependence of the coefficient of
volumetric viscosity on volumetric deformation volumetric viscosity on volumetric deformation

at 7o = 10? Pa-s. at 7o = 10° Pa-s.
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Fig. 3. The dependence of the coefficient of volumetric viscosity on volumetric deformation at
npo = 10% Pa's.

From the analysis of the figures, it follows that at different values of the dynamic
coefficient in viscosity, which corresponds to different types of soils, the same patterns are
observed. With an increase in volumetric deformation, the coefficient of viscosity
increases, and with an increase in the loading speed, n(¢) decreases.

In Fig. 4 the dependence of the coefficient of volumetric viscosity on the volumetric

deformation of soil at loading speed P =10°Pa/s and at various maximum pressures:
1— Ppax =10%Pa, 2 — Ppo = 10%Pa, 3 — P, = 107 Pa are presented.

From the analysis of the figure, at the same loading speed P =10° Pa/s and the same
value, the nature of the change in the coefficient of volumetric viscosity at different values
of the maximum pressure is different. At the initial stage of loading, the determining role is
played by pressure: the greater it is, the faster the maximum deformation is achieved, and,
consequently, the coefficient of volumetric viscosity. With a subsequent increase in
volumetric deformation, this pattern changes: the highest values 7(¢) are achieved at lower

values Py -
In all figures it can be observed that the value 7(g) can vary on several orders of

magnitude. Hence the conclusion follows that even when the medium is unloaded, the
coefficient of volumetric viscosity cannot remain constant. It can be concluded based on the
following assumptions.
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Fig. 4. The dependence of the coefficient of volumetric viscosity on volumetric deformation at
b = 10% Pa-s and different maximum pressures: 1 — Pmax = 10° Pa, 2 — Pmax = 108 Pa, 3 — Pmax = 107 Pa.

It is assumed that during unloading, the intermediate unloading diagrams are between
the limiting static Py, and dynamic Py, diagrams, and the greater the unloading speed, the

closer the curve is to the limiting dynamic diagram. Then for a given fixed pressure P” it
can be written

—7SR
P —'Fb = FER(Ei)ﬁ'KZi ZZ/XEé {glﬂ'lﬁ-[/\SR(F)n]— PO)_+1] —

(15)
-1
=_[As (Pn - P0)+1]}/5}—1}+K81, k<0, |kl k].

Taking into account formulas (9) and (12) for the coefficient of volumetric viscosity
during unloading, the following expression can be obtained

s 17T
_ 7R - s
P-PRy-Agk {€1+1+[ASR/AS(81m+1) s +1} —[(Slm"'l) s +1} } -1

n(e)=np k- Ad)

Let us enter the notations:

_ ~7SR _ s
DSR:[ASR/AS(é‘lm +1)778 +1} , Dgre [(Slm +1)778 +1J

Then for the variable coefficient of viscosity during unloading, it can be written the

following expression
—m

P-Py- Ag;{{gl+1+ Dgg —Dg 17 —1}

e (k- Agh)

n(e)=mnp (16)

For comparison with experimental data, numerical modeling of the camouflage action of
explosions of a cylindrical charge of TNT is performed. It is assumed that a cylindrical
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charge of an explosive substance, which detonates instantly, of infinite length and radius
ro is placed in the soil space far from the surface, and the same average pressure is

established throughout its volume P, , and the density of the explosion products is equal

to the initial density of the explosive substance. The movement of soil explosion products is
described by the laws of saving of impulse, mass and internal energy, which for the
explosion of a cylindrical charge is as following [44, 45]:

0oy 0Ty Ty du
—_—t—4+—=p—; 17
oz or r pdt ()
07y, +ao_zz +Uzz —Oyp :pd_W; (18)
oz or r dt
id_vza_u_{_%_'_ﬂ’\/:&; (19)
Vd o or r P
u oy, (20)
dt dt
0z =S4 =P, Oy =Sy =P, Oy =S¢ —P; (1)
1
P:g(o'rr+o'gg+o_zz), (22)

where p is the current density; U is the speed; t is the time; P is the average hydrostatic
pressure; r, 6, z are cylindrical coordinates; o, S; are tensor and deviator components
of the stress tensor; V =V /V,, V, V, are relative, current and initial specific volumes.
For detonation products S; = 0. For the components of the deformation speed tensor, there

are the relations:

ou U
o =—, Ep=—, &, =0. 23
&r or €o r &7 (23)

The expansion of the explosion products occurs according to the binomial isentropy, i.e.
P=Ap"0 +Bp0*, (24)

The constant values A, B, ny, y in the ratio (25) are unambiguously calculated

according to the known characteristics of explosives [46].
The initial conditions for this problem are:

U=0, P=Py, p=py at0<r<r, P=o,=0p=0,=0, p=pg at r>rg. (25

The boundary conditions are: 1) conditions of continuity of speed and stresses at the
boundary between the products of an explosion — and the soil; 2) the condition of “no
flow”, i.e., the speed on the axis of the charge is zero.

Clay was used as soil, the values of physical constants were as follows:

P20 =1000 kg/m?, pgg = 2650 kg/m?, C30 =4500 M/s; 7, =7; y3 =4; poC.2 =3-10" Pa,
poCD2 = 367107 Pa, m:3, k =-— 37109 Pa' Vs = 4, YD = 6, VSR :8, o = 1200 Pa-s.

Lithium trotyl with the following characteristics was used as explosive:

10
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P, =9.6:10°Pa, p, =1600 kg/m?, Q =4.87-10°J/m?, N =3.12, D =6440 t/s.

The dependence of the maximum stress o, on the relative distance during the explosion

of a cylindrical charge in clay is presented in Fig. 5. Black dots and solid lines 1 correspond
to the experiment, dashed line 2 — to the calculation according to the model with a constant
coefficient of volumetric viscosity at unloading (14), dashed line 3 — to the calculation
according to the model with a variable coefficient of volumetric viscosity at unloading (16).
The deviations of experimental data and calculations according to the first model are 34%,
and according to the second model — do not exceed 11%.

o 10° Pa

10 -

g
8 . A I
h

(2]
=

® ¥ |/

0 12 20 28 32 fo

Fig. 5. The dependence of the maximum radial stress or on the relative distances. Black dots and lines
1 — experiment, 2, 3 — calculation by models with a constant variable coefficient of volumetric
viscosity during unloading.

This result demonstrates that the model of the soil as a solid porous multicomponent
viscoplastic medium with a variable coefficient of viscosity during loading and unloading
more adequately describes the wave processes in soils under explosive and dynamic loads
than a model with a constant coefficient of viscosity and during unloading.

5 Conclusions

The research investigated the effect of volumetric deformation on the volumetric viscosity
coefficient using various loading modes and parameters. The study found that at different
dynamic coefficients in viscosity, similar patterns were observed across various soil types.
An increase in volumetric deformation led to an increase in the viscosity coefficient, while
a higher loading speed resulted in a decrease in this coefficient. The analysis also showed
that the coefficient of volumetric viscosity cannot remain constant even when the medium
is unloaded, varying significantly based on pressure and deformation conditions. Numerical
modeling of explosive impacts in soil demonstrated that a variable viscosity coefficient
model more accurately described wave processes compared to a constant viscosity model.
This indicates the importance of considering variable viscosity in predicting soil behavior
under dynamic loads.

1. It is established that with an increase in volumetric deformation there is an increase in
the coefficient of viscosity 7(¢), and with an increase in the loading rate, it decreases. In

this case, the value 7n(g) can be changed on several orders of magnitude. Hence the

conclusion follows that even when the medium is unloaded, the coefficient of volumetric
viscosity cannot remain constant.

11
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2. Based on the assumption that during unloading, the intermediate unloading diagrams
are between the limiting static Pg; and dynamic diagrams Py;, and the higher the

unloading speed, the closer the curve is to the limiting dynamic diagram, a functional
dependence of the viscosity coefficient during soil unloading is obtained.

3. Based on numerous simulations of the explosion of a cylindrical charge of TNT in
clay, the calculation results are compared with the experimental data. The result
demonstrates that the soil model as a solid porous multicomponent viscoplastic medium
with a variable viscosity coefficient during loading and unloading describes wave processes
in soils under explosive and dynamic loads more adequately than a model with a constant
viscosity coefficient during unloading. The deviation of experimental data and calculation
according to the first model is 11%, and according to the second model — does not exceed
34%. The obtained results can be used effectively for the projecting of the protection of
shallow underground structures under conditions of dynamic load from explosions, in
particular — attacks from the air.
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