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The article presents the modeling and solving of the deformation processes problem of the
soil massif under the forces of cohesion effect. Spatial deformation processes of soil massif
are described by the components of displacements, by normal and tangential stresses,
and by strains. Also, the corresponding boundary value problem includes the mass and
heat transfer equations in a soil massif. The functions of cohesion forces in the soil are
considered that have linear, quadratic and logarithmic dependence. The results of the
studies are presented in the form of graphs of displacement surfaces as well as in percentage
ratios of the corresponding functions. Numerical experiments have shown that on average
the forces of linear dependence have the greatest influence on the displacement while the
logarithmic dependence provides the least effect.

Keywords: mathematical and computer modeling, soil massif, spatial deformation pro-
cesses, forces of cohesion.
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1. Introduction

The hydrogeological characteristics of the soil massif depend on the influence of various human activity
factors: pollution of groundwater with various salts and fertile lands with radioactive substances, tem-
perature fluctuations, dumping of waste products, construction of nuclear power plants and reservoirs-
coolers near them, etc. At the same time the filtration properties and the stress-strain state (SSS) of
soil massifs and bases may change due to the hydrodynamic forces of the filtration flow and the change
in the proper weight of the soil. This effect is often the cause of emergencies. Furthermore, maintaining
soil fertility is an important task for agricultural production. Mechanical cultivation should provide the
optimum stress-strain state of the fertile layer for the purpose of efficient growth of crops. Therefore,
an urgent question arises about the study of factors that can influence the deformation processes of soil
environments, in particular, taking into account the internal forces of cohesion, which depend not only
on the composition of the soil, its moisture and density, but also on the concentration of salt solutions
in it.

Mathematical and computer simulation is one of the modern methods of scientific deformation
processes prognostication of soil massifs and bases of civil, industrial and hydraulic engineering objects
and structures that fall into the zone of influence of various physical and chemical factors.

2. Analysis of recent research and publications

The study of deformation processes of soil massifs and bases is reflected in [1,2]. Mathematical modeling
and research of the stress-strain state of soil massifs, taking into account mass and heat transfer and the
dependences of the filtration coefficient and the Lame’s coefficients on the concentration of salt solutions
and temperature, as well as the filtration properties of soil massifs are given in [3-6]. The influence of the
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concentration of salt solutions on the forces of cohesion in clay soils was carried out in |7]. Mathematical
models in the assessment of water saturated soil massifs’ deformations under their drainage have been
developed and substantiated in [8]. The mathematical simulation of the landfill settlement was carried
out with consideration of geometric, physical and mechanical parameters of a landfill and its ground
foundation in [9]. Also, the stress-strain state analysis is specifically concerned with solid objects,
because of similarity of fundamental physical lows and that is why there are interesting publications as
well. E.g. the novel numerical solution for reducing two-point static problems of distributed extended
systems in the field of body and surface forces was presented in [10]. This numerical algorithm may be
used for determining power and geometric characteristics of deep water intake of nuclear power plants,
assessing the quality of the diverter and determining the stiffness coefficient of the anchor coupling
of semi-submersible drilling platform. The finite element method (FEM) used for determination the
stress-strain state parameters in the areas of the pipeline part defected by pitting corrosion in [11].
In [12] authors used heterogeneous modeling, boundary element method (BEM), FEM and domain
decomposition method (DDM) for numerical analysis of heterogeneous mathematical model of elastic
body with thin inclusion. Interesting approach for representing solid materials with discrete lattices and
to analysing their behaviour by calculus on discrete manifolds were proposed in [13]. Authors presented
mathematical model for elasticity using calculus on discrete manifolds and made the focus on the
mathematical derivation of the lattice elements by taking into account the stored energy associated with
them. However, the stress-strain state of soil massifs is not considered in these works in consideration
of the mass and heat transfer in it and the presence of cohesion forces.

Therefore, the purpose of this article is to study the deformation processes of soil massifs taking into
account the influence of mass and heat transfer and forces of cohesion in the three-dimensional case, the
construction of the corresponding spatial mathematical model, numerical solution of the corresponding
boundary value problem and computer simulation of the obtained results with the subsequent analysis
of the obtained results.

3. Formulation of the problem

Let us consider the soil massif in the three-dimensional case that occupies the region €2, taking into
account the mass and heat transfer and the forces of cohesion in it (Fig.1).
The soil massif is considered within the linear theory A
of elasticity with different elastic parameters (Lame coef-
ficients) A(e,T), u(c, T), which depend on the concentra-
tion of salt solution and temperature. There are gravity,
archimedean and filtration forces influence on the soil . A
Let us mark the plane ABCD in Fig.1 as I'y,
A1B101D1 as Fg, ABAlBl, CDClDl and BC’BlCl, H1
ADA Dy asI's, I'y and I's, I'g respectively. The planes I'y
and I'y are heat insulated and impermeable, and I's, I'y, .
I's, I'g are drained. On the sides of the soil massif there z
are water basins with water level H; and Hs respectively. / A
The set values of the piezometric header Hy, Ho, tem- x
peratures T} and T in the water pools I's, I's and Ty, 'y  Fig-1. The sch'eme (?f a soil massif in a
respectively, and H, > Hy, Ty > T. In the left basin, the three-dimensional case.
concentration of salts Cy is given, and in the right — a condition for the rapid removal of salts. As a
result of the pressure differences, the transfer of water-dissolved substances and heat to the filtration
stream is carried out. In this case, the processes of filtration of substances dissolved in water and heat
are subject to the laws of Darcy, Fick and Fourier.
In this area of the soil massif € it is necessary to calculate the distributions of the displacements
u(X) = (U(X),V(X),W (X)), the normal components of the strains e, €,, €, and the tangential
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components of the strains €.y, €., €., the normal components of the stresses o, oy, 0, and the
tangential components of stresses 7.y, Ty, Ty, the piezometric head h(X,t), concentration of salt
solutions ¢(X,t) and temperature T'(X,t), X € €, t > 0 with the presence the forces of cohesion.

4. Mathematical model

The mathematical model of the corresponding boundary value problem in the three-dimensional case at
the presence of the forces of cohesion and mass and heat transfer in the generally accepted designations
has the following form [1-8,14]:

Oe oX(e, T

(e, TYAU + ()\(c, T) + u(c, T)) 8—3:6 + (863: )
ou(e,T)OU  ou(e.T) (U VY  Ou(eT) (U oW
dr Ox oy oy  Ox 0z 0z Oz

B <<38)\(C, T) N 28u(c, T)

€o

+2

) T+ (3X(c, T) + 2pu(c, T))a—T> ar+ X =0,

ox ox ox
0 N, T
w(e, T)AV 4+ (X(c, T) + p(e,T)) ai; + (;Z; )59

+2

oy Oy ox oy  Ox 0z 0z * 8—y
- <<38A(C’ ) 4 o0mle T)> T + (3A\(e, T) + 2pu(c, T))a—T> ar+Y =0, (1)

Oule,T) OV du(e,T) <8U av> Ou(e,T) <av aw>

oy 0y Ay
0 N, T
ple DIAW + (e 1) + (e 1)) 22+ 26T,
ou(e, T)OW  Ou(c,T) (OU  OW ou(e, T) (OV  OW
2 0z 82+ ox §+8x * oy E—F@—y
OX(c,T) ou(e,T) or B
- <<3 5 T 2 P T+ (3X(c, T) + 2u(c,T)) 5, ) art Z =0,
_dn _ dp2 _ dps
X=——+hl), Y= a0 + ), Z =+ =+ f3lo), (2)
E. = a—U fo— 8—‘/ .= a_W
T Oz’ voooy’ 20z 3)
(v _if, ow (v ow
woo2\9y  Ox)’ w2\ 0z 0z )’ = 2\ 0z Oy )’
o, =Aec,T)eg +2u(e,T)ex — (3M\e, T) + 2p(c, T)) ar T,
o, =N, T)eg +2u(c,T) ey — (3X(e, T) + 2u(c, T)) arT, @
o, =Xc,T)eg+ 2u(c, T)e. — (3N(e, T) + 2u(c, T)) arT,
Toy = 200, T) €45 Ty = 2p(e,T) e, 7y = 2u(c, T) gy,

where g9 = €, + &, + ., X € Q; and the equation of convective diffusion in the presence of mass
and heat transfer, convection mass and heat transfer equation, generalized equation of filtration of
salt solutions in nonisothermal conditions and the equation of continuity of the process at appropriate
boundary conditions on the boundaries of the soil massif for the piezometric head, salt concentration,
temperature, displacements and stresses [4].
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Here: (1) is a system of Lame equations describing SSS for displacements taking into account mass
and heat transfer; (2) are the components of mass forces with the cohesion effect present; (3) are the
normal and the tangential strains based on the Cauchy ratios; (4) are the normal and the tangential
stresses based of the generalized Hooke’s law in the inverse form.

The mathematical model (1)-(4) uses the following notation: X = (z,vy, 2), the point of the re-
gion 2, X € Q; I', the boundary of the region Q; ¢, time, ¢ > 0; u = (U, V, W), the displacements
vector, m; X, Y, Z are the components of mass force, H; ¢, €, €, and €y, 4., €y, the normal
and tangential strains respectively; o,, 0y, 0. and 74y, T2, Ty, the normal and tangential stresses,
Pa; g = e, + €y + €2; p1, P2, ps3, filtration pressure of salt solution, where p; = 7,(h(X,t) — ),
p2 = (WX, t) —y), p3 = W (h(X,t) — 2), Pa; ¢(X,t), concentration of salt solution, ¥; T'(X,1),
temperature, °C; h(X,t), piezometric head, m; f1(c), fa(c), f3(c) are the functions that express the
influence of soil density on its deformation processes due to the forces of cohesion; \(¢,T') and u(c,T')
are the Lame coefficients depending on the concentration of salt solution and temperature, Pa; 7., ,
the proportion of the soil that is in a suspended state, %; ar, the average coefficient of linear thermal
expansion in the temperature interval (Tp, T') [15].

5. Numerical solution of the boundary value problem

Let us cover the study area Q7 = Q x [0, o] with uniform grid

QUmum2man) — ([0;myhy] x [0;maha] x [0;mshs]) x [0;717]

with steps hi, he, hy and 7 according to the variables z, y, z
and time t, where m1, ms, ms, nq are the numbers of steps for
spatial variables and time, respectively.

To approximate the system of equations (1), we use a fi-
nite difference method, including the nine-point box template
(Fig.2).

Then the finite-difference analogs of the system of equa-
tions (1) have the next form:

Fig. 2. The nine-point box template.

= Uiji+1,gogs — 2Ui g1 jags + Uigji—1,2,js

Hiji,iasgsUigr.aigs + Niju gags  Hijjags) 3
1
n Ai 112,53 = i, jaus o Miditlags ~ Migya.js Uiji+1,5o,gs — Ui jasis
hy hi hy
o Higrgottgs = Higuga gs Uijijat1,gs — Uigijags
ha ha
i j1,52,53+1 — Mi,j1,52,53 Ui,jl,jz,js-l-l - Ui,leé,js 1
+ " I = fijrgngs Vi Wi, Ti), - (5)

N PRI VI ,)Vi,jl,jm,jg—2Vz’,jl,jz,jg+Vz‘,j1,jz—1,jg
/’MJL]Z]S 1,71,J2,73 1,71,J2,73 M17)17)27]3

2
h2
n Nijidatlgs — Nigi,ja.ds 4 oHidiats = Miga.js Vijugotigs = Vigi,gos
ha ha ha
 Hagi4 e gs  Higuja gs Viji+1,g2.5s — Vijda.ds
hi hi

Higa,g2,53+1 = Hijga,je,s Vi,j17j2,j3+1 - %7j1,j27j3 _ 2 (U' W T-)
+ h3 h3 = Ji,g1,52,g3\ Y0 PP S )
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z )Wz’m g2gatl — 2Wiji jogs + Wi ja ga—1

Wi g1, j2,js Wi gn gans + (Nig.gags + Higy ja.ja )2
3
n (Ai,jl,jg,jsﬂ — Nijr,ja.ds g astl — Mi,jl,jz,jg,) Wi g1 gogst1 = Wijs ja js
ha ha h3
| Mgt Lgangs — i s Wi g1 +1,j2.55 = Wiji janis
hi hi
Higrgottgs = Migsgs Wigijttgs = Wigigngs _ g3 (U, Vi, T0)
hg hg 2,71,72,J3 L S Rk VS
where
.. .. = Uiji+1,42.55 — 2Uijrgangs + Uia—1,42.53 n Uiji,jat1,gs — 2Ui gy gayjs + Uigijo—1,s
1,71,J2,7J3 — h2 h2
1 2
n Uijijags+1 — 2Ui gy gayjs + Uigigasia—1
h2 ’
3
Voo Vigi+1,2,5s = 2Vigigods T Vigi—12.s i Vigvget1ds — 2Vigigogs T Vigijo—1,s
1,71,32,73 — h2 h2
1 2
+ Vi,j17j27j3+1 - 2Vi7j17j27j3 + Vi,j17j2,j3—1
2 b
h3
= Wisittgags = 2Wijigags + Wigi—1s.js N Wi i ja+1,s — 2Wigi garjs + Wisjija—1,4s
2,71,J2,7J3 — h2 h2
1 2
n Wi jigods+1 = 2Wi i o gs + Wi i o js—1
h? ’
1 2 3 : P
FiiiinisVis Wi Ta), £ o2 (Ui Wi Th), £ 4, 45 (Ui, Vi, Ti) are some known functions; ji = 1,m; — 1,
j2 - 17m2 - 17 j3 = 17m3 - 1, 1= 172

VR S A C) (s) (o) (s) T
Here: Aijijags = Mgz (Ci,jl,jg,j:;? i,jl,jg,jg)v Hig1,g2,93 = Hij1,g2,3 (Ci,jhh,jgvTi,jth,jg) at j1 =
e . I e— . 1T % 1 N T 9 _ S
1,m1 - 1, J2 = 1,TTL2 - 1, J3 = 1,m3 - 1, s = 0,711, 1 = 1,2 and Ai,jl,jz,js = /\i,j17j2,j3(T’i,j1,j2,j3)’

_ (s) T T i T s T i — R _ I
i1 gards = Pigrgogs (Tigy jogs) 86 J1 = Lmi =1, jo=T,mg — 1, jz = m3,m3 — 1, s =0,n1, i =1,2.

Finite-difference analogs for mass forces (2) have the form

(P)gi 1235 = (P -13235 (&) ), =T, =1,

Xijijogs = 2h1 J1,J2,03 S TS
07 j3:m§—|—1,m3—17 222,
(P2)j1,j2+1,5s — (P2)j1,ja—1,4s s) o
. 3J 3 . 5. S _ 1 m* i = 1
Yijigogs = 2ho +f ( ]1,]2,]3)7 J3 L (6)
07 j3:m§+1,m3—17 2227
(p3)jl J2,J3+1 (p3)jl Jj2,43—1 (s) . -
3J 25 3J 2 c. . . s — 17m*’ i = 1’
Zi j1,jais = Yev ¥ 2hs +f ( J1,J27J3) ‘7.3 3— |
Ypr. Jjs=mis+1,m3—1, i=2,

where (p1)ju oy = Yo (e, jo =3111)s (92)j1 s = Vo (B3, sy —T2h2) s (P8)js s = Y (RS, 5, —ishs).

n=lLm -1 ja=1me—1s=0,n,i=12
The normal and tangential strains (3) are approximated as follows:

()i ini = Ui ji+1,2.55 — Uiji—1,2.s
€w 1,71,J2,J3 — 2h1 9

)i i Uijiiot1,ds — Uigija—1,js
€y)ij1.g2.93 — 2y )
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Uijijogs+1 — Ui ja,ga—1

(Ez)i,jhh,ja = 2hs 7
i i = ((Yisngartis = Uiigugo—ts | Vijittss = Viii—Lauss

Y )1,91,92,73 — 4 h2 hl |
(En)iin i = & (Yidrdzgott = Uisgrgaga=t  Wigitigago = Wisja= Lo
€xz)i,j1,52,3 = 4 ha i |
(Ey2)i i inds = 1 (Vigigogs+1 = Vijijojs—1 + Wossaiatlie ~ Wonin-tas
€yz)ig1,d2,08 = 4 h3 h2 |

jl = 17m1 - 17j2 = 17m2 - 17j3 = 17m3 - 171 = 17 2.
The finite-difference analogs of normal and tangential stresses (4) have the following form:

_ (@) (s)
O )it dads = Nigjt,jaga (€0)ig,gaga 21 gads (Eo)ivrgzns — (BNig1anis T 2Hij,jana) @1 13y s s

(o)
(O isjnsgonds = Niojr dods (€0 nsis + 2Hign osis(Ey)idr s — (BNijusgands T 2Hiju.ja.gs) O _i(,ja,jz,jy
(0)isjndonds = Mijrodansa (50)ignnnds + 2l onia(€2)isis dois — (BNigidaria T 2Hin dorda) Op Lo iy i
(Tay)igigogs = 2Migrg2.ds Eay i jadas
(Twz)igu gogs = 2 g1 ga,gs (Exz)ig o g

) (

(Ty2)isgndonis = 2Hi,41,52.ds (Eyz)ig,dordss

_ 7(s) _ s L
where (€9)ij1,52.5s = (€2)ig1.52.s + (Ey)igagogs T (€2)ij1ga.ss T35 dags = 1 =1,m1 =1, ja=1,mg — 1,

js=T,mz —1,i=T1, 2, s=0,n.

An approximation of the boundary conditions for displacements is given in [6] as well as approxima-
tions of concentration and temperature mode in [3]. To find the displacement values U(X), V(X) and
W(X) and the piezometric head h(X,t), the Gauss—Seidel iteration method was used and described
in [6]. To find the concentration of salt solution ¢(X,t) and temperature 7'(X,¢), a sweep method [16]
was used.

6. Experiments and their analysis

For numerical solving and computer simulation of the corresponding boundary value problem, a soft-
ware package for the capabilities of the Microsoft Visual Studio 2017 framework for Windows Desktop
in the C# programming language was created, in which graphs and table data show the displacement
fields distributions, the component of normal and tangential strains and stresses, as well as pressure,
concentration of salts and temperature in the studied area, taking into account and without taking
into account the influence of mass and heat transfer and the presence of the forces of cohesion.

As an example, the spatial stress-strain state in a soil massif in the region Q = {X = (z,y,2): 0 <
x <11,0 <y <ls,0< 2z < I3}, which has the shape of a rectangular parallelepiped of Iy = 10m length,
lo = 10m thickness and 3 = 10 m height with avp = 1- 1076 grﬁ, Yoo, = 1.3 104%, Yp=1- 104% and
with the following functions fi(c) = fa(c) = f3(c) = f(c), is considered:

a) f(c) =ac+b, a = const, b = const (linear function);

b) f(c) =+Vac+b, a = const, b = const (quadratic function);

¢) f(c) =a-In(cb), a = const, b = const (logarithmic function).

The dependences of the Lame coefficients and the filtration coefficient on the concentration of salt
solutions is taken from [17].

A series of numerical experiments was conducted, the results of which are presented in the form of
graphs at t = 1080 days.
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Fig. 3 shows the displacements graphs U(X), V(X) and W (X) in the section of the plane xOy at
z = bm, taking into account the mass and heat transfer and the presence of cohesion forces at a = 1
and b= 1.

x1073 %10-3
31.03 30.63

U, m x1073
2552

27.9
24.8
21.7
18.6
15.5
12.4
9.3
6.2
3.1
0

20.42

15.31

a b
x1073
5.62
W, m x1073
1.9
3.7
14
-0.9 |4 -1.82
-3.2
-5.5
-7.8 -5.54
-10.1
-124
-14.7 -9.27
-17
-12.99

-16.71

Fig. 3. Distributions of displacements U(X) (a), V(X) (b) and W(X) (¢) with logarithmic dependence of

cohesion forces function.

Similar graphs are obtained for components of the normal and tangential strains and stresses. Based
on the results of numerical experiments the following conclusions were obtained:

1. The displacements along the Oz axis (U(X)), taking into account the linear function of the
forces of cohesion, decreased by an average of 1.37%, quadratic function by 0.09% and logarithmic
function by 0.03% compared with the displacements along the Ox axis without taking into account
the forces of cohesion [5].

2. The displacements along the Oy axis (V (X)), taking into account the linear function of the forces
of cohesion on average decreased by 1.37%, quadratic function by 0.09% and logarithmic function by
0.03% compared with displacements along the Oy axis without taking into account the forces of
cohesion.

3. The displacements along the Oz axis (W(X)), taking into account the linear function of the
forces of cohesion, on average decreased by 3.61%, the quadratic function by 0.24% and logarithmic
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function by 0.09% compared with the displacements along the Oz axis without taking into account
the forces of cohesion.

4. The normal strains along the Oz axis (g;), taking into account the linear function of the forces
of cohesion, on average decreased by 1.15%, the quadratic function by 0.03%, the logarithmic function
by 0.001% compared with the normal strains along the Oz axis without taking into account the forces
of cohesion.

5. The normal strains along the Oy axis (e,), taking into account the linear function of the forces of
cohesion, on average decreased by 39.79%, the quadratic function by 1.17%, the logarithmic function
by 0.07% compared to the normal strains along the Oy axis without taking into account the forces of
cohesion.

6. The normal strains along the Oz axis (e,), taking into account the linear function of the forces
of cohesion, on average decreased by 2.12%, the quadratic function by 0.08%, and the logarithmic
function by 0.01%, as compared to the normal strains along the Oz axis without taking into account
the forces of cohesion.

7. The normal stresses on the Oz axis (o), taking into account the linear function of the forces
of cohesion, on average decreased by 0.33%, the quadratic function by 0.13%, logarithmic function by
0.07% compared with the normal stresses on the Ox axis without taking into account the forces of
cohesion.

8. The normal stresses on the Oy axis (o), taking into account the linear function of the forces
of cohesion, on average decreased by 0.48%, the quadratic function by 0.06%, logarithmic function by
0.04% compared with the normal stresses on the Oy axis without taking into account the forces of
cohesion.

9. The normal stresses on the Oz axis (0,), taking into account the linear function of the forces of
cohesion, on average decrease by 0.21%, the quadratic function by 0.15%, and the logarithmic function
by 0.09% compared to the normal stresses on the Oz axis without taking into account the forces of
cohesion.

10. The tangential strains to the Oy plane, taking into account the linear function of the forces
of cohesion, on average decreased by 55.04%, the quadratic function by 1.61% and the logarithmic
function by 0.1% compared to the tangential strains to the Oy plane without taking into account the
forces of cohesion.

11. The tangential strains to the Oz plane, taking into account the linear function of the forces of
cohesion, on average decreased by 4.84%, the quadratic function by 0.14%, the logarithmic function
by 0.01% in comparison with the tangential strains to the 2Oz plane without taking into account the
forces of cohesion.

12. The tangential strains to the yOz plane, taking into account the linear function of the forces of
cohesion, on average decreased by 0.92%, the quadratic function by 0.03%, the logarithmic function
by 0.001% in comparison with the tangential strains to the yOz plane without taking into account the
forces of cohesion.

13. The tangential stresses to the Oy plane, taking into account the linear function of the forces
of cohesion, on average decreased by 0.65%, the quadratic function by 0.03%, and the logarithmic
function by 0.03% compared with the tangential stresses to the Oy plane without taking into account
the forces of cohesion.

14. The tangential stresses to the xOz plane, taking into account the linear function of the forces
of cohesion, on average decreased by 0.89%, the quadratic function by 0.04%, and the logarithmic
function by 0.04% compared with the tangential stresses to the xOz plane without taking into account
the forces of cohesion.

15. The tangential stresses to the yOz plane, taking into account the linear function of the forces of
cohesion, on average decreased by 0.26%, the quadratic function by 0.01%, the logarithmic function
by 0.01% in comparison with the tangential stresses to the yOz plane without taking into account the
forces of cohesion.
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Thus, taking into account the cohesion forces in the soil massif considered changes the distributions
of the displacements, the components of normal and tangential strains and stresses. In particular, the
greatest effect occurred with the linear function of the cohesion forces dependence, and the smallest
with the logarithmic function.

7. Conclusion

The article formulates the problem of mathematical and computer simulation of the spatial stress-
strain state of the soil massif, taking into account the influence of mass and heat transfer and the
presence of cohesion forces. Numerical solution of the corresponding boundary value problem is found.
The software package of the Microsoft Visual Studio 2017 Framework for Windows Desktop in the
C# programming language has been created for computer simulation, and the soil massif, which has
the shape of a rectangular parallelepiped, is considered. The results of computer simulation and
numerical experiments are obtained. They demonstrate the cohesion forces effect on the overall spatial
deformation processes in the soil massif in non-isothermal conditions.
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MaTemaTtunyHe i KoMmn'toTepHe MoOgeNIOBAHHS BNJANBY CU 3B’ SI3HOCTI
Ha npocTopoBi aedopmaLliiiHi Npouecu rpyHTOBUX MAcuUBIB

Buaciok A. I1.', ?Kyxkoscbka H. A2, 2Kykoscoknii B. B.2

! Haugonarvrut ynisepcumem «Ocmposvka axademiss
eyn. Ceminapevka, 2, 35800, Ocmpoe, Yxpaina
2 Hawionanvnud yrnisepcumem 6001020 20cn00apcmea ma npupodokopucmyeaisa
eyn. Cobopra, 11, 85000, Pisne, Yxpaina

CrarTst NIpUCBsYeHa MOJICJIOBAHHIO Ta PO3B’sI3aHHIO 33/l BIUIUBY CHUJI 3B I3HOCTI Ha Jie-
dopmariiitii mporecu rpyHTOBOro MacuBy. IIpocToposi aedpopmariiitai mporecu rpyHTOBOTO
MAaCHUBY OMHUCYIOTHCsI KOMIOHEHTAMU 3MilE€Hb, HOPMAJIBHUX 1 JOTUIHUX JepOpMAILiil Ta Ha-
py2KeHb. TaK0oXK IOoCTaBJIeHA KpalioBa 3a/lada BKJIIOYAE PIBHAHHS TEILJIO- Ta MacoIllepeHe-
CeHHsI B TPYHTOBOMY MacuBi. Po3ryisuHyTo GpyHKINI cul 3B’I3HOCTI B I'PYHTOBOMY MacCHUBi,
0 MAIOTh JIHINHUN, KBajpaTudnuii Ta Jjorapudmivnuit Buriasau. Hasemeno pesyabra-
TH JIOCTIIXKEHb y BUIVIAAl rpadikiB MOBEPXOHb 3MIIEHb TA MPOIEHTHUX CITIiBBiTHOIIEHD
mrykKaHux DYHKIA. K moKa3asu mpoBe/ieH] Ynce/ibHI eKCIIePUMEHTH, B CEPEIHbOMY Haii-
GibIIIUil BIJIMB HA 3MIIEHHS MAIOTh CIJIA 3B’SI3HOCTI JIHINHOIO BUIJISLY, 8 HAMEHIIHii
— JjorapudidHOTO.

Knto4oBi cnoBa: mamemamuure i Komn 10mepre MOOEA08aHHA, 2PYHMOSUT Macus, de-
Popmaiting npoyecu, Cuil 36 °A3HOCTMI.
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