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A mathematical model of filtration consolidation of an inhomogeneous soil mass was
formed taking into account the change in the size of the area during the compaction
process. The inhomogeneity is considered as the presence of fine inclusions (geobarriers)
the physical and mechanical characteristics of which differ from those of the main soil.
From a mathematical viewpoint, the model is described by a one-phase Stefan problem
that has a kinematic boundary condition on the upper moving boundary as its component.
The purpose of the research is to find out the effect of fine inclusion on the dynamics of
subsidence of the soil surface in the process of compaction. The change in the dimensions
of the solution area is physically determined by the change in the volume of the pores of
the porous medium in the process of dissipating excess pressure. If the permeability of the
geobarrier is low, it affects the dynamics of consolidation processes and, accordingly, the
magnitude of subsidence. Finite element solutions of the initial-boundary value problem
for the nonlinear parabolic equation in the heterogeneous region with the conjugation con-
dition of non-ideal contact were found. Numerical time discretization methods, a method
for determining the change in the position of the upper boundary at discrete moments
of time, and an algorithm for determining the physical and mechanical characteristics of
a porous medium depending on the degree of consolidation are given. A number of test
examples were considered, and the effect of a thin inclusion on the dynamics of the change
in the position of the upper boundary of the problem solution area was investigated.

Keywords: consolidation; subsidence; conjugation condition; finite element method.
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1. Introduction

Even though the mathematical model of the consolidation problem formulated in terms of the equations
of mathematical physics is already about a hundred years old, its research remains relevant to this
day [1]. Moreover, new approaches to the mathematical description of consolidation processes are being
developed, which take into account the physical features of porous media and processes in them, as well
as methods of researching relevant boundary value problems. Such developments include taking into
account the effect of chemical substances and the temperature state of the porous medium |[2,3]; taking
into account the rheology of the porous medium and the corresponding models [4,5]; development of the
theory of inverse consolidation problems, including using machine learning methods [6]; development
of the theory of consolidation using the fractional derivatives apparatus [5,7]; taking into account the
multi-layered porous medium in the consolidation problem [5,8], to name a few.

Research on the problem of consolidation of inhomogeneous environments is also developing from
the viewpoint of the presence of natural or artificial fine inclusions (so-called geobarriers) in the environ-
ments. The importance of considering such inclusions is especially relevant in the context of industrial
and household waste storage facilities [3]. The possibility of a significant effect of thin geobarriers on
the course of processes in porous media, especially if we account for the influence of physico-chemical
and biological factors on the hydrological parameters of a thin inclusion, is shown in [9-13].
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In addition to determining the level of excess pressures in the pore fluid, which is an important
factor in disrupting the stability of soil masses [14], the consolidation problem has another goal. This
is to determine the level of subsidence of the soil surface in the process of consolidation [15|. Taking
subsidence into account significantly complicates the mathematical model of the problem. The model
becomes a Stefan problem and requires setting the so-called kinematic boundary condition on the soil
surface [16]. The derivation of such a condition is also a separate task. A method of deriving such a
condition was proposed in [17] taking into account interrelated physico-chemical processes in porous
media in mathematical models [18]. However, the complex task of soil consolidation in the presence
of fine inclusions taking into account surface subsidence was not considered yet. It is natural that the
consolidation problems in the presence of fine inclusions did not investigate the influence of geobarriers
on the magnitude and dynamics of subsidence of the soil surface. To perform this task is the main
goal of this work.

2. Formulation of the problem, integral kinematic boundary condition, and conjugation
condition

We consider the process of filtration consolidation of a soil layer of total thickness [ = [(t), ¢t > 0, with
a thin inclusion w of thickness d, located at depth = ¢ (Figure 1). The general initial-boundary value
problem as a mathematical model of the studied consolidation processes accounts for the presence
of a thin inclusion through the so-called conjugation conditions for the unknown function, and the
processes in the inclusion itself are not investigated. The material of a thin inclusion differs in its
physical and mechanical characteristics from those of the main soil which can lead to the discontinuity
of the solutions of the initial-boundary value problem at the inclusion.

Qy

0

0
Fig. 1. A soil layer of thickness [ with a thin inclusion w of thickness d (d < I).

The main unknown function in the problem of filtration consolidation of a fully saturated porous
medium is the function of excess pressures h in the pore fluid. They result from applying an external
load to the soil surface. Over time, the pressures dissipate and the loads are transformed into stresses
in the skeleton of the porous medium. A change in stress in the skeleton, according to the compression
dependences for soils, leads to a change in the porosity of the soil. Consequently, the filtration coef-
ficient also changes [3,19,20]. Since the change in porosity from the very beginning in the filtration
consolidation problem is due to the change in pressure h in the pore fluid, an indirect nonlinear depen-
dence of the filtration coefficient on h can be defined. The presence of such nonlinear dependences for
the material of a thin inclusion requires their consideration in the conjugation conditions. The method
of modification of conjugation conditions for such cases is proposed in [9-11,13|. Particularly, for the
problem considered in the article,

= <_k(h)g—2>i
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Here h is pressure; k, k,, are the filtration coefficients of the main soil and inclusion soil, respectively;
w is the filtration rate which is determined from the filtration law; u® are the values of filtration rates
at x =& — 0 and x = £ + 0, respectively; [h] = ht — h™ is a pressure jump at the thin inclusion.
Assume that in the classical conjugation conditions [21,22]
ke
=
the filtration coefficient k,, is constant. Taking into account the nonlinearities in the conjugation
conditions of this type is problematic, because it requires justification which pressure at the thin
inclusion, A" or h™, is applied in the dependence k,, = k,(h). If h™ % h™, then also k,, (h*) # k, (h™).
The change in porosity has another effect, i.e. a change in the size of the area over which the process
is being investigated. Here, the increase in the pore fluid pressure causes swelling (increase in size),
whereas the decrease in pressure leads to subsidence (decrease in size). Hereafter, we will use the term
“subsidence”, and refer to swelling as subsidence with a minus sign. Taking into account subsidence
requires setting a kinematic boundary condition on the soil surface which describes the change in the
boundary position [ = [(t), t € (0,7]. Here T' > 0 is the specified time interval. Also [(t)|,_, =lo > 0,
where [y is the set initial thickness of the soil mass. A method of deriving such conditions for the effects
of physico-chemical and mechanical factors is proposed in [17]. As we consider only the change in excess
pressures as the influencing factors, and taking into account that the problem is one-dimensional, from
the condition [17, formula (6)], we get

ui‘ng = —— [h]

1(t)
—dl(t) =— %dz.
dt 0 8"1:

3. Mathematical model of the filtration consolidation of a porous medium with a thin
inclusion for the case of a moving upper boundary

The mathematical model of the above problem is described by the following boundary value problem:

oh 1+ed Oh

h($7t)|x:l(t) =0, te [07T]7 (2)
ety = (03 )| =0t B

=0
h(z,0) = h()(x), T € ﬁl Uﬁg, (4)

dh\* h
uﬂx: = _k(h)_x> — _7d[ }ix 7 (5)
= 0 ku(h)

iy [ ou
a ) %d'zv (6)
l(t)‘t:(] =1y > 0. (7)

Here, Q1 = (0;€), Q2 = (&1(t)), 0 < & < U(t); Q& = Oy UQy; h is the pressure; T > 0 is the set length

of the time interval; ho(z) is the known function; [y is the set initial thickness of the soil mass; a is the
soil compressibility coefficient; e = ;7 is the soil void ratio; n, n,, is the porosity of soil and inclusion
material, respectively; v is the specific gravity of the liquid; k, k., are filtration coefficients of the main
soil and inclusion soil, respectively, that may nonlinearly depend on the pressure; w is the filtration
rate that is determined according to Darcy’s law u = —k‘(h)%; u® are the values of filtration rates at
x=¢—0and z =&+ 0, respectively; [h] = h™ — h™ is the pressure jump on a thin inclusion.
Similarly to [13,22], we introduce the following notations: Qr = Q x (0; 7], Q% = Q; x (0;77,

Q%« = Qg X (07T]
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Definition 1. The classical solution of the initial-boundary value problem (1)—(7) which admits a
discontinuity of the first kind at the point x = £ is a function h(x,t) € U that ¥(z,t) € Qr satisfies
equation (1) and the initial condition (4).

Here ¥ is the set of functions ¢ (z,t) which together with g—f are continuous on each of the closures

—1 =2 . . o 2 . o
@7, Q7, have bounded continuous partial derivatives %—f, ng on Q%p, Q% and satisfy conditions (2),

3), (5).

4. Generalized solution of the problem (1)—(7)

Similarly to [13,22], let Hy be the space of functions s(x) that in each of the regions ; belong to the
Sobolev space W3 (€;), i = 1,2, and they acquire zero values at the ends of the segment [0;1(¢)] where
boundary conditions of the first kind are set for the function h(z,t).

Let h(xz,t) € ¥ be the classical solution of the initial-boundary value problem (1)—(7). Take
s(z) € Hyp. We multiply equation (1) and initial condition (4) by s(z). Integrating them over the
segment [0;(¢)] and taking into account the conjugation conditions (5), we get

L oh 1 Oh d [h][s]
ya on __S S -
/0 1+eot sla) d /0 k() Ox dx de fd dz 0, (8)
0 %w(h)

1) 10
/ h(z,0)s(x) dz = / ho(z)s(z) dz. 9)
0 0

So, if h(z,t) € U is a classical solution of the initial-boundary value problem (1)—(7), then h(x,t) is a
solution of problem (8), (9) in the weak formulation.

Let H be the space of functions v(z, t) that are square integrable together with their first derivatives
%, % on each of the intervals (0;&), (&;1(t)), Vt € (0;T], T > 0, and they satisfy the same boundary
conditions of the first kind as the function h(z,t).

Definition 2. A function h(x,t) € H that for any s(z) € Hy satisfies the integral relations (8), (9)
is called a generalized solution of the initial boundary value problem (1)—(7).

We will seek an approximate generalized solution of the initial boundary value problem (1)—(7) in

the form
N

h(a,t) = hi(t)pi(x), (10)

i=1

where {;(z)}, is the basis of the finite-dimensional subspace My C Hy; h;(t), i = 1, N are unknown

coefficients that depend only on time.

A set of functions that can be represented in the form (10) generate a finite-dimensional subspace
M, C H;.
Definition 3. An approximate generalized solution of the initial-boundary value problem (1)—(7) is
a function ﬁ(z, t) € My which for an arbitrary function S(x) € My satisfies the integral relations

() oh W 9hdsS [h]]S]
va
/0 T S(a:)d:n+/0 k(h)aa: T dzr + fd — =0, (11)
O ko (h)

W %
/ B2, 0)S(x) do = / ho(2)S(x) da. (12)
0 0

Next, from the weak formulation (11), (12), setting the function S(z) equal to each basis function
vi(x), i =1, N, we obtain the Cauchy problem for the system of nonlinear differential equations

dH

M (H) —= + L (H) H(t) = 0, (13)
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MH®O® = F, (14)

where

T+e
0~ dpi dp; 1] )]
L= | k() diaiy
’ /0 ( )dﬂj dx v fd da
0 k()

Problem (13), (14) is a Cauchy problem for a system of nonlinear differential equations of the
first order. Finding its solution also requires the use of appropriate discretization methods. We can
use of the Crank—Nicolson method [13,22], the predictor—corrector method [13,22], or a fully implicit
linearized difference scheme [2].

5. Approximation of the kinematic boundary condition

Condition (6) is not directly convenient for the numerical calculation of the subsidence of the soil
surface. Therefore, we substitute in (6) the filtration rate determined according to the filtration law

u= —k‘(h)a—x.

" [ (i)

Next, using equation (1), from the above equality we have

dit)y ('Y ~a On
dt _/0 T+car & (15)

Applying time discretization to (15) according to the implicit difference scheme, we get

G+ _ 6) /l“) va RO — @)
0

We have

- T3 eGD . dz, j=0,1,2,....
Then
1) va
G+1) — 1) " (pUHD) _pG) -
l l +/0 1+e(j+1)(h RY)Ydz, j=0,1,2,.... (16)
Here the time segment [0,77] is split into m, equal parts with step 7 = mlT; tj = j7; 10) = I(t)),
j =0,1,2,.... The position {) is known in (16), as are the values of RUFD U+ and (). Note

that, according to the algorithm, the value of pressure on the time layer (j 4+ 1) is sought using the
position of the upper limit 1), The integral in (16) can be obtained using numerical integration
formulas.

According to the linear compression dependence for soils

e = —a o + const .

Here o are vertical stresses in the soil skeleton (in one-dimensional case). Further,

de 0o

= Y
Also, according to the principle of effective stress,

do  0Oh

o ot
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That is,
Oe oh

o o
From the latter, we get

G+ _ o0) G+1) _ )
¢ ot C i=0,1,2,...,m, —1,
T T

or
e+l — a’y(h(j+1) _ h(j)) +e9), j=01,2,...,m; — 1.

6. Results of numerical experiments and their analysis

Soil parameters for numerical experiments are taken from the Hydrus-1D freeware. Specifically, Sandy
Clay was considered as the main soil, with kg = 0.0288 7=, ng = 0.38. Silty Clay was used as the
inclusion soil, with kg, = 0.0048 %, ng, = 0.46. The index “0” indicates initial values.

The filtration coefficient in the calculation process was assumed to be dependent on the porosity
coefficient according to the Kozeny—Carman formula [19]

3
k:k01+60 <£> )
1+e €
where kg, eg are the initial values of the filtration coefficient and the void ratio; k, e are their current
variable values.

The soil compressibility coefficient in (1) is @ = 2 - 1077 ’%2, a, =9-1077 m—z, specific gravity of
the pore fluid v = 10% HHZ The initial distribution of pressure hg(x) = 20m is corresponding to the
application of the respective load to the soil surface. Unobstructed outflow of pore fluid is ensured at
the upper boundary, with no drainage at the lower boundary.

For the model problem, a soil layer with initial thickness I = 40m was considered. The initial
depth of the inclusion varied in the numerical experiments at £ = 20m, £ = 30m, £ = 33m, and
¢ = 35m, and its thickness was d = 0.2m. Variable = step was 0.04m, time step 7 = 10day.
Piecewise-quadratic functions were used as the basis functions of finite element method. The results
of numerical experiments are presented in Tables 1-4 (Modified conjugation condition, I; Classical
conjugation condition, II; Relative difference in subsidence, III). The relative difference in subsidence
was calculated as a ratio of the absolute difference to the subsidence under the classical conjugation
condition.

Table 1. Subsidence of the upper boundary of the soil for £ = 20 m.

Time moment I II III
100 days 0.3856 m | 0.3862 m | 0.16%
200 days 0.5227 m | 0.5277 m | 0.95%
300 days 0.6162 m | 0.6278 m | 1.85%
400 days 0.6874 m | 0.7054 m | 2.55%
500 days 0.7438 m | 0.7668 m | 3.00%
600 days 0.7891 m | 0.8156 m | 3.25%
720 days 0.8324 m | 0.8613 m | 3.36%

Both the subsidence values themselves and the relative differences depend on the depth of the thin
weakly permeable inclusion. The closer the inclusion is to the lower limit, the smaller its influence on
subsidence. The closer the inclusion is to the upper drained boundary, the smaller the subsidences
become, while the relative difference between the subsidences in the case of classical and modified
coupling conditions increases. Subsidences in the case of the modified conjugation condition are smaller
than for the classical one. This is because the filtering coefficient in the integral conjugation condition
is variable and depends on the consolidation degree. Its value decreases in the process of consolidation
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Table 2. Subsidence of the upper boundary of the soil for £ = 30 m.
Time moment I II 111
100 days 0.3290 m | 0.3401 m | 3.26 %
200 days 0.4364 m | 0.4665 m | 6.45 %
300 days 0.5211 m | 0.5656 m | 7.87 %
400 days 0.5910 m | 0.6459 m | 8.50 %
500 days 0.6495 m | 0.7113 m | 8.69 %
600 days 0.6988 m | 0.7647 m | 8.62 %
720 days 0.7481 m | 0.8162 m | 8.34 %
Table 3. Subsidence of the upper boundary of the soil for £ = 33 m.
Time moment I II 11T
100 days 02910 m | 0.3123 m | 6.82 %
200 days 0.3962 m | 0.4403 m | 10.02 %
300 days 0.4816 m | 0.5419 m | 11.13 %
400 days 0.5531 m | 0.6245 m | 11.43 %
500 days 0.6135 m | 0.6921 m | 11.36 %
600 days 0.6649 m | 0.7477 m | 11.07 %
720 days 0.7169 m | 0.8015 m | 10.56 %
Table 4. Subsidence of the upper boundary of the soil for £ = 35 m.
Time moment 1 11 I11
100 days 0.2602 m | 0.2904 m | 10.40 %
200 days 0.3658 m | 0.4211 m | 13.13 %
300 days 0.4523 m | 0.5249 m | 13.83 %
400 days 0.5252 m | 0.6095 m | 13.83 %
500 days 0.5872 m | 0.6788 m | 13.49 %
600 days 0.6402 m | 0.7359 m | 13.00 %
720 days 0.6943 m | 0.7914 m | 12.27 %

and as a result, over time, the inclusion increasingly plays the role of a watertight boundary. Therefore,
pressures in the soil mass below the inclusion are dissipated more slowly and in general the soil subsides
less than in the case of classical condition. Such results indicate the qualitative correspondence of
the model with the modified conjugation condition to the physics of the process and, hence, to the
improvement of the qualitative adequacy of the mathematical model. At the same time, the maximum
relative difference in subsidence can reach 14%. Clearly, with time the pressures continue to dissipate
even through a weakly permeable inclusion, and the tendency of decreasing relative differences in
subsidence can already be traced through the last two lines in Tables 2—4. However, the presence of
the inclusion and taking into account the change in its characteristics in the process of consolidation
changes the overall dynamic picture of both the dissipation of excess pressure and subsidence of the
soil surface.
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HYncnose mopentoBaHHSA NpPoOCiAaHHS NOBEPXHI SIK HACNif0K
YULiIJIbHEHHSI TPYHTY 3 TOHKUM BKJIIOYEHHSIM

Mapruaiok I1. M., Miayra O. P., Vagapayk-Maprusaiok O. B.

Hauionanrorutd ynisepcumem 600no20 20¢n0dapcmea ma npupodokopucmysatia,
eyn. Cobopna, 11, 33028, Pisne, Ykpaina

CdopmoBano MaTeMaTHIHy MOAE/b (DiAbTPAIiiHOl KOHCOJIIIAI] HEOTHOPITHOTO MACUBY
IPYHTY 3 ypaxyBaHHSM 3MiHIH pO3MipiB obJracTi B mporeci yriipaenHs. HeomropigaicTs
B CTaTTi POBIVIAHYTO 3 TOYKHM 30Dy HAsABHOCTI TOHKHUX BKJIOYeHb (reobap’epis), dizuxo-
MeXaHI9HI XapaKTePUCTUKU SIKUX BIIPI3HAIOTHCS BiJl aHAJOTTYHUX XapaKTEPUCTUK OCHOB-
HOTO I'PYHTY. 3 MaTEMATUIHOI TOYKHU 30PY MOJIEJb OIUCYEThCs OHOMA3HOIO 3aga4ueio Cre-
dana i CBOE CKJIAJOBOIO MICTUTHh KiHEMATWYHY TDAHUYIHY YyMOBY Ha BEDPXHIl pyxowmiit
mexi. MeToro focmizkeHHs 3a1a4i € 3’siCyBaHHs BIUIMBY TOHKOI'O BKJIFOYEHHSI HA 3MiHY
JMHAMIKM IIPOCiJiaHb IIOBEPXHI I'PYHTY B IIPOIECi yIMijbHEHHs. 3MiHa po3MipiB obJiacTi
po3B’s13aHHs 331841 (DI3UIHO 00YMOBIIIOETHCS 3MIHOIO 00’€MY TIOpP ITOPUCTOTO CEPETIOBUIILA,
B TIpoIieci po3CiioBaHHS HAJIMIIKOBUX HAIOPiB. ZKINO MPOHUKHICTHL reobap’epa € HU3b-
KOIO, TO IIe BIJIUBAE HA JUHAMIKY KOHCOJITAIIMHIX MPOIIECIB i, BIAIOBI/IHO, — Ha 3HAYEH-
Hsl TIPOCiTaHb. 3HANWIEHO CKIHYEHHOEIEMEHTHI PO3B’I3KN MOYATKOBO-KPAWOBOI 3a1ati J1j1st
HeJHHITHOTO TIapaboTiTHOTO PiBHAHHS B HEOHOPIIHIHM 06/1aCTi 3 YMOBOIO CIIPSIyKEHHsT Hei-
JeaJIbHOTO KOHTaKTy. HaBeeHo 4ucioBi cxeMu JUCKpeTU3allil B Yaci, cxeMa BU3HAYUEHHS
3MiHU IIOJIO’KEHHSI BEPXHBOI MEXKi B JUCKPETHI MOMEHTH 4Yacy Ta aJrOPUTM BU3HAYEHHS
Gbi3UKO-MeXaHIIHUX XapPAKTEPUCTUK IIOPUCTOTO CEPEIOBUINA 3AJIEZKHO BiJl CTYIEHS KOH-
coJtijfariil. Po3ryissHyTO psiJi TECTOBUX MPUKJIA B Ta, JOCJIiI?KEHO BILTUB TOHKOTO BKJIIOYEH-
Hsl Ha JUHAMIKY 3MIiHU TIOJIOKEHHS BEPXHBOI MeKi 00/1acTi PO3B’AI3aHHS 32144,

KntouoBi cnoBa: koncoaidauin; npocioanms; yYymoea CNPpadNCeHHs; Memod CKIMUYEHHUL
enemMenmie.
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