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Abstract. The effect of the dynamics of the development of the microorganism biomass on the subsidence of the
surface of the mass of the porous medium at the base of the storage of solid household waste was studied using
mathematical and computer modeling methods. The repository of solid household waste is considered a source of the
spread of organic pollutants that contribute to the development of the biomass of microorganisms. The subsidence
model is considered from the theory of filtration consolidation of porous media. For this purpose, a corresponding
boundary value problem in the domain with a free-moving boundary is formed. The classical equation of filtration
consolidation is modified for the case of variable porosity due to biomass change. The finite element method allowed
for solving the resulting mathematical model numerically in the form of a boundary value problem for the system of
parabolic equations in the variable domain. Based on the developed algorithms, a software package for numerical
experiments was created where the effect of microorganisms on the subsidence dynamics of a porous medium was
investigated. Numerical experiments on a model example showed that the presence of microorganisms in soil pores
slows the dissipation of excess pressure. However, this does not lead to a slowdown in subsidence but, on the contrary,
to a particular increase of up to 18 % compared to the case of neglecting bioprocesses. From the point of view of the
physics of the processes, this is explained by the increase in biomass, which leads to an increase in pressure, thus
increasing the volume of filtered pore fluid and, hence, increasing subsidence.
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1 Introduction

Repositories of solid household waste are an integral
element and consequence of human activity. As noted in
[1], “Municipal solid waste landfills (MSWLs) are a
critical component of the engineered environment, serving
as a terminal repository for commercial, consumer, and
industrial solid wastes”.

The functioning and operation of waste storage create
risks for surrounding environments, which can be
evaluated quantitatively. The impact of urban solid waste
landfills on the environment using the weighted
environmental index (WEI) was analyzed in [2].

The results of the research of the Valencia Region
(Spain) showed that the ecological value of the territory
decreased, that municipal waste landfills have a negative
effect on the environment, and that the use of WEI enabled
the authors to evaluate quantitatively the level of such
impact.

One of the risk factors is that solid municipal
(household) waste storages are potential sources of organic
pollution of the soil base on which they are built and then
of groundwaters.

Aggressive organic substances such as acids [3] can
increase the hydraulic conductivity of clay geobarriers
and, as a result, the increased outflow of pollutants beyond
the boundaries of waste storage facilities.

2 Literature Review

Organic pollution also creates favorable conditions for
developing microorganisms in porous media [4]. Intense
development of microorganisms leads to bioclogging
effects in the porous environment [5], including
pharmaceutically active substances [6].

The review [7] noted that the decrease in the
permeability of porous media due to bioclogging is one of
the features of biomass development in these media. The
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laboratory experiments [8] show that bacterial biomass
due to bioclogging can affect the hydraulic properties of
saturated porous media. Microbes can cause both
biocementation and bioclogging effects in geomaterials. It
was shown in [9] that this depends on the biochemical
conditions of the porous media, with biocementation
affecting the strength, and bioclogging, which depends on
the quantity of biomaterial, mainly results in the decrease
of hydraulic conductivity of the porous medium. The
possibility of using microorganisms to control biofilms
and calcite formation to reduce the hydraulic conductivity
of geobarriers in the bases of waste storages was shown in
[10].

Reviews on the effect of bioclogging on the hydraulic
conductivity of porous media are presented in [11-13].

A significant weight of waste leads to the development
of compaction processes (consolidation) of both soil mass
at the foundation of waste storage facilities and the waste
mass itself as a porous media. Much research, including
field experiments, was devoted to the problems of
compaction of porous media in general and soils in
particular [14].

In recent years, mathematical models of consolidation
have increasingly considered the specifics of
physicochemical conditions and the state of the porous
medium, making the models vary from the classical ones.
One-dimensional nonlinear consolidation of two-layer soil
was investigated in [15] based on assumptions about the
nonlinear behavior of soil characteristics. The problem of
soft soil consolidation with a drained lower boundary at
various values of its permeability degree was considered
in [16]. A one-dimensional model of consolidation of soft
soil under conditions of collective horizontal drainage and
application of non-stationary vacuum pressure was also
proposed in [17]. It was experimentally shown in [18] that
the consolidation characteristics of soft clay show
significant differences under multi-stage and single-stage
loading.

Moreover, although the resulting deformation between
multi-stage and single-stage loads is about the same, the
consolidation rate for a single-stage load is several times
higher than that for a multi-stage load. Considering the
impact of the soil’s weight on the consolidation process is
a feature of [19] reflected in an original mathematical
model. A new mathematical model of filtration
consolidation based on a fractional-fractal approach was
developed in [20].

A peculiarity of the problem is considering the effect of
the transfer of inorganic chemicals. It was noted in [21]
that the weight of solid waste or its artificial compaction
can accelerate the migration of pollutants from landfills to
the outside environment.

The physics of the consolidation process in real
conditions generally predicts the subsidence of the entire
porous medium, including its surface, in the compaction
process. Using the unmanned aerial vehicles, it is possible
to identify and quantify the subsidence through field
experiments and monitoring data, e.g., as shown in [22]. A
model that allows simulating the movement of the landfill
body based on monitoring data sets from the Global

Navigation Satellite System (GNSS) was proposed in [23].
A variational autoencoder was used to predict
embankment settlement and pore water pressure based on
monitoring data, which was investigated in [24].

An alternative way to determine subsidence is to
develop appropriate mathematical models for predictive
numerical experiments. However, not all mathematical
consolidation models consider the subsidence effect. First
of all, the difficulties of practical implementation are
related to the change of the consolidation area over time
and the need to consider the mathematical model the so-
called kinematic boundary condition, which describes the
change in the area shape [25].

Similar conditions are also used in mathematical
models of many other natural processes, e.g., filtration
problems through soil dams or moisture transfer in case of
moving soil wetting front.

Mathematical models of the effect of bioclogging on
pressure drops in geobarriers were constructed and
investigated in [11-13]. Geobarriers were considered from
the viewpoint of the elements of engineering solutions for
protection from the spread of organic pollutants from
household waste storages into porous soil environment as
the foundation of these waste storages. However,
consolidation processes were not investigated. A
mathematical model of the consolidation of soil mass in
bioclogging conditions was constructed in [12], which
disregards subsidence.

Therefore, the purpose of this article is to study the
effect of the dynamics of microorganism development in a
porous medium on the distribution of excess pressure and
on the subsidence of the surface of the mass of the porous
medium.

3 Research Methodology

3.1 A mathematical model of the saturated porous
medium compaction considering the effect of the
microorganism biomass

The mathematical model will include the filtration
consolidation equation proposed in [12] supplemented by
a kinematic boundary condition at the moving upper
boundary x = [(t) of the soil mass that is being compacted
[25]. This results in the following boundary value
problem:

6h+6663_ 14 a[k(hB)ah
vagetapar - At O KB F)
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where h — excess pressure; ¢ — the concentration of the
pore solution of an organic chemical substance; B — the
concentration of microorganism biomass per unit volume
of pore fluid; k — the filtration coefficient of the porous
medium, which depends on the pressure and biomass
concentration; n, e = ﬁ — the porosity and the void ratio

of the medium, respectively; q., qg — flows of organic
chemicals and biomass; D — the diffusion coefficient of
organic matter; ho(t), h, (t), co(t), ¢,(t), By (x), and B, (t) —
known functions; [, > 0 —the given initial thickness of the
mass of the porous medium; a — the compressibility
coefficient of the porous medium; y — the specific gravity
of the liquid; u — the filtration rate, determined by Darcy’s
law:

oh
u=—k(h,B)—,
dx

where Dy — the hydrodynamic dispersion coefficient for
the component microorganisms in the water phase;
fz(c,B), fg(n,c, B) — ratios that determine the kinetics of
organic substances and the biomass of microorganisms
(e.g., growth and death); f.(c, B) — the function of the
sources of organic substances in the porous medium.

The dynamics of microorganisms in a porous medium
in the above mathematical model are described by
equation (9). This is a diffusion-type equation, and the
justification for its use concerning the problems of
microorganism development is presented in [26-28].

Condition (13) is a kinematic boundary condition that
describes the change in the position of the moving upper
boundary (Figure 1) of the porous medium layer that is
being compacted. The initial thickness of the porous
medium is given by condition (14).

x hi=un

0

Figure 1 — Layer of a porous medium of variable thickness [

3.2 Finite element method for a problem in a domain
with moving boundary

Similarly to [29], let’s introduce the following notation;
Qr = Q x (0;T].

Definition 1. The classical solution of the initial
boundary value problem (1)—(14) is the triplet of functions
h(x,t) € ¥, c(x,t) € ¥, B(x,t) € W5, which satisfy
V(x,t) € 67 equations (1), (5), and (9), as well as initial
conditions (4), (8), and (12), respectively.

In the above definition ¥;,, ¥, and W are elements of
a set of functions y;, (x, t), PY.(x,t), and PYg(x, t), which

together with % are continuous on closure §T; they have

. . L () %
bounded continuous partial derivatives %, ax(z) on Qs and

satisfy conditions (2), (3), conditions (6), (7), and
conditions (10), (11), respectively.

A similar problem for a system of two quasi-linear
parabolic equations was investigated in [30] within the
framework of the qualitative theory of mathematical
physics boundary value problems in regions with moving
boundaries. Particularly, the existence and uniqueness of a
local time solution in the Holder space have been proved.
The presence in problem (1)—(14) of a system of three
equations does not reduce the generality of conclusions
similar to [30].

Let H, be a space of vector functions
(51(x); s2(x); s5(x)) each of which components on the
interval (0;1) belong to the Sobolev space W (Q), and
they acquire zero values at the ends of the segment [0; []
where boundary conditions of the first kind are set for the
functions h(x,t), c(x,t) and B(x,t), respectively. Let H
be the space of functions (v;(x,t); v,(x,t);vs(x, 1)),
each of which components is square integrable together

with its first derivatives %, %, i = 1,3 on the interval
(0; 1), vt € (0; T], T > 0; they satisfy the same boundary
conditions of the first kind as the functions h(x, t), c(x, t)
and B(x, t), respectively.

After taking (s;(x); s, (x);s3(x)) € Hy, multiplying
equation (1) and initial condition (4) by s, (x), integrating
them over the segment [0; [], and considering condition
(3), it can be obtained:

L l
ya 0dh 1 0JdedB
f—1+e551(x)d“f—1 +eaB or I F
0 0
+ [ k(h,B) S22 dx = 0; (15)

Jy h(x, 0)s;(x)dx = [ ho(x)s;(x)dx.  (16)

Similarly, for the concentration of organic chemicals
and biomass:

l

l l
f@c wd +f Dacdszd +J‘ dc (0)dx =

noys2(x)dx nh o —dx uz—s2(0)dx =
0 0 0

= [[(~f.(c, B) + F.(x, )5, (x)dx; (17)
[y e, 05, (0)dx = [ co(X)s;(x)dx;  (18)
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[ B(x, 0)s3(0)dx = [} By()ss(0)dx.  (20)

Definition 2. A function (h(x, t); c(x,t); B(x,t)) € H
that for any (sy(x); s,(x);s3(x)) € H, satisfies the
integral relations (15)-(20) is called the generalized
solution of the boundary value problem (1)—(14).

Let’s seek an approximate generalized solution of the
boundary value problem (1)—(14) in the form:

N N
B = ) hOea®),c008) = ) aOpu@);
i=1 i=1
B(x,t) = XL, Bi(0) @i (x), (21)
where h;(t), c;(t), B;(t), i=1,N — unknown

coefficients that depend only on time.
Similarly to [13, 31], if consider (21) as an approximate
finite element solution, the functions ¢;; (x), ¢, (x), and

@3(x) fori = 1, N are polynomial basis functions with a
finite carrier.

To simplify further explanations and accordingly for
numerical experiments, we assume that the same grid of
finite elements is used for the approximate search for
h(x,t),c(x,t), B(x,t).

Simultaneously, @;;(x) = @;2(x) = @;3(x), and to
avoid double indexing, we denote the indicated basis
functions as ¢;(x), i = 1, N.

Then, from the weak formulation (15)—(20) of problems

(1)—(14), considering the above and (21), it can be
obtained:
M, S+ My, 52 + Ly (B)H(E) = 0; (22)
MH©O = F; (23)
dc
M, =2+ L (H, B)C(t) = F,(C, B); (24)
l\7[2(3(0) = in (25)
dB
M; — + L3(C, B)B(t) = F5(C, B); (26)
M3B(0) = F3, (27)
where
~ s\N N N
F = (fi(k))' ( (k) e 1 (k) f Pi;dx;
M, = (m(k) et L, = (l(k) et — (fi(k))i:l;
(12)yV
k=13;M,; = (m; et
= 0
fl(l) = fO hO (pidx, fl(z) = fO Co (pidx;

0

fi(g) = fBo @;dx;

C= (), B=(bD)
= (ci(O))L,

H=(h(D)
HO = (h,(0)),, €@ =
B©® — (b (0))

(12) l 1 de
01+e BB

(1) _ (lya
m;;’ = fo T pipydx, my;

d
li(jl) fk(h B) Pi (p]d m(Z) fn(piq)jdx;
0

—@;p;dx;

l l

do;do do;

@) _ @ _

lij _J-nDdld]d +f dx]goidx,fi =
0 0

= J-(—fc(c, B) + F.(x,t))s,(x)dx;

0
l l

m = [ np;dx, ;& = [ fa(n, c, B)p;(x)dx;
l l

de;d do;
ll.(f) =f nDg I d(p]d +fu%<pi(x)dx.
0 0

Equations (22)—(27) form a Cauchy problem for a
system of nonlinear differential equations of the first order.
Finding its solution also requires the use of appropriate
discretization schemes. For the simplicity of practical
implementation, a fully implicit linearized difference
scheme was proven suitable [11, 25]. For example, for the
system (24) it has the form:

M, (BY) + L,(HD, BD) - cU+V=
= FZ(C(J),B(f)),j =01.2,...,m, — 1.

cU+D_c)

where time segment [0, T] — split into m, equal parts
with a step 7 = ml; H®, ¢, and BY) — the approximate

solution of the Cauchy problem (22)-(27) at t = jr.

The Crank—Nicolson method may also be applied.
However, the practical implementation of this requires
iterations. Instead of the Crank-Nicolson method, the
predictor-corrector scheme may be used.

3.3  Approximation of the kinematic boundary
condition

Condition (13) is not directly convenient for the
numerical calculation of subsidence of the soil surface.
Therefore, similar to [29], the filtration rate determined
according to the law of filtration

oh
u = —k(h,B) ™

can be substituted in (13). As a result,

1(t)

dl(t) _J‘ 0 [k(h 5) ah]d
ac ) ax VM okl O
0
Next, using equation (1), from the above equality, it
can also be obtained:
i) _ Ut) (ya dh
e=h (S

+——2) dz. (28)

1+e 0B dt

After applying time discretization to (28) in the implicit
difference scheme, it can be obtained the following:
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0

1 de\UtD gl+D _ p()
+1720 (35) )dz'
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T

Then,

10+ = 1) 4
1D

_ Y G _ i
+f{1+e(1+1)( h) +
0

1 de\UtY .
- (= G+ _ g
tireomlep) (B8 ]}dz'
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where (j + 1) is searched for t, using the position of the
upper limit [,
The integral in (29) can be found using numerical

U+1)
integration formulas. Concretization eU+% and ( )

is given in the following points.

Here 1U*Y = [(¢;,,),j = 0,1,2, ... The position [ in
(29) is known, as are the values hU+D, U+ BU+D angd
ON:10)

According to the proposed algorithm, the values of
pressure and biomass concentration on the time layer (j +
1) are sought using the position of the upper limit 190, The
integral in (29) can be found using numerical integration
formulas. The specifics of the calculation of eYU*V and

(a_e)(f"'l)
0B

4 Results

is presented in the following section.

The void ratio in a consolidating porous medium
depends on the excess pressures. However, in the context
of our task, it will also depend on the volume of
microorganism biomass. That is e = e(h, B). Then,

de _ aeah+aeaB
dt 0hdt 0B at
According to the principle of effective stress, which is

used in the theory of filtration consolidation of porous
media, for the one-dimensional case, it can be written:

de

an =

where a — the compressibility coefficient of the porous
medium; y — the specific gravity of the pore liquid.

Then, using time discretization, it can be obtained:

eU+D _ o)

T
RUD — (), 9e\UTD gU+D) _ g
o )

or
eU*D = qy(RU*D — hO) +

9e\U+Y . . .
n (@> (BU+D — BW) 4 ),

j=012,...,m —1.

For the dependence of the filtration coefficient on the
void ratio, which is indirectly expressed in the dependence
k =k(e) =k(h,B), we use the Kozeny—-Carman
equation [25] is as follows:

G+n73
KO+ = | i e
01 +eUtD| ¢, |’

where e, — the initial value of the void ratio.

To convert the biomass concentration to volume, it can
be assumed that the biovolume is 80 % water and the rest

20 % of the dry mass is 50 % carbon (bio-carbon) [30].
Then,

~ B
0.8p,, +0.2-P/,

where ng — the biomass volume per unit volume of the
porous medium; p,,, — the density of water; p. — the density
of bio-carbon.

In the numerical experiments p, =100 kg/m® [31].
After considering the dependence

de e on 1 1
0B 9n 0B (1-m?0gp, +0.25¢

for n = ng — ng and using the dependence n =
be obtained:

|tcan

de
—=—(1+e)?

oB 0.8p, +0.25¢

According to [32]

fele,.B) = =3 fs(n, B,¢) = ks(fe(c, B) — k4 B).

where the following parameters are introduced:

u
ki = Bpax (Ym

Y,
ks = XS;k4

Bmax

+ms>, k, = Ks;

= MsBpmax-
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In the numerical experiments [32], the following values
were used: the specific growth rate u,, = 1.5-10°s%; the
maintenance coefficient m, = 3.0-10° s; the maximum
value of biomass B, = 100 kg/m3; the dimensionless
substrate growth yield factor Yys =0.045; the Monod
saturation constant K = 3.5-10°% kg/m?®,

According to [28],

Dp = alu| + 13Dg',

where a =0.01 m — the transversal dispersivity of the
component in water; 7z <1 — the tortuosity (in the
considered case, 75 = 0.5); DI* = 1.296-10* m?/day — the
molecular diffusion coefficient of the component in water.

The boundary and initial conditions for biomass are
By (t) = Bigxs Bo(x) =1 kg/m?®, and B,,,4, = 50 kg/m?®.

The initial filtration coefficient of the porous medium
was set k, =2.88-10° m/day, and the initial porosity
ny =0.038. The problem considers a layer of porous
medium of a thickness [ = 10 m. The step of the variable x
was 0.01 m, and the time step 7 = 1 day.

Also, in equation (1), a=5.12-10"m?N — the
compressibility coefficient of the porous medium;
e = 1-10* N/m? — the specific gravity of the pore solution.

Initial  pressure distribution hy(x) =0m. The
unobstructed outflow of pore fluid is ensured at the lower
boundary, and a boundary condition of symmetry was set
at the upper boundary.

A glucose solution was considered as an organic
solution. Initial distribution of glucose concentration in
pore water c,(x) = 0.1 kg/m3. In the boundary condition
(6), on the soil surface ¢, (t) = 10 kg/m®. The diffusion
coefficient of glucose D = 5.184-10-°> m?/day.

The function of the sources of organic substances in
equation (5) was set as follows:

F.(x,t) =70 + 10(x — 1),%; x€[i;i+02];i=109.

The porous medium in a state of compaction was
considered the previously buried solid household waste
that is still a source of organic matter entering the liquid
phase due to biodegradation.

In the proposed form, the assignment of the function
F.(x,t) is a model. The pressure was automatically
increased by 5 matt = 50 days, t = 100 days, t = 150 days,
and t=200 days due to the applied load from freshly
added waste.

Piecewise quadratic functions were used as the basis
functions of the finite element method. The results of
numerical experiments are presented in Table1 and
Figures 2-3, which illustrate the general picture of
changes in excess pressure and biomass distribution.

The distribution of the concentration of organic
substances (in the considered case, glucose), regardless of
the presence of the source function F.(x, t), varies around
its minimum values since time t=50 days, i.e., actual
distribution of biomass (Figure 2) and distribution of the
concentration of nutritious substances reaches equilibrium
after a certain time.

Table 1 — Maximum values of pressure and subsidence
for the upper limit

Disregarding Considering
Timet, bioprocesses _ bioprocesses _
days Subsi- Subsi-
hm, m dence, hm, m dence,
cm cm
70 4.13 7.50 6.03 8.73
100 7.20 11.62 8.70 14.46
200 8.13 41.49 8.52 47.89
300 1.13 61.41 2.21 70.36
400 0.21 63.26 0.75 74.60
50
40
% 30
2
o 20
10
0
0 1 2 3 4 5 6 7 8 9 10
X, m
Figure 2 — Biomass distribution at t = 720 days
7
6 2
5 1
g4
<4 3
2
1
0
0 1 2 3 4 5 6 7 8 9 10
X, m
Figure 3 — Distribution of excess pressure for the case
of considering bioprocesses: 1 — 60 days;
2 — 170 days; 3 — 250 days
5 Discussion

According to the classical theory of filtration
consolidation of porous media, the applied external loads
or the self-weight of the solid phase of the medium causes
excess pressures in the pore fluid. From the perspective of
porous media mechanics, excess pressures are considered
detrimental, as they can lead to loss of medium stability
and failure.

As these pressures dissipate (the dynamics of pressure
changes are described by equation (1)), the medium
undergoes compaction, reduction in pore volume, and,
consequently, surface subsidence. Therefore, according to
the classical consolidation theory, there is an evident
interdependence: decreasing excess pressures leads to
more significant subsidence and vice versa [33].

However, as the above results demonstrate, considering
the development of microorganism biomass and its
influence on pressures and subsidence runs directly
counter to classical notions.
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The effect of bioprocesses accelerates the subsidence of
the surface of the porous medium, even though the
maximum values of excess pressure remain somewhat
larger (Table 1). The development of biomass (Figure 2)
increases pressure in the pore fluid because the porosity
decreases.

As a result, the maximum pressure values consistently
exceed those for neglecting bioprocesses when
considering bioprocesses. However, additional pressures
increase the filtration rate and the volume of the filtered
liquid due to the reduction of the pore space despite some
reduction in the filtration coefficient from the Kozeny-
Carman equation. Therefore, according to condition (13),
this leads to an increase in subsidence.

The study of consolidation processes, surface
subsidence, and dissipation of excess pressures is essential
for assessing the stability of slopes in solid household
waste landfills [34].

Predicting and accounting for factors deviating from the
classical consolidation problem is critical in accurately
assessing stability coefficients of porous medium masses,
such as waste landfills.

6 Conclusions

A mathematical model of subsidence of a porous
medium based on the theory of filtration consolidation that
considers the effect of microorganisms was constructed
and investigated. Obtained results of numerical
experiments seem somewhat paradoxical at first glance.
When considering the effect of the development of
microorganisms, the excess pressures remain consistently
more significant, as well as the amount of subsidence of
the surface of the porous medium.

However, according to the classical theory, slowing the
dissipation of excess pressures means slowing subsidence.
The reasons for the obtained results of the investigated
non-classical problem were explained based on the effect
of the formation of additional biomass.

Overall, the research represents the initial, essential
stage towards comprehensively considering the
interrelated  processes of filtration consolidation,
subsidence, and reproduction of microorganism biomass
concerning waste landfills.

Further research will involve accounting for processes

of greenhouse gas generation as a result of microorganism
activity in environments with organic components.

References

1.

10.

11.

12.

Coffin, E. S., Reeves, D. M., Cassidy, D. P. (2023). PFAS in municipal solid waste landfills: Sources, leachate composition,
chemical transformations, and future challenges. Environmental Science & Health, Vol. 31, 100418.
https://doi.org/10.1016/j.coesh.2022.100418

Javier, R.-1., Rodrigo-Clavero, M.-E., Romero, C. P., Suarez-Romero, P. (2022). Do solid waste landfills really affect land use
change? Answers using the weighted environmental index (WEI). Remote Sens, VVol. 14, 5502. https://doi.org/10.3390/rs14215502
Fu, X.-L., Jiang, Z.-Y., Reddy, K. R., Ruan, K., Du, Y.-J. (2023). Hydraulic conductivity, microstructure, and compositional
changes of sand—bentonite backfill in cutoff walls exposed to organic acids. J. Geotech. Geoenviron. Eng., Vol. 149(8), 04023060.
https://doi.org/10.1061/JGGEFK.GTENG-11321

Golparvar, A., Késtner, M., Thullner, M. (2021). Pore-scale modeling of microbial activity: What we have and what we need.
Vadose Zone J., Vol. 20(1), e20087. https://doi.org/10.1002/vzj2.20087

Shin, C., Alhammali, A., Bigler, L., Vohra, N., Peszynska, M. (2021). Coupled flow and biomass-nutrient growth at pore-scale
with permeable biofilm, adaptive singularity and multiple species. Math Biosci Eng., Vol. 18(3), pp. 2097-2149.
https://www.aimspress.com/article/d0i/10.3934/mbe.2021108

Mufoz-Vega, E., Schulz, S., Rodriguez-Escales, P., Behle, V., Spada, L., Vogel, A. L., Sanchez-Vila, X., Schiith, C. (2023). Role
of soil biofilms in clogging and fate of pharmaceuticals: A laboratory-scale column experiment. Environ. Sci. Technol.,
Vol. 57(33), pp. 12398-12410. https://doi.org/10.1021/acs.est.3c02034

Zhang, Y., Xu, A,, Lv, X., Wang, Q., Feng, C., Lin, J. (2021). Non-invasive measurement, mathematical simulation and in situ
etection of biofilm evolution in orous media: A Review. Appl. Sci., Vol. 11(4), 1391. https://doi.org/10.3390/app11041391
Thullner, M., Zeyer, J., Kinzelbach, W. (2002). Influence of microbial growth on hydraulic properties of pore networks. Transport
in Porous Media, Vol. 49, pp. 99-122. https://link.springer.com/article/10.1023/A:1016030112089

Jain, S., Das, S. K. (2023). Influence of size and concentration of carbonate biomineral on biocementation and bioclogging for
mitigating soil degradation. Biogeotechnics, Vol. 1(2), 100021. https://doi.org/10.1016/j.bgtech.2023.100021

Etim, R. K., ljimdiya, T. S., Eberemu, A. O., Osinubi, K. J. (2022). Compatibility interaction of landfill leachate with lateritic soil
bio-treated with Bacillus megaterium: Criterion for barrier material in municipal solid waste containment. Cleaner Materials,
Vol. 5, 100110. https://doi.org/10.1016/j.clema.2022.100110

Ulyanchuk-Martyniuk, O., Michuta, O., Ivanchuk, N. (2020). Biocolmation and finite element modeling of its influence on
changes in the head drop in a geobarrier. Eastern-European Journal of Enterprise Technologies, Vol. 4/10(106), pp. 18-26.
https://doi.org/10.15587/1729-4061.2020.210044

Ivanchuk, N., Martyniuk, P., Michuta, O., Malanchuk, Y., Shlikhta, H. (2021). Constructing a mathematical model and studying
numerically the effect of bio-clogging on soil filtration consolidation. Eastern-European Journal of Enterprise Technologiesthis,
Vol. 2/10(110), pp. 27-34. https://doi.org/10.15587/1729-4061.2021.230238

Journal of Engineering Sciences (Ukraine), Vol. 11(1), pp. H21-H28

H27


https://doi.org/10.1016/j.coesh.2022.100418
https://doi.org/10.3390/rs14215502
https://doi.org/10.1061/JGGEFK.GTENG-11321
https://doi.org/10.1002/vzj2.20087
https://www.aimspress.com/article/doi/10.3934/mbe.2021108
https://doi.org/10.1021/acs.est.3c02034
https://doi.org/10.3390/app11041391
https://link.springer.com/article/10.1023/A:1016030112089
https://doi.org/10.1016/j.bgtech.2023.100021
https://doi.org/10.1016/j.clema.2022.100110
https://doi.org/10.15587/1729-4061.2020.210044
https://doi.org/10.15587/1729-4061.2021.230238

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ulianchuk-Martyniuk, O. V., Michuta, O. R., lvanchuk, N. V. (2021). Finite element analysis of the diffusion model of the
bioclogging of the geobarrier. Eurasian Journal of Mathematical and Computer Applications, Vol. 9(4), pp. 100-114.
https://doi.org/10.23939/mmc2024.01.050

Fan, L., Xun, Z., Peng, S. (2023). A comparative case study on drainage consolidation improvement of soft soil under vacuum
preloading and surcharge preloading. Appl. Sci., Vol. 13(9), 5782. https://doi.org/10.3390/app13095782

Zhang, Y., Yin, Y., Zong, M., Wu, W., Zong, Z., Mei, G. (2023). A one-dimensional nonlinear consolidation analysis of double-
layered soil with continuous drainage boundary. Appl. Sci., Vol. 13(21), 11711. https://doi.org/10.3390/app132111711

Li, C., Xue, Q., Jin D. (2023). Analytical solutions for one-dimensional large-strain nonlinear consolidation of soft soils by
considering a time-dependent drainage boundary. International Journal of Geomechanics, Vol. 23(4).
https://doi.org/10.1061/1JGNAI.GMENG-8235

Song, D., Pu, H., Khoteja, D., Li, Z., Yang, P. (2022). One-dimensional large-strain model for soft soil consolidation induced by
vacuum-assisted prefabricated horizontal drain. European Journal of Environmental and Civil Engineering, Vol. 26(11),
pp. 5496-5516. https://doi.org/10.1080/19648189.2021.1907228

Wang, J., Yuan, W, Yin, X,, Li, W., Li, X. (2023). One-dimensional consolidation properties of soft clay under multi-stage
loading. Appl. Sci., Vol. 13(18), 10340. https://doi.org/10.3390/app131810340

Tian, Y., Wu, W., Wang, P., Wang, L., Wen, M., Jiang, G., Mei, G. (2023). Large-strain consolidation of PVD-improved soils
considering depth-dependent initial void ratio and initial effective stress due to soil self-weight. International Journal for
Numerical and Analytical Methods in Geomechanics, Vol. 47(15), pp. 2791-2814. https://doi.org/10.1002/nag.3598

Bohaienko, V., Bulavatsky, V. (2020). Fractional-fractal modeling of filtration-consolidation processes in saline saturated soils.
Fractal Fract., Vol. 4(4), 59, https://doi.org/10.3390/fractalfract4040059

Wang, C., Liu, S., Shi, X., Cui, G., Wang, H., Jin, X., Fan, K., Hu, S. (2022). Numerical modeling of contaminant advection
impact on hydrodynamic diffusion in a deformable medium. Journal of Rock Mechanics and Geotechnical Engineering,
Vol. 14(3), pp. 994-1004. https://doi.org/10.1016/j.jrmge.2021.09.009

Lee, J., Jo, H., Oh, J. (2023). Application of drone LiDAR survey for evaluation of a long-term consolidation settlement of large
land reclamation. Appl. Sci., Vol. 13(14), 8277. https://doi.org/10.3390/app13148277

Adamcovg, D., Barto, S., Osinski, P., Pasternak, G., Podlasek, A., Vaverkova, M. D., Koda, E. (2020). Analytical modelling of
MSW landfill surface displacement based on GNSS monitoring. Sensors, Vol. 20(21), 5998. https://doi.org/10.3390/s20215998
Lo, M. K,, Loh, D. R. D., Chian, S. C., Ku, T. (2022). Probabilistic prediction of consolidation settlement and pore water pressure
using variational autoencoder neural network. Journal of Geotechnical and Geoenvironmental Engineering, Vol. 149(1),
https://doi.org/10.1061/JGGEFK.GTENG-10555

Herus, V. A., Ivanchuk, N. V., Martyniuk, P. M. (2018). A system approach to mathematical and computer modeling of
geomigration processes using Freefem++ and parallelization of computations. Cybernetics and Systems Analysis, Vol. 54(2),
pp. 284-294. https://doi.org/10.1007/s10559-018-0030-3

Tufenkji, N. (2007). Modeling microbial transport in porous media: Traditional approaches and recent developments. Adv. in
Water Resources, Vol. 30, pp. 1455-1469. 10.1016/j.advwatres.2006.05.014

Thullner, M., Regnier, P. (2019). Microbial controls on the biogeochemical dynamics in the subsurface. Reviews in Mineralogy
and Geochemistry, Vol. 85, pp. 265-302. https://doi.org/10.2138/rmg.2019.85.9

Diaz-Viera, M. A., Ortiz-Tapia, A., Hernandez-Perez, J. R., Cortes, G. C., Roldan—Carrillo, T., Olguin-Lora, P. (2019). A flow
and transport model for simulation of microbial enhanced oil recovery processes at core scale and laboratory conditions. Journal
of Numerical Analysis and Modeling, Vol. 16(1), pp. 63-96.

Martyniuk, P. M., Ulianchuk-Martyniuk, O. V. (2023). Model of non-isothermal consolidation in the presence of geobarriers and
the total approximation properties of its finite element solutions. Journal of Optimization, Differential Equations and their
Applications, Vol. 31(1), pp. 74-94. https://doi.org/10.15421/142304

Manfred, B., Jaap, B., Klaus, M., Rolf, M. (2002). Enumeration and biovolume determination of microbial cells — A
microbiological review and recommendations for applications in ecological research. Biology and Fertility of Soils, Vol. 36,
pp. 249-259. https://doi.org/10.1007/s00374-002-0537-6

Thullner, M. (2010). Comparison of bioclogging effects in saturated porous media within one- and two-dimensional flow systems.
Ecological Engineering, Vol. 36, pp. 176-196. https://doi.org/10.1016/j.ecoleng.2008.12.037

Balsa-Canto, E., Lopez-Nunez, A., Vazquez, C. (2017). Numerical methods for a nonlinear reaction-diffusion system modelling
a batch culture of biofilm. Applied Mathematical Modelling, VVol. 41, pp. 164-179. https://doi.org/10.1016/j.apm.2016.08.02
Gabibov, F. G., Shokarev, V. S. (2023). Acceleration of consolidation of water-saturated loess subsidence massifs during their
compaction by deep explosions. In: Smart Geotechnics for Smart Societies. CRC Press, Boca Raton, FL, USA, pp. 493-497.
Feng, S.-J., Wu, S.-J., Fu, W.-D., Zheng, Q.-T., Zhang, X.-L. (2021). Slope stability analysis of a landfill subjected to leachate
recirculation and aeration considering bio-hydro coupled processes. Geoenvironmental Disasters, Vol. 8(1), 29.
https://doi.org/10.1186/s40677-021-00201-2

H28 Environmental Protection


https://doi.org/10.23939/mmc2024.01.050
https://doi.org/10.3390/app13095782
https://doi.org/10.3390/app132111711
https://doi.org/10.1061/IJGNAI.GMENG-8235
https://doi.org/10.1080/19648189.2021.1907228
https://doi.org/10.3390/app131810340
https://doi.org/10.1002/nag.3598
https://doi.org/10.3390/fractalfract4040059
https://doi.org/10.1016/j.jrmge.2021.09.009
https://doi.org/10.3390/app13148277
https://doi.org/10.3390/s20215998
https://doi.org/10.1061/JGGEFK.GTENG-10555
https://doi.org/10.1007/s10559-018-0030-3
https://escholarship.mcgill.ca/catalog?locale=en&q=10.1016%2Fj.advwatres.2006.05.014&search_field=identifier_tesim
https://doi.org/10.2138/rmg.2019.85.9
https://doi.org/10.15421/142304
https://doi.org/10.1007/s00374-002-0537-6
https://doi.org/10.1016/j.ecoleng.2008.12.037
https://doi.org/10.1016/j.apm.2016.08.02
https://doi.org/10.1186/s40677-021-00201-2

