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Abstract

Soil improvement techniques have been developed experimentally and empirically from various geotechnical standpoints
based on physical, chemical, and biological findings. The traditional microbiological perspectives consider microbially
induced soil cementation as an environment-friendly soil improvement technique. In particular, microbially induced
carbonate precipitation (MICP) is recognised as an effective method with applications in real geotechnical problems.
Traditionally, highly active species with carbonate-precipitating and their optimum environmental conditions have been
identified through laboratory experiments and field surveys. Recently, numerical simulations considering microbial
metabolic reactions have been tried for elucidating MICP. However, the mathematical and numerical evaluation of the
relationship between bacterial growth and MICP requires further investigation. This study proposed a novel numerical
simulation scheme for evaluating the effects of bacterial growth on stress distribution in soil micro- and macro-structure. In
particular, this scheme utilised a reaction—diffusion system to determine bacterial growth and MICP in micro-structures.
Further, stress and strain distributions in multi-scale structures were evaluated by a homogenisation method. Consequently,
the simulation results of the calcium carbonate precipitation were 0.85-4.5 pmol/mm? at 10.3 h. Evidently, the model
values are reasonably consistent with the experimental data. Further, the homogenisation simulations indicated that soil
stabilisation could be attributed to the formation of a novel skeleton structure comprising soil particles and calcium
carbonate-filled soil pores.

Keywords Coupling simulation - Homogenisation method - Microbial growth - Reaction—diffusion system

1 Introduction

Biogeotechnology is a branch of geotechnical engineering
that employs ecological approaches to address geotechnical
problems [27] such as liquefaction [62]. Biogeotechnology
is recognised as an environment-friendly approach which is
relatively low-cost compared to traditional soil
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improvement techniques [27] such as sand compaction
piles [59, 63] and chemical grouting [21, 28].
Biogeotechnology utilises biomineralisation, i.e. the
precipitation of minerals (e.g. carbonates and silica) by
bacterial and/or plant metabolism [48]. Particularly,
microbially induced carbonate precipitation (MICP) has
been observed in both laboratory experiments and field
surveys worldwide [1, 6,9, 11, 12, 29, 42, 47, 58]. Previous
studies have identified several bacterial species, such as
cyanobacteria and ureolytic bacteria, that exhibit biomin-
eralisation under specific environmental conditions such as
temperature and pH. It has been reported that the metabolic
reactions of ureolytic bacteria significantly affect calcium
carbonate precipitation in soils [10, 20, 48, 65]. Ureolytic
bacteria require urea and water [25], while cyanobacteria
require sunlight, carbon dioxide, and water for their
metabolic reactions [2, 16]. Notably, ureolytic bacteria
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have been investigated as a bio-calcification material for
the improvement of sandy soils [7, 64].

Bacteria can adsorb cations (e.g. calcium ions) from the
external environment owing to presence of negatively
charged functional groups on their surface [15, 18]. Hence,
the chemical reaction between carbonate ions (discharged
during bacterial metabolism and/or produced in alkaline
environment) and calcium ions (adsorbed on bacterial cell
surface) results in the precipitation of calcium carbonate
around bacterial cells [30, 65]. Additionally, MICP serves
to bond soil particles.

Previous studies have observed MICP in soil micro-
structure using scanning electron microscopy, transmission
electron microscopy, and X-ray microtomography
[42, 52, 57]. The process underlying MICP is illustrated in
Fig. 1. Notably, calcium carbonate precipitation on the
surface of soil particles is followed by the gradual filling of
voids by calcium carbonate. This calcium carbonate growth
enhances the stability and strength of soils. Although these
results have been primarily obtained by laboratory exper-
iments and field investigations, recent studies have focused
on mathematical and numerical simulations in this regard
[1, 33, 56].

Matsubara and Yamada [33] proposed a mathematical
model based on a reaction—diffusion system and
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Fig. 1 Ureolytic bacteria induced precipitation of calcium carbonate
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numerically simulated the MICP at micro-scale. The pro-
posed model could simulate MICP on the surface of soil
particles. Notably, the combination of microscopy and
simulation results allowed the deductive and visual
understanding of the MICP. However, this model did not
consider the growth of bacterial colonies in soils; therefore,
it was difficult to comprehensively elucidate the relation-
ship between bacterial growth and MICP. In addition, no
previous study has simulated the relationship between
changes in soil micro-structure due to MICP and the
strength development of soil micro- and macro-structure.

Notably, studies in the field of numerical/theoretical
biology have investigated spatio-temporal growth and
colour patterns in various creatures, insects, and bacterial
colonies to develop numerical simulators of morphological
patterns [34]. For instance, as indicated by a numerical
logistic model, the growth of bacterial colonies generally
depends on growth velocity and individual density [35].
Several models as mentioned above have been formulated
based on reaction—diffusion systems [17, 34]. Therefore,
models simulating the growth of bacterial colonies may
have a high affinity with the MICP model proposed by
[33].

In this study, we assessed the relationship between
changes in soil micro-structure due to MICP and the
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strength development of soil micro- and macro-structure.
In this regard, we investigated the changes in soil micro-
structure and soil mechanical parameters (e.g. elastic
modulus) and subsequently conducted the stress analysis.
Several multi-scale analysis techniques have been pro-
posed to theoretically relate the micro- and macro-struc-
tures [3, 14, 40, 53]. This study utilised finite element
method (FEM) based mathematical homogenisation [54] as
a bridging technique. This method was suitable because the
average values of the material constants of soil micro-
structure could be utilised as the mechanical parameters of
soil macro-structure.

This study proposed a novel mathematical model con-
sidering bacterial colony growth to elucidate the MICP
phenomenon. Specifically, the proposed model assessed the
relationship between bacterial growth and MICP in three
dimensional micro-structures. Additionally, a mathemati-
cal homogenisation scheme was applied to investigate the
relationship between changes in soil micro-structure due to
MICP and the strength development of soil micro- and
macro-structure. Furthermore, we constructed coupling
models of bacterial growth and MICP. Subsequently, we
proposed a technique for transforming a bio-chemical field
into a dynamical field in the micro-structure. Finally, the
morphological and quantitative results obtained by the
numerical simulations were compared with the existing
experimental results.

2 Mathematical modelling of micro-scale
biosystems

2.1 Growth of ureolytic bacteria

Several studies in the field of mathematical biology have
utilised mathematical and numerical models to determine
the growth of microbial colonies and elucidate the under-
lying formation mechanisms [26]. Specifically, a few
studies have utilised reaction—diffusion systems in this
regard [60]. In particular, reaction—diffusion systems have
been utilised to simulate morphological properties such as
cell division and colour patterns in living organisms
[44, 38]. Notably, bacterial colonies on agar have been
shown to indicate specific patterns such as circular, tree-
like, and spotted [41]. The mathematical models for growth
of bacterial colony were based on the following equation
[23, 34]:

0
a—bt[:DuVZu—F(a—uu)u (1)
where t, D,, u, ¢, and u denote the time, bacterial diffusion

coefficient, bacterial concentration, growth rate, and the
competition coefficient, respectively. Further, D,V?u

represents the diffusion term, while (¢ — uu)u indicates the
growth term. In this study, Eq. (1) was used as the base
equation for calculating the growth of ureolytic bacteria
where actual bacterial size is not considered, although the
concentration of bacteria is assessed.

Several bacteria, including ureolytic bacteria, exhibit
chemotaxis, i.e. movement in response to nutrient gradients
[17]. Ureolytic bacteria, such as Helicobacter pylori,
exhibit chemotaxis to urea—a nutrient utilised in their
metabolism [36]. The following mathematical model con-
sidered chemotaxis in the estimation of ureolytic bacterial
growth.

Ou Ve
— =D,V?u+ (¢ — pu)u — yV | —— 2
o u+ (e — pu)u—7y <(C+ % u) (2)

where 7 is the coefficient of chemotaxis and c is the con-
centration of chemotaxis substance. In the case of ureolytic
bacteria, ¢ is defined as the concentration of urea
(CO(NH,),). In this study, Eq. (2) was discretised by the

finite difference method.
2.2 Metabolism of ureolytic bacteria

Urea hydrolysis by ureolytic bacteria induces the precipi-
tation of calcium carbonate [61]. Hence, the MICP phe-
nomenon could be represented by urea hydrolysis and
calcium carbonate precipitation. The chemical reaction
system in this regard was expressed as follows [33]:

ki
CO(NH,), +2H,0 == CO}™ + 2NH; (3)
ko
ks
Ca’" 4 CO3~ 2 CaCo; (4)
ky

where Egs. (3) and (4) describe urea hydrolysis by ure-
olytic bacteria and the precipitation of calcium carbonate,
respectively. This study left the impact of temperature out
of account because both that general thermodynamic
parameters may not be directly applied to microbial
metabolism and that thermodynamic equilibrium parame-
ters may not be introduced directly in non-equilibrium
simulations. Thus, in this study, we discuss whether a
reaction—diffusion theory approach is effective for the
MICP phenomena.

Considering the diffusion and inflow terms in Egs. (3)
and (4), the following mathematical models were con-
structed based on the reaction—diffusion system:
0A

5 = V(DaVA) — i AB + IoCE? + Aiy (%)
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%gzzvahVB)—kﬁBz+2bCE2+Bm (6)
oC ) 2

a = V(DcVC) + kiAB® — koCE* — k3CF + k4P (7)
OE ) 2

5 = V(DEVE) + 26iAB’ — koCE (8)
oF; 0 _ OF;

ot *&DFa*k3C1Fl+k4P+Fm (9)
%I; = ksCiF; — k4P (10)

where A, B, C;, E, F;, and P denote the concentrations of
CO(NH,),, H,0, CO3~, NH}, Ca®", and CaCOs3, respec-
tively. Aj,, Bin, and Fj, are the constant inflows of
CO(NH;),, H,0, and Ca’*, respectively. k; and k3 in
Egs. (3) and (4) are the positive rate constants of the
chemical reaction whereas k, and k4 are the negative rate
constants where the reverse reactions were assumed to be
very slow in this study. Moreover, D= is the diffusion
coefficient of the related variable (*) which exhibits a
random value at micro-scale. These equations were dis-
cretised by the finite difference method.

The urease enzyme reaction occurs in ureolytic bacteria,
resulting on an increased number of bacteria. This means
that if the number of ureolytic bacteria increases, the
metabolic response of Eq. (3) would be more active.
Therefore, the rate constant k; depends on the population
of ureolytic bacteria, i.e. k; increases as the population of
ureolytic bacteria increases and vice versa. In this study,
this dependence was obtained based on the concentration
of ureolytic bacteria formulated in Eq. (2). Assuming that
ki at an arbitrary point X; (k;(X;)) exhibits a linear rela-
tionship with the concentration of ureolytic bacteria at that
point (u(X;)), we obtained the following equation:

kl,max

(umax - “min)

k1 max i
% M(Xl) _ Kima X Umin (11)

(umax - umin)

ki(X;) =

where ki max, Umax, and Umin are maximum value of ki,
maximum value of u, and minimum value of u, respec-
tively. To date, although this linear relationship is not yet
proved, the authors have proposed here as a mathematical
model.

3 Homogenisation modelling

3.1 Bridging from micro- to macro-structure

The concentration of calcium carbonate was calculated in a
stepwise manner using Eq. (10) to ensure that the inner

structure changed step-by-step. Although previous studies
have proposed various multi-scale simulation techniques
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[24], this study considered the mathematical homogenisa-
tion method [55] for elucidating the relationship between
micro- and macro-structures. This is because the periodic
boundary condition for soil micro-structure is almost sat-
isfied if urea and ureolytic bacteria are evenly distributed.
Additionally, this method has been widely applied to
address various multi-scale problems such as evaluating
the properties of rock mass strength, determining fracture
patterns, and topological optimisation [32, 46, 51]. Hence,
the adoption of this method in this study expands our fields
of application.

The homogenised material properties of the soil macro-
structure were determined by conducting deformation
analyses for a unit cell, i.e. a micro-structure with periodic
boundary conditions [39, 43]. The stress in soil micro- and
macro-structure was analysed under maintaining their
interrelationships. This could be attributed to the bridging
of material parameters and deformation at both scales.

If y denotes the coordinate system for a micro-structure,
then stress (o), displacement (x), and strain (¢) in the
micro-structure can be described as follows:

dc;(yy) =0 in a unit cell (12)
a(y) = Ca(y) (13)
oty) = (14)

where C is the elastic constant of the micro-scale structure.
Further, displacement in the micro-structure was defined
as:

u(y) =E(x)y +u’ (15)

where x and E denote the coordinate system and the strain
in the macro-structure, respectively. u* is the disturbance
displacement determined as:

u’ = —yE(x) (16)
where y is the characteristic deformation. The strain in the

micro-structure was calculated based on Egs. (14)—-(16) as
follows:

dﬂ=%=HM+W*EM—ﬂHM (17)

The relationship between stress and strain in the macro-
structure was governed by the following equation:

2(x) = C"E(x) (18)

where Z(x) is the stress in the macro-structure, and C" is
the homogenised elastic modulus. Assuming unit strain
(1.0) in the macro-structure, Eqs. (17) and (18) were con-
verted as follows:
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dy
% (19)

T(x)=C" (20)

e(y) =1

Additionally, the relationship between stress and strain
was calculated for each scale as follows:

Xx)=o0 (21)
E(y)=¢ (22)

where (*) represents the average volume of the micro-
structure. Therefore, the homogenised elastic modulus was
calculated as follows:

d,,
ch:zzaza;:c(l——") (23)
dy
In this study, the FEM was employed for discretisation.
Subsequently, the element stiffness matrix (K) was calcu-

lated as:

K=/ (8" [C"][Blav (24)

where V is the volume of the macro-structure and B is the
strain—displacement matrix. The estimation of stress dis-
tribution in the macro-structure was followed by the cal-
culation of displacement, strain, and stress at arbitrary
points in the micro-structure using the following equations:

u(y) = Ea(x)y — xEa(x) (25)
o(3) = Eao) ~ ZEA(9) = Eal) (1 - ‘CZ) (26)
6(y) = Ce(y) = CEA(x) <1 - Z—;‘) (27)

where A is an arbitrary coordinate in the macro-structure.

3.2 Bridging from micro-scale biosystems
to homogenisation systems

In this study, the micro-structure changed in a stepwise
manner owing to the MICP phenomenon. Therefore, the
concentration of calcium carbonate in the inner structure,
including soil particles, was estimated at each time step.
Further, we determined its distribution in a unit cell. As
indicated in Sect. 2, the finite difference method (FDM)
was utilised to calculate the calcium carbonate concentra-
tions of the grid points. Thus, the grid system utilised for
MICP simulation was reused as the mesh system for the
micro-structure (unit cell) during homogenisation simula-
tion. However, the estimated calcium carbonate concen-
trations of the grid points should be converted to the
material properties of the integral points of the meshes.
This is because FEM-based homogenisation analyses

require material properties of the integral points of the
micro-structure (see Fig. 2.

In this study, calcium carbonate concentrations were
interpolated using the shape function of the FEM [66] as
indicated by the following equation:

Py = iN,-(x,»,,)Pj (28)

where P;, and Nj(x,-p) denote the concentration of calcium
carbonate and the value of the shape function at an integral
point (ip), respectively. Notably, this study utilised 27
integral points per mesh. Further, j is the grid number of the
constructing structure.

Martinez et al. [31] experimentally elucidated the rela-
tionship between calcium carbonate concentration and
shear wave velocity (V) as denoted by Eq. (29).

V, = 1.053P + 157.895 (29)

Shear wave velocities were converted to shear modulus
values (G) using Eq. (30):

G=pxV; (30)

where p(=2.71 g/cm®) is the density of calcium
carbonate.

The bridging scheme described above allowed seamless
multi-scale simulation of ureolytic bacterial growth, MICP,
elastic micro-structure, and elastic macro-structure. A
flowchart of the proposed technique is presented in Fig. 3.

4 Numerical examples

4.1 Model and boundary conditions

Figure 4 presents the initial structure models for the sim-
ulation of microbial growth and MICP. Further, these
models were used as unit cells during homogenisation
simulation. ~The size of each model was

Imm X Ilmm x Imm. Further, each axial direction (x, y,

Grid points : P;

Integral points___
P, ip=1-27

Fig. 2 Interpolation of calcium carbonate concentration of an integral
point based on the grid point values
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and z) was divided by 64 (number of grid points: 274,625).
The arrangement of sand particles may have a significant
influence on the precipitation pattern because the target of
this study is a micro-scale area of sand particle size.
Therefore, as shown in Fig. 4, three models arranged sev-
eral spherical sand particles in the cube were prepared. In
model 1, eight spherical sand particles (radius: 0.5 mm)
were placed at each vertex Fig. 4a. In model 2, eight
spherical sand particles (radius: 0.5 mm) were placed at
each vertex and one particle (radius: (v/3 — 1)/2 mm) was
placed at the centre of the cube Fig. 4b. In model 3, 14
spherical sand particles (radius: v/2/4 mm) were placed at
each vertex and at the centre of the faces Fig. 4c.

The simulation was characterised by a time increment
(At) of 0.001 h. Further, the diffusion coefficients were
randomly selected. Specifically, the diffusion coefficients
of materials (D, Dg, Dc, Dg, Dg) were set to 6.08 x
1073 ~2.56 x 107> mm*h [4] because the diffusion of
substances and ions in general solution were assumed.
With respect to the diffusion coefficient of ureolytic bac-
teria (D) was set to 1.00 x 107* mm?h because the
authors assumed that the movement of bacteria largely
depends on chemotaxis in Eq. (2), and the effect of diffu-
sion themselves is smaller than that of other substances and
ions. In contrast, to date, no studies have been conducted to
accurately know the values of the growth rate (¢), com-
petition coefficient (u), and the coefficient of chemotaxis
(y) in ureolytic bacteria. Therefore, these values were
determined based on existing studies on Helicobacter
pylori and Escherichia coli, etc. [5, 19, 49] in this study.
That is, the growth rate, competition coefficient, and the
coefficient of chemotaxis were set to 0.4 /h, 2.0 x 1073
cells/h, and 2.5 mm?/h, respectively.

The k; is determined by Eq. (11) that is a linear model
to express the relationship between reaction rate and bac-
terial concentration. In contrast, the negative rate constants
k, and ks were set as 1.0 x 107* and 0.1 umol/mmz/h,
respectively, because the reverse reactions were assumed to
be very slow in this study. In contrast, the value of k3 was
set to 1.0 x 10° pmol/mm?h based on the existing exper-
iment on natural calcite precipitation [8]. Additionally, the
external injections of A;, in Eq. (5), By, in Eq. (6), and Fj,
in Eq. (9) 1.45, 437 x 107!, and
4.29 x 10~ ' umol/mm?, respectively, in the unit cells.
These values are identical in the experiment of Case 1A
[31] for comparing the results of the simulation with those
of the experiment. Also, the initial value of bacterial con-

were set to

centration was set to 4.0 x 10% cells/mm? [31]. Addition-
ally, the experiment by Martinez et al. [31] indicated that
the concentration of ureolytic bacteria was lower than the
initial injection. Converting the initial injection to the

amount on a grid point used in this study denotes 3.0 x 10°
cells/mm’. Based on their finding, the authors hypothesised
that the concentration of ureolytic bacteria in the container
would not be more than double the initial injection, thus the
Umax WETe Umin in Eq. (11) were defined as 7.0 x 10% and
0.0 cells/mm®, respectively, where the values were set on
the grid, point by point. The parameters setting shows in
Table 1.

In contrast, as indicated in Fig. 5, a cuboid structure
(50mm x 100mm x 50mm) represented the macro-struc-
ture. Each axial direction (X, Y, and Z) of this structure
were divided by 20, 40, and 20., respectively. A com-
pression force of 1.0 N was applied to each nodal point of
the top surface of the structure as the simulation load
condition. Further, nodal displacement on the bottom sur-
face was completely constrained at coordinates (X, Y,
Z) = (0, 0, 0). Moreover, displacement at the other nodes of
the bottom surface was constrained in the Y direction.

4.2 Simulation results

Figure 6 presents the temporal variation in ureolytic bac-
terial concentration as determined by Eq. (2). All models
indicated an exponential decrease in the bacterial concen-
tration. Further, the maximum concentrations obtained by
models 1, 2, and 3 were 1.7 x 10%, 1.3 x 10%, and 9 .3 x
107 cells/mm?, respectively, during the early elapsed time
(~ 0.5 h). Figure 7 present the temporal variation in the

Table 1 Parameters setting

Parameters Values Units References
D, 1.00 x 107* mm*h  [4]
Da, Dg, Dc, 6.08 x 1073 ~2.56 x 1072
Dg,Dr
Ain 1.45 pmol/  [31]
Bin 437 x 107! mm?
Fin 4.29 x 107!
u; 4.0 x 10%(Total) cells/3
(Initial 3.0 x 10 (Bach grid) mm
concentration)
Umax 7.0 x 103
Upnin 0.0
P 0.4 h! [19]
2.0x 1073 cellss/h  [5]
n 25 mm*h  [49]
kq Calculated by Eq. (11) wmol/  [8]
ky 1.0x 107 }rlnmzf
k3 1.0x10°
ky 0.1
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Fig. 5 Macro-structural model and boundary conditions of the homogenisation system
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distribution of bacterial colonies for each model. The col-
our contour in Fig. 7 indicates the bacterial concentration
where the maximum one is displayed in yellow and the
minimum one was in blue. The results indicated that ure-
olytic bacteria formed spot-like colonies in the pores and
on the surface of sand particles. Specifically, as indicated in
Figs. 7b and 7c, the bacteria inhabited pores and the surface
of sand particle during the initial stage and were concen-
trated in the gaps between the sand particles with

increasing elapsed time.
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a Full-time scale (0 to 96 h), b Zooming of 0 to 24 h in (a)

The temporal variation in the concentrations of urea,
calcium ions, carbonate ions, and water represented by
Eqgs.(3) and (4) (excluding calcium carbonate) as simulated
by the different structural models is presented in Fig. 8.
Although the models indicated different absolute concen-
trations of the substances, they exhibited similar temporal
variations. Figure 9 presents the temporal variation in the
total concentration of calcium carbonate. It should be noted
that the experimental results by Martinez et al. [31] have
been plotted as a reference value. All models indicated
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Fig. 7 Temporal variations in the distribution of bacterial colonies in the cases of a Model 1, b Model 2, and ¢ Model 3
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Fig. 9 Temporal variation in calcium carbonate concentration in models 1, 2, and 3: a Full-time scale (0 to 96 h), b Zooming of 0 to 12 h in (a)

increased calcium carbonate precipitation at the initial
stage. Further, models 1, 2, and 3 converged to a specific
value after approximately 48, 36, and 36 h of elapsed time,
respectively. Moreover, the values obtained from models 1
and 2 Fig. 9b were in good agreement with those reported
by Martinez et al. [31].

Figure 10 indicates the temporal variation in the distri-
bution of precipitated calcium carbonate for each model.
The results indicated that sand particles combined with
each other over time owing to the precipitated calcium
carbonate. Notably, as indicated in model 1 Fig. 10a, a few
cores of calcium carbonate precipitated at approximately
10.3 h. Subsequently, calcium carbonate developed around
these cores and on the surface of sand particles. In contrast,
no cores were observed in models 2 and 3 Figs. 10b and c,
respectively). However, calcium carbonate precipitated and
developed around and on the surface of sand particles.

Figure 11 indicates the equivalent faces of normal stress
calculated by the homogenisation system considering
microbially induced calcium carbonate precipitation.
Although the different skeleton structures of the models
resulted in different values and distributions, the concen-
tration of normal stress relaxed over time in all models.

5 Discussion

Figures 6 and 7 indicate that the impact of skeleton
structure on the growth rate of ureolytic bacteria was rel-
atively small. Further, the bacterial colonies concentrated
around and on the surface of sand particles over time.
Previous laboratory studies have reported that some bac-
teria can exhibit several colony patterns [41, 34]. In par-
ticular, bacterial colonies have been shown to indicate
spot-like patterns during chemotaxis [45]. Additionally,
bacterial growth can be modelled by logistic equations
[23]. Figure 6 indicates that the variation in bacterial

@ Springer

concentration stabilised after ~ 1.5-2.0 h, which is simi-
lar to a logistic curve. Further, the simulation results
indicated spot-like colony patterns Fig. 7, thus suggesting
good agreement with previous experimental studies
[12, 34]. Notably, the spot-like distribution of ureolytic
bacteria induced spot-like precipitation of calcium car-
bonate Fig. 10a. Hence, the reaction—diffusion system-
based model considering chemotaxis could quantitatively
estimate the ureolytic bacterial growth.

Let us consider the temporal variation of urea, calcium
ions, carbonate ions, water, and calcium carbonate.
Although the same amount of urea was injected for a
duration of two hours following Martinez et al. [31],
models 2 and 3 indicated lower absolute concentrations of
substances than model 1 Fig. 8. Model 1 was characterised
by the largest pore volume; therefore, it could store larger
substances in contrast to models 2 and 3. Specifically, the
pore volumes of models 1, 2, and 3 were 0.48, 0.27, and
0.26 mm?, respectively. Figure 12 presents the temporal
variation in the concentrations of discharged substances for
each model. These results suggest that the substance con-
centrations simulated by the models converged similarly
over time. Further, the concentrations predicted by model 1
were half of those simulated by models 2 and 3. In par-
ticular, most of the substances injected into model 1
remained inside the pore. However, the substances were
discharged outside the region in models 2 and 3. Therefore,
the differences in the substance concentrations simulated
by the models could be attributed to the discharge of
substances (including urea) from the analytical to the
external area.

Previous experimental studies have reported that cal-
cium carbonate precipitates on the surface of and/or
between sand particles in sandy soils [9, 50]. As indicated
in Fig. 10, calcium carbonate precipitated both on the
surface of and between sand particles in the proposed
models. Subsequently, calcium carbonate grew into the
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Fig. 10 Temporal variations in precipitated calcium carbonate in the cases of a Model 1, b Model 2, and ¢ Model 3

pore region with elapsed time. Figure 13 presents the
quantitative temporal distributions of calcium carbonate
concentrations on the x-lines of the x—y surface for the
three models. The z value for all models was 0.343 mm,
while the y values were 0.312, 0.5, and 0.73 mm. These
results suggest a gradual precipitation of calcium carbon-
ate. The zero values (e.g. in Fig. 13a(i)) indicate sandy
particle areas with no calcium carbonate precipitation.
Subsequently, calcium carbonate grew around the sandy
particles to combine them, thus resulting in the formation
of a new skeleton structure. As indicated in Fig. 7, the
precipitation area of calcium carbonate was in good
agreement with the distribution of bacterial colonies. The

clumpy patterns Fig. 10a observed in this study have also
been reported in previous studies [7, 12, 13]. Therefore, the
proposed model considering bacterial growth could assess
MICP both quantitatively and morphologically.

Previous studies evaluating the relationship between
MICP and material strength have concluded that bio-me-
diated cementation can enhance strength and reduce
deformation of sand [22, 37]. Furthermore, the shear wave
velocity of materials has been shown to increase with
progressing MICP [12, 13]. The simulation results Fig. 11
indicated that the normal stress concentrations relaxed over
time as the pores were gradually filled by calcium car-
bonate. Figure 14 present the distributions of normal stress
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Fig. 11 The equivalent faces of normal stress (model 1; unit: N/mm?) in the cases of a Model 1, b Model 2, and ¢ Model 3
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Fig. 13 Distribution of calcium carbonate on the x-lines of the x—y surface; z = 0.343 mm in the cases of a Model 1, b Model 2, and ¢ Model 3

on the x-lines of the x—y surface (z =0.352 mm and
y = 0.298, 0.501, and 0.751 mm in all models). The results
suggest that although the stress concentration observed by
initial stage, it eventually relaxed across the entire area.
Moreover, the increased stability and strength of soil was
predominantly attributed to reduced stress concentrations
at the connection points between soil particles. Therefore, a
new skeleton structure—characterised by soil particles and
calcium carbonate-filled pores—provided support against
external forces to consequently relax the stress concentra-
tion. For instance, a compression force of 441 N was loa-
ded on the top surface (surface area: 2500 mm?) of a
cuboid structure Fig. 5. The normal stress of the structure
without pores was approximately 0.18 N/mm”. As indi-
cated in Figs. 11 and 14, the normal stress of the structure
was eventually homogenized to 0.18 N/mm?.

As discussed above, we may evaluate the effect of
structural changes caused by micro-scale MICP phenom-
ena on their macro-scale deformation characteristics using
the homogenisation system. Therefore, the proposed
approach would assist in assessing some mechanical fea-
tures of actual MICP soil strengthening.

6 Conclusions

This study developed a numerical mathematical model
considering bacterial growth and chemical reactions to
elucidate the strength development of soils by MICP. Our
interpretations of the simulation results are summarised as
follows:
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Fig. 14 Distribution of normal stress on the x-lines of the x—y surface; z = 0.352 mm in the cases of a Model 1, b Model 2, and ¢ Model 3

(1) The proposed MICP simulation scheme considering (4) The stress analyses indicated that the increased
microbial growth elucidated the spatio-temporal stability and strength of soil could be attributed to the
patterns of both calcium carbonate and bacterial formation of a new skeleton structure comprising soil
precipitation. Further, we observed some active and particles and calcium carbonate-filled pores. Addi-
inactive bond structures in the pores and on the tionally, the filling process relaxed the stress
surface of sand particles in the proposed simulation. concentrations.

2) The simulated concentration of calcium carbonate . . .

@ 3 . The proposed scheme elucidated the relationship
(0.85-4.5 pmol/mm~ at 10.3 h) was almost consis- )

. . 3 between bacterial growth and MICP. Further, the rela-
tent with experimental results (3.05 pmol/mm~), and . . . . .
. . . tionship between MICP in the micro-structure and soil
we could obtain some bonding morphologies in the . . .
. . . mechanical behaviour in the macro-structure was also
proposed simulations Fig. 10. The proposed model . . .
. e investigated. However, we could not achieve to assess the
and approach, based on reaction—diffusion theory, . . . .
. uncertainty of microorganisms, and more comparative
are therefore effective for MICP phenomena. . : .
S L studies with experimental data are necessary. Moreover,
(3) A bridging scheme based on the homogenisation

method was proposed to couple MICP simulation
(based on a reaction—diffusion system) and stress
analysis (based on a homogenisation system).

@ Springer

the crystalline structures of calcium carbonate, amorphous,
calcite, aragonite, and vaterite cannot be distinguished in
the proposed model because any metastable transition of
calcium carbonates cannot be considered in this model.
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The authors would like to try this as the upcoming work to
address these issues.
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