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Abstract

A grouting technique that utilizes precipitated calcium carbonate as a cementing material is presented. The enzyme urease is used to

enhance the rate and the magnitude of the calcium carbonate precipitation. Evolutions in the mechanical and the hydraulic properties of

treated sand samples are examined through unconfined compression and permeability tests, respectively. The grout is mainly composed

of urease, which bio-catalyzes the hydrolysis of urea into carbon dioxide and ammonia, urea, and calcium chloride solutions. This

method employs chemical reactions catalyzed by the enzyme, and ultimately acquires precipitated calcium carbonate within soils. The

mechanical test results show that even a small percentage of calcium carbonate, precipitated within soils of interest, brings about a

drastic improvement in the strength of the soils compared to that of untreated soils—the unconfined compressive strength of the samples

treated with o10 vol% calcium carbonate precipitation against the initial pore volume ranges from �400 kPa to 1.6 MPa. Likewise,

the hydraulic test results indicate the significant impervious effects of the grouting technique—the permeability of the improved samples

shows more than one order of magnitude smaller than that of the untreated soils. Evolutions in the measured hydraulic conductivity and

porosity are followed by a flow simulator that accounts for the solute transport process of the injected solutions and the chemical

reaction of the calcite precipitation. Predictions of the changes in permeability with time overestimate the test measurements, but those

of the changes in porosity show a good agreement with the actual measurements, indicating that such simulations should become a

significant supplementary tool when considering real site applications.

& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Chemical grouting has been used occasionally as a
countermeasure against the liquefaction of the ground
beneath existing structures. Recently, a novel grouting
method that utilizes precipitated calcium carbonate as a
cementing material has been examined. The precipitation
12 The Japanese Geotechnical Society. Production and hostin
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of calcium carbonate is induced by the microbial metabo-
lism (e.g., Stocks-Fischer et al., 1999; Nemati et al., 2005;
DeJong et al., 2006). This technology, using the microbial
metabolism, may be effective for stiffening soils of interest
and for reducing the permeability of the soils. However,
the evolutions in the mechanical and the hydraulic proper-
ties induced by the microbial metabolism may not be
straightforward enough to be controlled, because it may be
impossible to constrain the extinction and/or the genera-
tion of living bacteria in natural environments.
The research on calcium carbonate precipitation by bac-

teria has been mainly conducted using ureolytic bacteria.
These bacteria indirectly produce precipitated calcium
carbonate by a urease enzyme. The bacterium selected
g by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic of calcium carbonate-precipitation process and grout-

ing mechanism.
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for research on calcium carbonate precipitation, contain-
ing the urease enzyme, is typically Sporosarcina pasteurii.
The microbial-induced carbonate precipitation (MICP)
has been evaluated as a soil-strengthening process, con-
cluding that MICP has the potential to improve the
mechanical properties of porous materials on a typical
sample scale (Le Metayer-Levrel et al., 1999; Nemati and
Voordouw, 2003; DeJong et al., 2006; Whiffin et al., 2007;
Sugimoto and Kuwano, 2008), and on a larger container
scale
(Van der Ruyt and van der Zon, 2009; van Paassen et al.,
2010). In this MICP technique, the transport and the
fixation of the bacteria of interest are significant issues for
achieving a suitable level of improvement of the saturated
porous media, and thus, have been studied to this end
(Murphy and Ginn, 2000; Foppen and Schijven, 2006;
Whiffin et al., 2007; Harkes et al., 2010). In contradiction
to the rigorous experimental works on this topic, the
theoretical and/or numerical works are sparse; the rate of
the microbially-induced urea hydrolysis has been evaluated
(Fujita et al., 2008), but research on the prediction of
evolutions in the mechanical and/or the hydraulic proper-
ties of the improved materials induced by the MICP is not
apparent.

In this work, the urease enzyme is adopted instead of
using bacteria such as Sporosarcina pasteurii, often used as
a promoter for the hydrolysis of urea, which, as described
above, causes Ca2þ and CO3

2� to precipitate as CaCO3

and form into the void spaces and/or the surfaces of
grains. Utilizing the enzyme itself is more straightforward
than using bacteria, because the cultivation and fixation of
bacteria (i.e., biological treatment) do not need to be
considered in this work. A grouting technique, in which
chemically-precipitated calcite is adopted as the cementing
material, may be recognized as the calcite in situ precipita-
tion system (CIPS) (Kucharski et al., 1996; Ismail et al.,
2002a,b). The CIPS may be similar to the method that is
being presented in this work. However, the CIPS is a
commercial product and the composition of its chemical
solution is not apparent. In this work, the compositions of
the adopted solutions are clearly addressed. After introdu-
cing the grouting reagents into the soil samples, the
evolutions in the mechanical and the hydraulic properties
are examined through unconfined compression tests and
permeability tests, respectively. Moreover, changes in the
hydraulic conductivity are predicted by an advection–
diffusion simulation by considering the calcium carbonate
precipitation, and the predictions are compared with the
actual measurements.

2. Experiments

In order to examine the workability of the grout
materials utilized in this work, test-tube experiments are
conducted. Then, a suite of unconfined compression and
permeability experiments is conducted for the calcium
carbonate-precipitated sand under various initial and
boundary conditions by changing the amount of reactants.
The reactants used and the experiments conducted here are
explained in detail.

2.1. Materials

Urease (Kishida Chemical Co., Ltd.,: 020-83242) is
found in bacteria and in several plants, such as sword
beans, and is used throughout the current work as an
enzyme to hydrolyze urea. The resulting carbonate ions are
applied to produce the calcium carbonate being precipi-
tated. The companion to calcium carbonate (i.e., calcium
ions) is supplied from the calcium chloride solution, which
is freely soluble in water (i.e., the solubility is 82.8 g/
100 mL of water at 20 1C). The expected reactions to
obtain the calcium carbonate precipitation, enhanced by
the effect of urease, are expressed as follows:

COðNH2Þ2þ2H2O-2NHþ4 þCO
2�
3 ð1Þ

CaCl2-Ca2þ þ2Cl� ð2Þ

Ca2þ þCO2�
3 -CaCO3k ð3Þ

where CO(NH2)2 represents urea. A schematic of the
whole process listed above and the grouting mechanism
expected are illustrated in Fig. 1.

2.2. Test-tube experiments

In this work, urease, urea, and calcium chloride are used
as reagents contained in the grout. The rate and the
magnitude of calcium carbonate precipitation should be
controlled by the amounts of those materials. Thus, the
effects of the grouting materials exerted on the calcium
carbonate precipitation are examined by conducting two
different sorts of test-tube experiments. A schematic of the
test-tube experiments is shown in Fig. 2. During the
experiments, the solutions in the test tubes are stirred
regularly by a rotating table to ensure complete mixing.
The aim of one set of test-tube experiments is to examine

the rate of urea hydrolysis that is bio-catalyzed by the
urease. When urea is dissociated into ammonium and
carbonate ions (Eq. (1)), the pH of the solutions should
increase correspondingly to the production of ammonium



Test-tubes

Rotating table

Fig. 2. Schematic of test-tube experiments.

Table 1

Experimental conditions of test-tube experiments.

Sample Amount of

urease [g/100 mL

of solution]

Urea

concentration

[mol/L]

CaCl2
concentration

[mol/L]

TpH-1 0.5 0.5 0

TpH-2 1.0

TpH-3 1.5

TCa-1 1.0 0.5 0.5

TCa-2 1.0 1.0

TCa-3 1.5 1.5

Fig. 3. Results of test-tube experiments ((a) changes in pH with time and

(b) relation between initial Ca and consumed Ca concentrations).
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ions. Therefore, the measurements of the evolution in pH
with time may indirectly define the rates and the magni-
tude of the urea dissociation accelerated by the urease.
Note that the rate of the changes in pH resulting from the
production of ammonium ions is not equivalent to that of
the calcium carbonate precipitation, and that the precipi-
tation should take more time than the dissociation of urea.
The experimental conditions for this purpose are listed in
Table 1. As shown in the table, the concentration of urea
solutions is fixed at 0.5 mol/L, while the amounts of urease
are varied. The evolving pH is measured by a pH meter
(KRK: KP-5F) at 0, 1, 2, 3, 6, 12, and 24 h after mixing.

The aim of the other set of test-tube experiments is to
examine the calcium carbonate-precipitation characteris-
tics depending on the concentrations of grout materials.
The experimental conditions for this purpose are also listed
in Table 1. As shown in the table, the amount of urease is
fixed at 1 g/100 mL of water, while the concentrations of
CaCl2–urea solutions are varied. The solutions sampled
24 h after mixing were assayed by inductively-coupled
plasma atomic emission spectrometry (ICP-AES) to quan-
tify the Ca concentrations.

The results of the two different test-tube experiments are
shown in Fig. 3. As is shown in Fig. 3(a), all measured pH
levels increased rapidly at 1 h, and then approached a
steady state after 6 h, although the case of TpH-1 showed a
slight increase at 12 h. The peak pH for cases TpH-1, 2,
and 3 ranged from 9.53 to 9.62, which shows no prominent
difference among the experimental conditions adopted here.
Fig. 3(b) represents the relation between the initial pre-
scribed Ca concentrations and the consumed Ca
concentrations that are equivalent to the initial values
minus the measurements by ICP-AES. The average Ca
consumption ratios to the initial values of TCa-1, 2, and 3
are 96.4, 98.7, and 79.1%, respectively. These results
indicate that the high CaCl2–urea concentrations relative
to the amount of urease may restrain the activity of urease,
which may in turn result in a reduction in the calcium
carbonate precipitation.
The test-tube experiments have revealed both the rapid

dissociation rates of urea, accelerated by the urease, and
the importance of the relative concentrations between the
urease and the CaCl2–urea solutions.

2.3. Unconfined compression tests

In this section, unconfined compression tests are con-
ducted to examine the effects of the improvement exerted
on the stiffness and the strength of treated sand samples.
The procedure to prepare the samples for the tests is as
follows. The test apparatus is shown in Fig. 4. Firstly,
300 g of dry Toyoura sand, well-mixed with a certain
amount of urease powder, is carefully pluviated in air to
acquire a relative density of 50% (i.e., an initial porosity of
0.44) with sample dimensions of 50 mm in diameter and



Fig. 4. Pressure cell for sample preparation.

Table 2

Experimental conditions for unconfined compression experiments.

Sample

case

Sample

name

Concentration

[mol/L]a
Injection

number

Urease

[g]b

C1 bio-1, 4, 6 0.5 8 1.0

C2 bio-2, 5 1.0 4 1.0

C3 bio-3, 7 0.5 8 0.5

aConcentrations of CaCl2–urea solutions.
bUrease is mixed with 300 g of the Toyoura sand.

H. Yasuhara et al. / Soils and Foundations 52 (2012) 539–549542
100 mm in height (roughly 290 g of mixed sand is con-
sumed in the sample preparation). The urease powder is
pre-mixed with the sand in order to achieve homogeneous
samples. Secondly, after the dry sample is evacuated to
facilitate saturation, as the CaCl2–urea solution is to be
injected, a confining pressure of 50 kPa is applied. Thirdly,
a concentration-fixed calcium chloride solution, blended
with the same molar urea, is injected into the dry sand
samples at the prescribed times, and then the samples are
cured for 24 h within a pressure cell. Fourthly, 150 mL of
distilled water is injected to flush out the byproducts of
chloride and ammonium ions. Finally, the cured sand
samples are taken out of the cell and are dried completely).
The dried samples are used for the unconfined
compression tests.

The test conditions for the unconfined compression tests
are listed in Table 2. The concentrations of the CaCl2–urea
solution are 0.5 and 1.0 mol/L—the same molar concen-
trations for CaCl2 and urea are blended, in advance. The
amounts of urease, mixed well with 300 g of Toyoura sand,
are 0.5 and 1.0 g. One hundred milliliters of the CaCl2–
urea solutions are injected into the samples (i.e., sandþ
urease) over approximately 0.5 h, and the same amount of
solutions is injected 4 or 8 times at 2-h intervals. Here, a
maximum amount of calcium carbonate (i.e., calcite)
precipitation is estimated to be 40 g (i.e., 0.4 mol) for
every test where the reactions in Eqs. (1)–(3) fully proceed.
To check the reproducibility, two samples are made for
each test condition.
Prior to the unconfined compression tests, the improved
sand sample of bio-1 (Fig. 5), that is not used for the
compression tests, was examined by an X-ray diffracto-
metry (XRD: Rigaku RINT 2200) and a scanning electron
microscopy (SEM: Hitachi S-2700 SEM). The sand sample
was saw-cut and several specimens were prepared for both
analyses. Fig. 6 shows representative XRD results for the
bare sand and the improved sand samples. As is most
clearly shown in Fig. 6(b), a distinct peak of calcite is
observed in the improved sand, guaranteeing that calcite is
the precipitated material within the pore spaces that have
been induced by the solution injections. Fig. 7 shows the
SEM results for the pre- and the post-improved samples.
The precipitated materials are the size of a few tens of
microns, and are situated on the free-surface and at the
boundaries of the grains. These materials are most likely to
be calcite, as is clear from the XRD results. The pre-
cipitated calcium carbonate, complicatedly stuck around
the grains, should result in the manifestation and the
augmentation of stiffness and strength.
Using the other improved sand samples of bio-2 to bio-7,

unconfined compression tests have been conducted. Fig. 8
shows the observed relations between the normal strain and
the normal stress, and the secant elastic modulus at 50% of
the peak strength (E50) and the unconfined compressive
strength (UCS) are evaluated from the observation
(Table 3). In Fig. 8, the early behavior does not show a
nearly linear trend, but a positive curvature. This is likely to
be attributed to a slight sliding along the grain boundaries
and the compression of micro-pores, and should be typical
behavior for rock materials (e.g., Jaeger et al., 2007). As is
apparent, the observed ranges for E50 and UCS of �50
MPa to �160 MPa and �400 kPa to �1.6 MPa, respec-
tively, are, roughly speaking, comparable to those of weak
rocks. The results have revealed that this calcium carbonate
precipitation method adequately solidifies loose sand. The
bio-5 (or C2) results show the strongest values among all
the conditions, while the bio-3 (or C3) results are the
weakest. It is understood that the concentrations of the
solutions injected and the amounts of urease enhancing the
reaction are key parameters to controlling the stiffness and
the strength of the improved samples.
Although a maximum precipitation of calcium carbo-

nate is estimated at 40 g for all cases, the actual amounts of
precipitated calcium carbonate need to be examined. For
this purpose, after completing the compression tests, the



Fig. 5. Improved sand sample of bio-1.

Fig. 6. XRD results of (a) bare sand and (b) improved sand (bio-1).

Fig. 7. SEM results of bare sand and improved sand (bio-1).

Fig. 8. Obtained results of relation between normal strain and normal

stress.
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samples were rinsed using a 0.1 M HCl solution three times
to dissolve the precipitated calcium carbonate. Then, the
disaggregated samples were dried again, and the amounts
of calcium carbonate were evaluated by comparing the
weights of the pre- and the post-rinsed samples. A relation
between the amount of calcium carbonate and UCS is
depicted in Fig. 9. It is clear from the figure that the
actually-precipitated amounts range from 30 to 60 wt%
against the maximum. Although some exceptions are
observed, there is a tendency for more strength to be
observed with a larger amount of calcium carbonate,
which is reasonable. The broken lines in the figure
represent 5 and 10% of the initial pore volume. Thus,
the UCS of the improved sand may lie between 400 and
1600 kPa where 5–10% of the pore volume is occupied by
precipitated calcium carbonate. In order to compare the
results in this study with data from literature, a relation



Table 3

Evaluated E50 and UCS from unconfined compression experiments.

Sample case Sample ef [%]a E50 [MPa] UCS [kPa]

C1 bio-4 0.706 53.5 435

bio-6 0.676 120 890

C2 bio-2 0.870 84.1 754

bio-5 0.918 160 1620

C3 bio-3 0.481 73.5 373

bio-7 0.514 71.5 466

aCompressive strain at peak stress.

Fig. 9. Relation between precipitated calcium carbonate and UCS.

Broken lines represent 5 and 10% of initial pore volume.

Fig. 10. Relation between precipitated calcium carbonate and UCS. Open

triangles are evaluated using data from van Paassen et al. (2010) (S5).

Fig. 11. Schematic of permeability tests.

Table 4

Experimental conditions for permeability experiments.

Sample

case

Concentration

[mol/L]a
Injection

number

Urease

[g]b
Maximum

precipitation [g]

P1 0.5 1 1.0 7.5

P2 1.0 1 1.0 15.0

P3 0.5 1 2.0 7.5

P4 1.0 1 2.0 15.0

P5 0.5 4 1.0 30.0

P6 1.0 4 2.0 60.0
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between the amount of calcium carbonate and UCS, which
is evaluated using the results shown in van Paassen et al.
(2010), is depicted in Fig. 10. Since the ratio of calcium
carbonate to the weight of dry sand is shown for reference,
the amounts are estimated by assuming that the weight of
the sand sample is 300 g, which is equivalent to that used in
this study. As shown in the figure, the results in this study
may follow a regression curve evaluated from those by van
Paassen et al. (2010), and may be compatible with those
existing data. Taken together, the results of the unconfined
compression tests indicate that the UCS of the sand
improved by this injection method may be controlled when
the amount of actual precipitation has been well predicted.
aConcentrations of CaCl2–urea solutions.
bUrease is mixed with 300 g of the Toyoura sand.
2.4. Permeability tests

In this section, permeability tests are conducted to
examine the effects of improvement on the permeability
of the treated sand samples. The procedure for the sample
preparation for the permeability tests (Fig. 11) is similar in
part to that for the unconfined compression tests explained
above, but also different in part. It is the same in terms of
the amount of Toyoura sand, urease, urea, calcium
chloride, and the dimension of the samples. It is different
in that the mixed sand is pluviated into an acrylic cylinder
to acquire a relative density of 50%, and that the perme-
ability tests are conducted at prescribed intervals after
injecting the solutions. Note that no confining pressures
are applied throughout the tests.



Fig. 13. Relation between precipitated calcium carbonate and hydraulic

conductivity. Broken lines represent 2, 5 and 10% of initial pore volume.
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The test conditions for the permeability tests are listed in
Table 4. The concentrations of the CaCl2–urea solution are 0.5
and 1.0 mol/L, which are equivalent to those of the unconfined
compression tests. The amounts of urease are 1.0 and 2.0 g
against 300 g of sand. One hundred and fifty milliliters of
CaCl2–urea solutions are injected into the samples over
approximately 0.5 h, and the same amount of solutions is
injected 1 or 4 times at 2-h intervals. After the completion of
the final injection, the hydraulic conductivity is measured
under a constant-head condition at 0, 1, 2, 3, 6, 12, and 24 h.
In a series of tests, the six different conditions seen in Table 4
are adopted. The number of solution injections is just one for
P1–P4, and four for P5 and P6.

The temporal changes in hydraulic conductivity,
observed for P1–P4, are shown in Fig. 12(a). The initial
hydraulic conductivity of �0.04 cm/s decreases monoto-
nically by 60–70% for all cases; it reaches a steady state
within roughly 5 h. The monotonic decrease in hydraulic
conductivity should be attributed to the calcium carbonate
precipitation that occurs and gradually increases after the
solution injection. The ultimate values for P1 to P4 are
0.019, 0.012, 0.011, and 0.010 cm/s, respectively. The
results show that the molar concentrations of the injected
solution (i.e., 0.5 or 1.0 mol/L) and the amount of urease
(i.e., 1.0 or 2.0 g/300 g of sand) do not significantly
Fig. 12. Evolution of hydraulic conductivity ((a) temporal changes for P1

to P4 and (b) different injection numbers for P5 and P6).
influence the changes in permeability when the number
of solution injections is just one.
In contrast, when the injection number is increased, the

decrease in hydraulic conductivity 24 h after the injections
is apparent (Fig. 12(b))—the more injection numbers, the
more decreases are observed. The ultimate hydraulic
conductivity (i.e., 4.2� 10�3 and 1.5� 10�3 cm/s for P5
and P6, respectively) decreases by roughly one order of
magnitude after the fourth injection, as compared to the
initial values. Moreover, the decrease under the higher
concentration condition (P6) is greater than that under the
lower condition (P5), which is reasonable because more
precipitated calcium carbonate may clog more pore spaces
within the sample. The decrease measured in the perme-
ability tests is relatively significant (ca. one order of
magnitude reduction), but is compatible to the decreases
measured in the permeability tests conducted using the
samples improved by the similar bio-grouting technique
(Nemati and Voordouw, 2003; Kawasaki et al., 2006).
As examined in the previous section, the amount of

actually precipitated calcium carbonate is also evaluated
through the above-mentioned acid leaching. The relation
between the precipitated calcium carbonate and the
observed hydraulic conductivity is depicted in Fig. 13; it
shows an obvious log-linear tendency between them. This
indicates that the permeability of the sand improved by
this injection method may be controlled when the amount
of actual precipitation has been well predicted.
3. Model predictions

During injections of the grouting materials proposed in
this work, an advective and dispersive transport of the
solutions, together with chemical reactions of the calcite
precipitation, occur within the pore spaces of the targeted
soils. Thus, the process of the chemical reactions should be
solved in a model that takes into account the advection–
dispersion process. In this work, a suite of mathematical
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equations, used for the transport simulations, is presented.
Then, a comparison is made of the results between the
measurements of the permeability tests and the predictions.
3.1. Mathematical formation for solution transport with

chemical reactions

In this work, a non-isothermal reactive geochemical
transport code, TOUGHREACT (Xu et al., 2004), is
utilized to follow the evolution in permeability resulting
from calcium carbonate precipitation mediated by enzyme-
driven mineralization. Therefore, a whole calculation
procedure is explained in detail by Xu et al. (2004). In
this section, a summary of the calculation adopted in this
work is explained.

Calcite precipitation is only considered for chemical
reactions in this work. The governing equation is the
advection–diffusion equation with chemical reactions,
namely,

@ðfCjÞ

@t
¼�rðuCjÞþtfDr2CjþRn; ð4Þ

where f [–] is the porosity and Cj [mol/m3] is the
concentration of aqueous chemical component j. u [m/s]
is the Darcy velocity, t [–] is the medium tortuosity, and D

[m2/s] is the diffusion coefficient. Rn [mol/m3/s] is the
reaction term (i.e., calcium carbonate precipitation), which
is expressed as

Rn ¼�knAnrw91�Xy
n9

Z
; ð5Þ

where kn [mol/m2/s] is the precipitation rate constant, An

[m2/kg] is the specific reactive surface area per kg H2O, rw

[kg/m3] is the water density, and On [–] is the kinetic
mineral saturation ratio. Parameters y and Z are the
constants that are constrained from the dissolution experi-
ments. In this work, the measured BET specific surface
area is adopted as An. For calcium carbonate precipitation,
these parameters are considered unity. The rate constant is
typically defined by

kn ¼ k25exp
�Ea

R

1

T
�

1

298:15

� �� �
; ð6Þ

where k25 represents the rate constant at 25 1C, Ea [J/mol1]
is the activation energy, R [J/K/mol] is the gas constant,
and T [K] is the absolute temperature.

The evolution of the porosity induced by the calcite
precipitation is followed with time simply by evaluating the
volume precipitated as

fðtþDtÞ ¼ ð1þRn � Vm � DtÞfðtÞ; ð7Þ

where Dt [s] is the time step in the calculations and
Vm [m3/mol] is the molar volume (i.e., 3.69� 10�5 m3/mol
for calcite). The changes in permeability are calculated
from the changes in porosity using the Carman–Kozeny
relation (Bear, 1972), which ignores the changes in grain
size, tortuosity, and the specific surface area, given by

KðtÞ ¼K0
ð1�f0Þ

2

ð1�fðtÞÞ2
fðtÞ
f0

� �3

; ð8Þ

where K [m2] is the permeability and subscript ‘‘0’’
represents the initial condition. Permeability may be
converted to hydraulic conductivity, which is familiar to
civil engineers and given by

kðtÞ ¼KðtÞ
rwg

m
; ð9Þ

where k [m/s] is the hydraulic conductivity, g [m/s2] is the
gravity, and m [Pa s] is the dynamic viscosity of the water.
Specifically, an effective hydraulic conductivity in the
vertical direction is evaluated to be compared with those
obtained from the constant-head permeability tests, clearly
defined as

kvðtÞ ¼
hP
ðhi=kiðtÞÞ

; ð10Þ

where kvðtÞ is the effective hydraulic conductivity in the
vertical direction, h [m] is the sample height (i.e., 0.1 m), hi

[m] is the height of element i, and ki [m/s] is the hydraulic
conductivity of element i.

3.2. Comparison between measurements and predictions

To simulate the circumstances occurring in the perme-
ability tests, such as the hydrolysis of urea by urease, a
certain amount of carbonate and ammonium ions are
made to exist in the calculation domain as initial condi-
tions in the analysis. Then, 150 mL solutions of calcium
and chloride ions, whose concentrations are equivalent to
those used in the permeability tests, are injected into the
domain, whose dimensions are equivalent to those of the
test samples (i.e., 50 mm in diameter and 100 mm in
height). Subsequently, a curing environment is simulated,
after the solution injection, by flowing de-mineralized
water at an extremely slow flow rate (i.e., �10�30 kg/s),
whose manipulation is adopted because calculations of the
chemical reactions are not executed under no-flow condi-
tions. The parameters (Xu et al., 2004; Barkouki et al.,
2011), and the initial and boundary conditions used for the
analysis, are listed in Tables 5 and 6, respectively.
A comparison of the results between the predictions and

the test measurements for P1 and P5 is shown in Fig. 14.
As seen in the figure, the predictions significantly over-
estimate the actual values. This may be attributed to the
conversion equation from porosity to permeability (i.e.,
Eq. (8)). Permeability in porous media is strongly depen-
dent upon the grain size (or the related pore size and its
distribution), but it is not considered in this equation.
Moreover, the precipitation occurring within the test
samples may not be fully homogeneous. If a relatively
large amount is precipitated locally, this may impede water
flow, resulting in a significantly greater reduction in
permeability than that predicted. Therefore, this analysis
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is incapable of following the changes in grain or pore size
and its distribution, which should occur in the process of
calcite precipitation.

Alternatively, the changes in porosity are compared
between the predictions and the actual measurements.
The porosity of the post-test samples is evaluated by
adopting the method explained in Section 2.4 (i.e., weigh-
ing the amount of precipitated calcium carbonate by
means of an acid leaching). The results are compared in
Fig. 15. As shown in the figure, the predictions match the
measurements for P1 and P5 quantitatively well. More-
over, by observing Fig. 14(a) and Fig. 15(a), it should be
noted that the predictions follow the experimental beha-
vior quantitatively well—the predicted porosity monoto-
nically decreases and reaches a steady state around 5 h,
which is congruent with the evolution of the measured
hydraulic conductivity. As one may imagine, the predicted
reduction in porosity should be controlled by an adopted
calcite precipitation rate constant. Two different values of
k25 for calcite are obtained from the literature—6.46�
10�7 mol/m2/s from Xu et al. (2004) and 3.81� 10�7 mol/
m2/s from Nilsson and Sternbeck (1999). These values are
slightly greater than that shown in Table 5. The predictions
using k25 of 3.81� 10�7 mol/m2/s are also shown in
Fig. 15. As expected, the rate in the early period and the
reduction in the magnitude of porosity are slightly greater
than those obtained using the original value shown in
Table 5, but are still compatible with the test results.

Fig. 16 represents the changes in the porosity distribu-
tion with time under the P1 conditions. Before the solution
injection, the initial porosity of 0.44 is prescribed in the
whole domain. Then, the porosity decreases gradually with
Table 5

Parameters used for numerical analysis.

Parameter Value

Grain diameter, d 210 mm
Particle density, rs 2.64 g/cm3

Temperature, T 20 1C

Initial porosity, f 0.44

Specific surface area, An 0.98 m2/kga

Initial hydraulic conductivity, K0 4.4� 10�2 cm/s

Precipitation rate constant, k25 1.0� 10�8 mol/m2/sb

Activation energy, Ea 62.8 kJ/mola

aAn and Ea are obtained from Xu et al. (2004).
bk25 is obtained from Barkouki et al. (2011).

Table 6

Initial and boundary conditions for numerical analysis.

Injection period (0

Initial conditions

Concentrations of Ca2þ , Cl�, HCO3
�, NH4

þ [mol/L] 1.0� 10�9

Flow rate [kg/s] –

aThe remaining concentrations after consumed during the injection period
time from the bottom, as the curing period proceeds. After
6 h of curing, no conspicuous difference (i.e., a further
decrease in porosity) is observed. Ultimately, a slight
discrepancy in the porosity is apparent between the top
and the bottom elements—the porosities predicted at the
top and the bottom are 0.438 and 0.425, respectively. After
the permeability tests under the P1 conditions, the porosity
was actually evaluated at the top, the middle, and the
bottom of the sample. The obtained results at the top, the
middle, and the bottom are 0.430, 0.432, and 0.432,
respectively, which are qualitatively congruent with the
predictions.
The porosity discrepancy between the top and the

bottom is attributed to the slow flow rate prescribed in
this work, which is 150 mL/30 min, while an initial pore
–0.5 h) Curing period (0.5–24 h)

Boundary conditions Initial conditions Boundary conditions

0.50 o0.50a 1.0� 10�9

8.33� 10�5 – 8.33� 10�30

are prescribed as the initial conditions.

Fig. 14. Comparison of changes in hydraulic conductivity between test

results and predictions for P1 and P5.



Fig. 15. Comparison of changes in porosity between test results and

predictions for P1 and P5.

Fig. 16. Evolution of porosity distribution with time under P1 conditions.
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volume of the soil sample is roughly 85 cm3. Since the
advection of the targeted ions of Ca2þ and CO3

2� is slow,
relative to the chemical reaction of the calcite precipita-
tion, the targeted ions are consumed readily at the upper
stream; and consequently, a discrepancy in porosity within
the whole domain occurs. This result implies that a relative
relation between advection (or related flow rates) and
chemical reactions of the calcite precipitation should be
fully examined and identified in advance whenever this
grouting technique is to be applied at real sites.
The above outcomes lead to the conclusion that the
numerical model should be effective for simulating the rate
and the magnitude of the evolutions in porosity induced by
calcite precipitation, and should be an important tool that
supplements the grouting technique presented in this work.
In order to achieve better predictions, proper relations
between porosity and permeability, which take into
account changes in grain size, tortuosity, and specific
surface area, should be obtained.

4. Conclusions

This work has experimentally and numerically examined
a grouting technique that utilizes calcium carbonate pre-
cipitation mediated by enzyme-driven mineralization.
Unconfined compression and permeability tests, conducted
for the improved samples, have shown the efficacy of the
technique. Specifically, the stiffened samples are produced –
unconfined compression strength ranges from 400 kPa to
1.6 MPa and the impervious properties are achieved – the
permeability of the improved samples is reduced by more
than one order of magnitude. Both the compression and
the permeability test measurements implicate that the
strength and the permeability of the improved body can
be constrained when the amount of calcium carbonate
being precipitated by this technique are well controlled,
although further tests are needed.
Numerical analyses that simulate the advection–

diffusion process, complemented by consideration of the
chemical reactions of the calcite-precipitation kinetics,
are conducted to replicate the changes in permeability
measured in the permeability tests. The predictions signi-
ficantly overestimate the actual measurements of perme-
ability, but show a good agreement with the changes in
porosity measured. This means that this model may be
applicable to the prediction of the rates and the magni-
tudes of soil improvement resulting from the current
grouting technique.
The grouting technique presented in this work, using the

enzyme itself, may be more straightforward than that using
bacteria which generates the enzyme of interest, because
one can skip the process of cultivating the bacteria. The
current grouting technique, in which the enzyme is mixed
well within the soil samples prior to injecting the solutions,
should be unsatisfactory. A solution containing the
enzyme should be injected into the samples from the
outside. This methodology will be examined and reported
in the near future.
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