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ABSTRACT: Microbially induced calcite precipitation (MICP) is proposed as one of biological soil improvement techniques. The
MICP treatment reduces the hydraulic conductivity of soils with an increase in calcite content. However, the hydraulic conductivity
reduction behaviors reported in previous studies show inconsistent trends with wide variations owing to various treatment recipes,
soil characteristics, bacterial ureolytic rate, and measurement bias due to local clogging. Therefore, this study presents the evolution
of hydraulic conductivity of coarse sands over repetitive MICP treatments. We conducted column tests on coarse sands with the mean
grain size greater than 1 mm. The results reveal that an increase in the calcite content up to 20-25% only causes the hydraulic
conductivity reduction by one order of magnitude; surprisingly, this extent is significantly less than the previously reported or
predicted. Additional X-ray imaging and post-experiment examinations confirm homogeneous distributions of calcite precipitates
within the sand columns and show preferential mineral precipitation at grain contacts and in small pores. Our results report reliable
and baseline experimental datasets on impact of MICP on hydraulic conductivity of sands, which can be readily extended to
modeling.

RESUME : La précipitation de calcite induite par des microbes (MICP) est proposée comme l'une des techniques biologiques pour
I’amélioration des sols. Le traitement MICP réduit la conductivité hydraulique des sols avec une augmentation du contenu en calcite.
Cependant, les comportements de réduction de la conductivité hydraulique dans les études précédentes montrent des tendances
incohérentes avec de grandes variations a cause des diverses recettes de traitement, les attributs des sols, du taux uréolytique bactérien
et des biais de mesure dus au colmatage local. Cette étude présente 1'évolution de la conductivité hydraulique des sables grossiers au
cours des traitements répétitifs de la MICP. Nous avons effectué des essais en colonne sur les sables grossiers avec une granulométrie
moyenne supérieure & 1 mm. Les résultats révelent qu'une augmentation du contenu en calcite jusqu'a 20-25% ne provoque que la
réduction de la conductivité hydraulique par un ordre de grandeur ; étonnamment, ceci est significativement inférieure a ce qui a été
précédemment rapporté ou prédit. Une imagerie aux rayons X et des examens post-expérimentaux supplémentaires confirment les
distributions homogenes de précipitations de calcite dans les colonnes de sable et montrent une précipitation minérale préférentielle dans
les petits pores. Nos résultats rapportent des ensembles de données expérimentales fiables sur I'impact de la MICP sur la conductivité
hydraulique des sables, qui peuvent en plus étre facilement étendus a la modélisation.
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1 INTRODUCTION.

Biological activities in soils are ubiquitous and versatile to be
utilized for geotechnical practices. Microbially induced calcite
precipitation (MICP) is proposed as a microbial soil
improvement technique, in which calcium carbonate (CaCOs3)
precipitated by bacteria binds soil grains and improves
mechanical characteristics of soils (DeJong et al. 2006, Whiffin
et al. 2007, Martinez et al. 2013, Al Qabany and Soga 2013,
Cheng et al. 2017, Gomez and DeJong 2017). Carbonate ions
(CO3?) produced from urea hydrolysis react with calcium ions
(Ca?") to form calcium carbonate (CaCOs), a natural ground
improvement material. This reaction occurs on the surfaces of the
bacterial cell membranes, where the negatively charged cell
membrane attracts the positively charged calcium ions (Ca®")
(DeJong et al. 2010).

Meanwhile, the design of MICP treatment plan for ground
improvement practices must assess the injection strategy of
nutrients and cementation solutions. This assessment inevitably
requires evaluation of the transport properties of MICP-treated
soils, such as permeability and unsaturated hydraulic
conductivity. It is well recognized that the hydraulic conductivity
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decreases with mineral precipitation due to the lowered void ratio
or porosity (Whiffin et al. 2007, Martinez et al. 2013, Al Qabany
& Soga 2013, Dadda et al. 2017, Gomez & DeJong 2017, Zamani
& Montoya 2017). Previous studies (Martinez et al. 2013, Al
Qabany & Soga 2013, Gomez & DeJong 2017) showed wide
variations in the hydraulic conductivity reduction trends,
possibly associated with host soil characteristics, inoculated or
stimulated bacterial reaction rate, treatment solution recipe, and
injection strategy. The extent of permeability reduction with an
increase in calcite content remains poorly understood, which
hampers derivation of permeability reduction models with
repetitive MICP treatment.

Therefore, this study investigates the impact of MICP on the
hydraulic conductivity of coarse sands. We conducted column
tests in which ureolytic bacteria were inoculated and stimulated
to precipitate the calcite minerals in coarse sands. MICP
treatment was repeated by injecting a low-concentration
cementation solution which minimizes local clogging in sand
columns. Over the treatments, variations in hydraulic
conductivity and calcite content were monitored. We also
examined the uniformity of precipitation through X-ray
computed microtomography (CMT) imaging and post-



experiment examination. Finally, we presented the permeability
reduction rates with increases in calcite content and discussed its
relation to the pore-scale habit of MICP.

2 MATERIALS AND METHODS

2.1 Host sands

We chose two coarse sands with the mean grain diameter of 1.3
mm and 2.95 mm, respectively (Cape May Formation, NJ, USA).
Each sand is named as 100C and 100D, respectively, following
the previous study by Sturm (2019). Figure 1 shows the grain
size distributions and the grain images of the sands used in this
study. Table 1 lists the basic index properties of these two soils.
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Figure 1. Grain size distribution curves and optical images of host sands

Table 1. Basic index properties of the sands

Soil D5y (mm) C. C. Grain shape
100C 1.30 1.63 0.88 Sub-angular
100D 2.95 1.60 0.98 Rounded

2.2 Model bacteria and treatment solutions

Sporosarcina pasteurii was used as the model ureolytic
bacterium. This study prepared three types of treatment solutions
to culture bacteria and facilitate uniform calcite precipitation
(San Pablo et al. 2020). As an inoculum, the bacterial solution
was prepared by mixing 30 mL of the bacterial liquid culture that
was incubated for 24 h and 300 mL of the fresh growth medium.
The fresh liquid growth medium contained 20 g/L yeast extract,
10 g/L (NH4)2SO4, and 0.13 M Tris buffer and showed a pH of
9. The bacteria were cultured under an aerobic condition at 30°C
for 24 h, such that the optical density (ODsoo) exceeded 1.0.

Second, the rinsing solution contained 250 mM of ammonium
chloride, 42.5 mM of sodium acetate, and 154 mM of sodium
chloride. This rinsing solution was used to facilitate the bacterial
attachment on sand grains while displacing residual suspended
bacteria in sand pores. This minimizes uneven precipitation over
a sand column and local clogging.

Third, the cementation solution was composed of 300 mM of
urea, 300 mM of calcium chloride, 25 mM of ammonium

chloride, 42.5 mM of sodium acetate, and 0.2 g/L of yeast extract.

This cementation solution stimulated the precipitation of calcium
carbonate minerals in sand columns.

2.3 Column setup

Figure 2 shows the experiment setup, in which the sand column
had the internal diameter of 50 mm and the height of 150 mm.
The two sand columns were prepared by hand dry-tamping, and
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the achieved void ratio and relative density were 0.63 and 75%
for 100C and 0.56 and 93% for 100D, respectively. Then, the dry
sand specimens were saturated with deionized water after several
cycles of CO2 purging and vacuum.

Piezometers or a differential pressure transducer enabled
monitoring of a pressure difference between two ports within a
sand column. Those two ports are located 7 cm apart from each
other at the column center. Additionally, one fluid sampling port
is located at the middle height of the column, and the fluid
samples were later used to monitor bacterial activity and calcium
ion consumption. Treatment solutions were injected at a constant
flow rate by using a syringe pump that was connected to the
bottom fluid port of the column through a transfer vessel.

Effluent

Filer and -
stairiass mesh
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o port
L

Transfer vessel

Differantial
pressure
measurement

Figure 2. The setup for column experiments. The differential pressure
transducer was used in the test with 100C, and the piezometers with 100D.

2.4 Treatment program

Prior to inoculation, the fresh growth medium was injected into
the DIW-saturated soil columns for three pore volume (~300 mL),
and this volume was expected to replace most of the residing
solution. Then, the first phase, bacteria inoculation, was
performed by injecting 300 mL of the bacterial solution.
Approximately 48 h of retention time was given for bacterial cell
attachment on grain surfaces. Thereafter, in the second phase, the
three pore volumes of the rinsing solution was injected to
displace residual suspended bacteria in pores. Immediately after
the second phase, 300 mL of the cementation solution was
injected, which was the third phase. A retention time of 24 h was
allowed for the MICP reaction to be completed. The third phase,
the cementation solution injection, was repeated every 24 h.

Hydraulic conductivity was computed based on the
differential pressure measured under a constant flow rate
condition during the cementation solution injection. We used the
flow rate of 3040 mL/min for 100C and 60-80 mL/min for
100D.

Before and after each injection of the cementation solution, 3
mL of the fluid sample was collected from the sampling port. The
cells were filtered using a 0.22-pm syringe filter, and 1 mL of the
fluid sample was used to analyze the residual calcium ion and 0.1
mL was for urea consumption to monitor bacterial activity. When
the bacterial activity in the column was too low, the entire
treatment procedure was repeated to reestablish sufficient
bacteria activity.

2.5 Calcite content measurement

Accumulation of calcite over repetitive treatments was
quantitatively assessed based on the concentrations of the
residual calcium ions in pore fluids. Analysis based on mass
conservation, assuming that all the consumed calcium was



converted to calcite, allowed to assess the accumulation of calcite
over the courses of MICP treatments.

Upon completion of the experiments, we measured the calcite
content with the samples by using the acid washing method (Choi
etal. 2017). The soil samples were collected from the top, middle,
and bottom sections. In this study, the calcite content is defined
as the ratio of the mass of precipitated carbonate minerals to the
dry mass of sand.

2.6 X-ray computed microtomography (X-ray CMT)

After the final treatment, the sand columns were imaged using
X-ray CMT to examine the pore-scale characteristics of mineral
precipitation. A sample of approximately 1 cm® was taken from
the MICP-treated sand column, and then dried for X-ray CMT
imaging. The X-ray CMT imaging was performed with the pixel
size of 3 pm for 100C and 60 pum for 100D.

3 RESULTS

3.1 Variations in hydraulic conductivity and calcite content

Figure 3a shows the variations in hydraulic conductivity over the
courses of the MICP treatments in which the cementation
solution was treated daily. The MICP treatment caused gradual
reductions in the hydraulic conductivity of the coarse sands for
both 100C and 100D. During the first 10 treatments, the
hydraulic conductivity decreased rapidly. Soon after 20
treatments, the reductions stabilized. Both experiments were
terminated as we found no further significant changes. For 100C,
the initial hydraulic conductivity (Ko) was 0.80 cm/s and
decreased to 0.10 cm/s as the final value (Kr). The reduction
factor (K#/Ko) was 0.125. For 100D, K, decreased from 4.1 cm/s
to 0.42 cm/s, which is equivalent to the reduction factor of 0.1.
The test results are summarized in Table 2.

The calcium ion analysis showed that the calcite content
increased from 0% to 24.1% with 37 treatments in 100C, as
shown in Figure 3b. Each treatment resulted in an increment of
~0.7% in the calcite content when the bacterial activity was
sufficiently high. For 100D, the calcite content increased from 0%
to 18.8% with 32 treatments, and the calcite content increased by
~0.68% per treatment. In addition, the acid washing tests upon
the termination of the experiments provided the final calcite
contents: ~22.1% for 100C and 18.9% for 100D, respectively
(Figure 3). The acid washing method results were remarkably
consistent with the assessment based on the calcium ion analysis
with only slight difference less than 2% (Figure 3b). The calcite
contents showed minimal variations between sections, less than
8% for 100C and less than 3 % for 100D, as shown in Figure 3c.
This indicates fairly homogeneous calcite precipitations over the
columns.

Table 2. Summary of laboratory test results
€ er Dr CC See Ki#/K,
¢) ¢) ¢) (%) (%) )

100C 0.63 0.32 0.75 24.1 35.1

0.125
100D 0.56 0.32 0.93 18.8 27.1 0.1

Note: e, = initial void ratio; e; = final void ratio, Dg = relative density at
dry condition; CC = calcite content; S.. = pore volume fraction of calcite;
K, =initial hydraulic conductivity; K= final hydraulic conductivity. The
density of calcite was assumed to be 2.71 g/cm’.
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Figure 3. (a) Variations in hydraulic conductivity, (b) variations in calcite
content over the MICP treatments, estimated by using the calcium ion
analysis. Herein, the average final calcite contents from the acid washing
method are superimposed. And (c) the final calcite contents at different
depths over the soil columns, which were measured by using the acid
washing method after each experiment.

3.2 X-ray CMT imaging result

Figure 4 shows the representative XY- and YZ-sliced images of
MICP-treated sands (100C and 100D). The dark color depicts the
air voids while the lighter colors indicate solid particles (sand or
calcite). The images in Figure 4 highlight the consistent pore-
scale precipitation patterns in the 100C and 100D specimens. The
calcite crystals show preferential nucleation and accumulation at
the grain contacts and on the grain surfaces in small pores, and
less precipitation on the grain surfaces open to large pores. This
is presumably linked to the preferential attachment of bacteria to



the grain contacts and grain surfaces in the beginning. The sand
column was swept with the rinsing solution prior to the
cementation solution injection, which removed the suspended
bacteria in pores. This facilitated the grain-bridging and contact-
cementing habits of MICP as the dominant pore-scale
precipitation patterns.

(a)100C _

(b) 100D

Figure 4. Representative XY- and XZ- sliced X-ray CMT images after
calcite precipitation: (a) 100C and (b) 100D.

3.3 Hydraulic conductivity reduction behavior with calcite
precipitation

When designing the fluid injection plans at field, prediction of
the hydraulic conductivity reduction with respect to a given
calcite content is of importance. It appears that ~20% calcite
content reduces the hydraulic conductivity by ~90% or one order
of magnitude, as shown in Figure 5a. This reduction rate is
significantly less than the previously reported (e.g., Al Qabany

and Soga, 2013; Martinez et al., 2013; Gomez and DeJong, 2017).

In addition, we examine a semi-analytical model which
correlates the hydraulic conductivity reduction factor or the
normalized hydraulic conductivity (K/Ko) with the pore volume
fraction of calcite (Scc). In this study, we chose the Kozeny grain-
coating model, a widely used permeability reduction model that
can capture the effect of pore inclusions with the power exponent
n, i.e., (K/Ko = (1 — Scc)?). This model assumes that the pore
inclusion material coats grains, which is consistent with our X-
ray CMT observation. As described in previous research
(Kleinberg et al. 2003, Dai & Seol 2014, Noh et al. 2016, Back
et al. 2019), n is the Archie saturation exponent which indicates
the level of the hydraulic conductivity reduction. The greater n
value means the more rapid reduction in hydraulic conductivity.
Another model we chose is the Kozeny-Carman hydraulic
conductivity model (KC model), which can be expressed as Kabs
= (C-¢*)/(1*-Ss?), where Kabs is the absolute permeability, C is the
shape factor, ¢ is the porosity, T is the geometric tortuosity, and
Ss is the specific surface area per bulk volume. In this study, the
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normalized hydraulic conductivity (K/Ko) is used, which is
identical to the normalized absolute permeability.

Figure 5b shows the normalized hydraulic conductivity (K/Ko)
with the pore volume fraction of calcite (Scc), superimposed with
previously reported data (Al Qabany and Soga 2013, Martinez et
al. 2013, Gomez and DeJong 2017). The Kozeny grain-coating
model is also plotted while varying the exponent #. In both Soils
100C and 100D, in a low Scc regime (Scc < 10%), the hydraulic
conductivity rapidly dropped following the model with the
exponent 7 of ~13. Once Scc enters the intermediate regime (10%
< Sce <25%), the reduction rate slowed down, in which the curve
slope became flatter with the transition of the exponent n from
13 to 5. For the regime of Scc > 25%, the reduction was almost
levelled off. It is also noted that the reduction trend of K/Ko
against Scc is very consistent between 100C and 100D, in spite of
the difference in the mean grain size.
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Figure 5. (a) The normalized hydraulic conductivity K/K, with the calcite
content CC, (b) the normalized hydraulic conductivity K/K, with the pore
volume fraction of calcite S., and (c) the normalized hydraulic
conductivity K/K, with porosity ¢. Predictions by theoretical models are
plotted: Kozeny grain-coating model in (b) and Kozeny-Carman model
(KC) in (c). Other MICP data are gathered from previous studies by Al
Qabany and Soga (2013), Martinez et al. (2013), and Gomez and DeJong
(2017).



Figure 5c shows the comparison of the measured hydraulic
conductivity with the KC model predictions. Herein, the
empirical shape factor C was back-calculated from the baseline
results while T and Ss were assumed based on the results from
previous study (Baek et al. 2019). The calculated C was 0.6 and
3.8 for 100C and 100D respectively, and 1.3 was used for t and
5000 m! was used for Ss for both sand samples. These values
were kept constant over the porosity reduction with the calcite
precipitation. The KC model prediction shows a large deviation
from the measured K particularly in the early stage of the
precipitation. During this early precipitation, the measured K
decreased rapidly while the KC model showed a gentle
permeability prediction rate with a given porosity reduction. But,
the rates of K reduction became gentle with further precipitation
and were consistent with the KC model in the later stage of
precipitation (Scc > 15%).

The presented results imply that the calcite precipitation has
a preference to precipitate in small pores and at grain contacts,
which causes the initial rapid reduction in hydraulic conductivity.
Then, subsequent calcite precipitation takes place to grow and
densify existing calcite layers, such that the additional reduction
in hydraulic conductivity is fairly minimal. This is contradictory
to the previous studies where drastic reductions in hydraulic
conductivity have been typically observed after a certain level of
calcite precipitation. It is possibly attributable to the local
blockage near the bottle-necking inlet and the size of the host
sand grains.

4 CONCLUSION

This study explored the precipitation habit of MICP and its effect
on hydraulic conductivity of coarse sands. The major findings are
as follows:

. As a result of MICP treatment, the hydraulic conductivity
of the coarse sands showed the reduction by an order of
magnitude as the calcite content increased to 19-24%,
which is equivalent to the pore volume fraction of calcite
of ~27-35%.

. X-ray CMT images showed that the calcite precipitation
occurred mainly at the grain contacts and on the grain
surfaces in smalls pores due to the preferential attachment
of bacteria after rinsing solution injection. This led to the
grain-bridging and contact-cementing habits of MICP.

. The initial precipitation of calcite noticeably reduced the
hydraulic conductivity up to the calcite content of ~5%.
The subsequent precipitation only caused a mild reduction
in hydraulic conductivity, following the Kozeny-Carman
model fairly well. The rate and extent of the hydraulic
conductivity reduction was significantly less than the
previous studies.

The presented results provide experimental data that can be

extended to develop a generic permeability reduction model for

MICP treatment.
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