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Abstract A soil improvement method based on a microbially
induced carbonate precipitation (MICP) process has been de-
veloped in recent years. In this method, calcium carbonate is
precipitated in-situ to act as a cementing agency. Calcium
chloride is normally used as the calcium source for the
MICP process. The use of calcium chloride causes two prob-
lems. The first is chloride is corrosive to concrete, and the
second is the cost of calcium chloride is relatively high. An
improvement to this method is to use other alternative calcium
sources. A method to produce soluble calcium using calcium
rich calcareous sand and use it as a calcium source for the
MICP process to improve the properties of soil has been pro-
posed in this paper. A comparative study between the effect of
MICP treatment using soluble calcium produced from calcar-
eous sand and that using calcium chloride with the same con-
centration of calcium was carried out. The results from both
series of tests showed that with increasing amounts of cemen-
tation solutions, the strength and stiffness of the treated cal-
careous sand increased and the permeability decreased. The
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scanning electron microscopy (SEM) and X-ray diffraction
analyses revealed that the aragonite crystals with an acicular
mineral morphology were formed when the soluble calcium
was used, whereas the calcite crystals with a thombohedral
mineral morphology were formed when calcium chloride was
used. This study also shows that it is feasible to treat calcare-
ous sand using a MICP method with soluble calcium pro-
duced from calcareous sand.

Keywords Calcareous sand - Microbially induced carbonate
precipitation (MICP) - Soluble calcium - Strength - Stiffness

Introduction

Calcareous sand is a type of marine sediment that is abundant in
low-latitude tropical ocean environments such as in the South
China Sea, Red Sea, the Persian Gulf, Hawaiian Islands and
coastlines of Australia, India and Saudi Arabia (Murff 1987,
McClelland 1988). To mitigate the effect of global warming,
coastal shoreline restoration or construction of coastal defense
systems become necessary. Due to its particular material com-
position, particle structure, migration pathway and depositional
environment, calcareous sand has different physical mechanical
properties with the terrigenous quartz sand (Coop 1990) and
needs to be improved too to enhance its mechanical properties.
Due to the enormous scale of shorelines, the financial require-
ment associated with coastal restoration, seawall construction
or ground improvement is huge. Thus more economical ground
improvement solutions need to be developed.

One promising cost-effective soil improvement method is
biocementation through a microbially induced carbonate precip-
itation (MICP) process. This method utilizes biological metabolic
processes to create cementation in situ to improve the mechanical
properties of soil (Whiffin et al. 2007; Ivanov and Chu 2008; Van
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Paassen et al. 2010; DeJong et al. 2011; Cheng et al. 2013; Chu
et al. 2013; Martinez et al. 2013; Al Qabany and Soga 2013;
Montoya and DeJong 2015; Feng and Montoya 2016; Xiao et al.
2017). In this process the bacteria catalyze the hydrolysis of urea
to raise the pH of the system and carbonate is produced. In the
presence of dissolved calcium ions, the produced carbonate ions
will precipitate and form calcium carbonate crystals to bind the
sand grains together. In most of these studies, calcium chloride
(CaCly) is used as the calcium source. The use of calcium chlo-
ride causes two problems. The first is chloride is corrosive to
concrete, and the second is the cost of calcium chloride is rela-
tively high. Chloride induces steel corrosion, which is a major
cause of concrete degradation. The accumulation of corrosion
products (oxides/hydroxides) in the concrete pore space near
the steel rebar leads to internal stresses that result in cracking
and spalling of the concrete cover, which in turn facilitates the
intrusion of aggressive agents, oxygen and humidity, and the next
step can be the total loss of the structural integrity (Montemor
et al. 2003; Shi et al. 2012). We also need to reduce the cost for
the MICP-based method. Therefore, it is necessary to explore
alternative calcium sources that can be used for MICP. Cheng
et al. (2014) proposed a new application of MICP technology to
marine environments by using seawater as the sole calcium re-
source. But the low calcium concentration of seawater limits the
calcification rate, which results in requiring 200 flushes to reach a
strength gain of about 300 kPa. Choi et al. (2016) produced
calcium from eggshell for the MICP process. This method is
promising. However, the source of eggshell is limited.

Calcareous sand is a natural material that is high in calcium
content and abundant in the coastal region of China. A method
to produce soluble calcium from calcareous sand and use it as
a calcium source for the MICP process to improve the me-
chanical properties of calcareous sand has been developed.
This method will not only overcome the problems associated
with the use of CaCl,, but may also reduce the material costs
associated with the use of CaCl,. The main purpose of this
study is to investigate the effectiveness of using the soluble
calcium made from calcareous sand as a calcium resource for
biocementation of calcareous sand using the MICP method. A
comparative study between calcareous sand treated using sol-
uble calcium produced from calcareous sand and that using
calcium chloride with the same calcium concentration was
carried out using unconfined compressive strength (UCS)
tests, permeability tests, scanning electron microscopy
(SEM) and X-ray diffraction (XRD).

Materials and methods
Materials

Calcareous sand used in this study was from the Xisha Islands,
South China Sea. Natural calcareous sand grains were washed in
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distilled water to remove any salt and residues from the ocean
and dried at 60 °C for 48 h. The particle size distribution curve
and physical properties of the calcareous sand are presented in
Fig. 1 and Table 1, respectively. The scanning electron micro-
graph (SEM) of calcareous sand with various shapes is shown in
Fig. 2. Chemical analysis of calcareous sand using X-ray fluo-
rescence spectroscopy (XRF) reveals that it contains 93.70% of
calcium, 2.94% of magnesium, 1.92% of strontium, 0.44% of
sodium, 0.34% of phosphorus, 0.29% of sulfur, and 0.17% of
aluminum. The mineral content of calcareous sand is mostly
aragonite as determined using X-ray diffraction analysis (XRD).

Bacterial

Sporosarcina pasteurrii (DSMZ 33), a urea hydrolyzing
bacterium, was used for this study to induce CaCO; precipi-
tation. The bacteria were cultivated in a medium consisting of
20 g/L yeast extract, 10 g/LL NH4Cl, 12 mg/L MnCl,*H,O and
24 mg/L NiCl,*6H,0, at a pH of 9.0. After aerobically incu-
bating at 30 °C in a shaker at 200 rpm until ODgo = 0.8, the
bacteria were then harvested and centrifuged at 4000xg for
20 min. Then, the supernatant was removed and replaced with
0.9% NaCl before the bacteria were resuspended. Urease ac-
tivity of the bacterial suspension was 1.6 mM urea/min.

Method to produce soluble calcium from calcareous sand

In this paper, a method to extract calcium ions from calcareous
sand in aqueous solutions of acetic acid was adopted. To com-
pare the potential for leaching calcium out from calcareous
sand, various acetic acid concentration under varying calcar-
eous sand-to-acetic acid ratios (w/v) were conducted. The pH
and calcium ions concentration of the aqueous solutions were
measured using a pH meter and the ASTM D511-14 (ASTM
2014) method, respectively. The efficiency was calculated by
weighing calcareous sand before and after dissolution.

Sample preparation

First, 150 ml plastic syringes with transparency films (internal
diameter 40 mm) were used as test soil columns. Each end of
the column was fitted with a layer of approximately 2 cm thick
filter gravel and a layer of scouring pad filter. Above the filter
layer, the calcareous sand column (40 mm diameter, 2:1 aspect
ratio) was prepared by dry pluviation to a relative density of
40%, and then another filter was placed on top of the sample.
A peristaltic pump was connected to the top of the column to
regulate the flow rate (Fig. 3). To treat calcareous sand spec-
imens, 80 ml bacteria solution was pumped into the specimen
at arate of 40 ml/h and remained in the sand pore space for 6 h
to allow the bacterial to attach to the calcareous sand grains.
After incubation for 6 h, the excess solution was drained off
by gravity. Cementation treatments then began by using the
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same pumping rate as in the biological treatment. The cemen-
tation solution, which contained a mixture of 1 M Ca®* and
1 M urea, was injected from the top and drained out from the
bottom. The drained-out solution was collected and reapplied
to the samples two times. The reaction was monitored by
measuring calcium concentration of the effluent. To obtain
different mechanical properties of the calcareous sand sam-
ples, various amounts of cementation solution were pumped
into the specimen, as shown in Table 2.

For samples treated using the soluble calcium, the cemen-
tation solution was prepared by dissolving calcareous sand in
aqueous solutions of 20% acetic acid with a calcareous sand to
acetic acid ratio of 1:6 for 24 h (Fig. 4a). The supernatant
soluble calcium solution was collected and adjusted for pH
to 6.5-7.0 with 20% NaOH solution. After the pH was adjust-
ed, the Ca®* concentration was reduced from 1.2 M to 1.03 M.
Then the solution was centrifuged at 4000xg for 20 min to
obtain the supernatant (Fig. 4b). The equimolar urea was dis-
solved into the supernatant to compose the soluble calcium
cementation solution of 1 M Ca®* and 1 M urea.

Measuring device and methods

In this experiments, redundant soluble salts were removed from
the biocemented samples by flushing with tap water prior to
measurements. After biocementation, the MICP-treated samples

Table 1 Physical

properties of calcareous Properties Values

sand
Specific gravity, G 2.75
Mean grain size, Dso (mm) 0.32
Coefficient of uniformity, C, 2.18
Coefficient of curvature, C, 0.92
Maximum void ratio, €, 1.75
Minimum void ratio, e, 1.27

Particle size (mm)

were taken out of the molds and any irregularities at the two ends
of the samples were trimmed to ensure that they could be uni-
formly loaded. As the transparency films were smooth, the
MICP-treated samples with transparency films could be easily
removed from the plastic syringes. The samples were then dried
at 60 °C for 48 h until the mass-loss ratio was less than 0.1% and
cooled to room temperature. The oven-dried samples were
weighed. With measuring the diameter and length, the dry den-
sity could be calculated. Subsequently, all the samples were im-
mersed in tap water for 24 h to characterize the strength, stiffness
and permeability properties. Permeability tests on the untreated
and biocemented calcareous sand columns were conducted using
a falling head method (Proto et al. 2016). Unconfined compres-
sion strength (UCS) tests were conducted according to the pro-
cedure reported in ASTM D2166 (ASTM 2013) on biocemented
specimens with a diameter-to-height ratio of 1:2. The axial load
was applied at a constant rate of 1.0 mm/min.

Fig. 2 Scanning electron micrograph of calcareous sand
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Fig. 3 Experimental apparatus for biocementation of calcareous sand

The mineralogical composition and the morphological
structures of the biocementation samples using different cal-
cium sources were analyzed by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). After the UCS mea-
surements, the samples were collected and oven-dried at
60 °C for 48 h. Subsequently, a small amount of oven-dried
samples were sputter-coated with gold using a KYKY SBC-
12 sputter coater prior to the microscopy investigation. A
JEOL JSM-7800F field emission scanning electron microsco-
py (FE-SEM) was conducted on soluble calcium samples and
CaCl, samples. The samples were crushed using a sterile mor-
tar and pestle and filtered with number 200 mesh prior to XRD
analyses. XRD analysis was performed in a Rigaku D/max
2500PC using CuK«. The angle of diffraction (26) of the X-
ray was set from 10° to 70°, with a step size of 0.02°and a
scanning speed of 4°/min.

Results

Soluble calcium from calcareous sand

Dissolution of calcareous sand in different acetic acid concen-
trations solutions with a calcareous sand to acetic acid ratio of

1:6 are shown in Fig. 5. It can be seen that the concentration of
soluble calcium increased with an increase in acetic acid con-
centration, whereas the increase rate before 20% acetic acid
concentration was faster than after 20% acetic acid (Fig. 5a).
The pH decreased as the concentration of acetic acid in-
creased, but the effect of acetic acid concentration on the de-
crease of pH was limited (Fig. 5b). The tendency of dissolving
calcareous sand efficiency with different acetic acid concen-
trations (Fig. 5¢) was accordant with the soluble calcium con-
centration. The pH and soluble calcium concentration changes
with time in 20% acetic acid solutions at various calcareous
sand-to-acetic acid ratios are shown in Fig. 6. It can be seen
that the pH rose quickly at the first half hour and then in-
creased slowly. There was not much difference in the pH
between tests with different calcareous sand-to-acetic acid ra-
tios (Fig. 6a). The increasing rate of soluble calcium concen-
trations also began quickly and then slowed down. The solu-
ble calcium concentration decreased with an increase in sand-
to-acid ratio (Fig. 6b). The soluble calcium concentration in-
creased with an increase in acetic acid concentration and de-
creased with an increase in the sand-to-acid ratio. In practice,
the appropriate acetic acid concentration and calcareous sand-
to-acetic acid ratio can be selected according to the actual
requirement.

Properties of sand treated using the calcium extracted
from calcareous sand

Dry density

The dry density after biocementation can be used to indicate
indirectly the amount of precipitation of calcium carbonate
because of the initial densities of the calcareous sand in the
molds were essentially the same before being MICP-treated.
Fig. 7 shows the variation of dry density with the amount of
cementation solutions used for calcareous sand samples treat-
ed with different calcium sources and various volumes of ce-
mentation solutions. The linear slope of the dry density versus

Table 2 Experimental results

Sample Cementation Cementation solutions® Dry density ucs Esq

No. Recipe (L) (g-cmﬂ) (MPa) (GPa)
CC1 1 M Calcium Chloride 0.2 1.269 0.208 0.027
cC2 + 1 M urea 0.3 1.367 0.558 0.053
CC3 0.4 1.489 1.067 0.107
CC4 0.5 1.587 2.300 0.220
SC1 1 M Soluble Calcium 0.2 1.297 0.308 0.042
SC2 + 1 M urea 0.3 1.415 0.942 0.072
SC3 0.4 1.520 1.467 0.119
SC4 0.5 1.598 2.458 0.213

#Note: Cementation solution is measured by the volume. The concentrations of all cementation solutions are
1 mol/L. Therefore, the Ca>* content could be determined by the multiplication of the volume and concentration
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Fig. 4 Photographs of the
soluble calcium produced: (a)
during reaction; and (b) after
centrifuged

various volumes of cementation solutions suggested that the
calcium carbonate precipitation was proportionally increased
during injection. Within the same volumes of cementation
solution, the dry density of calcareous sand treated with solu-
ble calcium was a little more than that of samples treated with
calcium chloride.

Permeability

After the biocementation was finished, permeability was di-
rectly measured on each column prior to strength testing. Fig.
8 shows the reductions in permeability with increase in the
amounts of cementation solutions for two different calcium
sources. As expected, the permeability decreased with increas-
ing cementation solutions. Although the degree of reduction
was variable, a large reduction occurred for the soluble
calcium-treated samples. The lowest permeability over all
samples after treatment was 2.2 x 10> m/s compared to the
original material permeability of 4.5 x 10~ m/s, which still
retained sufficient permeability and good drainage.

Compressive strength

Fig. 9 shows the unconfined compressive stress-stain behavior
of calcareous sand biocemented with calcium carbonate pre-
cipitation using soluble calcium and calcium chloride. The
tangent Young’s modulus at 50% of the peak stress (Es5q)
was determined graphically from the stress-strain curves
(van Paassen et al. 2010). From the UCS tests, correlations
were established between the amounts of cementation solu-
tions and the values for UCS and E5, using soluble calcium
and calcium chloride (Figs. 10 and 11). It can be seen that both
unconfined compressive strength and stiffness (£5) increased
with the increase of cementation solutions for all treated

samples. Both UCS and Es, followed exponential
relationships with the amounts of cementation solutions,
which were in line with previous results reported by van
Paassen et al. (2010) and Cheng et al. (2013). It shows that
for the same amount of cementation solution, both the
strength and stiffness of the samples treated with soluble
calcium were higher than those of the control samples
treated with calcium chloride. This was in line with the
dry density results.

SEM and XRD analyses

The MICP treatment with soluble calcium and calcium chlo-
ride showed abundant crystals formed on the surface of the
calcareous sand particles and at the contact points between
them (Fig. 12). The precipitated crystals of the soluble calcium
treated samples were acicular, while the crystals of calcium
chloride samples were thombohedral (probably calcite). The
acicular morphology is the typical characteristic of the arago-
nite. Calcium carbonate exists in three different crystal struc-
tures: calcite, aragonite and vaterite. To determine the special
crystal structures of the biocementation samples with different
calcium sources, X-ray diffraction (XRD) analyses were con-
ducted, as shown in Fig. 13. The XRD patterns show that the
crystal structures of the soluble calcium-treated samples was
aragonite, while for the calcium chloride-treated samples, the
crystal structures were calcite and aragonite. Because the crys-
tal structures of the calcareous sand were aragonite, so the
crystal of microbially induced calcium carbonate precipitation
using soluble calcium was mainly aragonite and that using
calcium chloride was mainly calcite. The XRD analyses prove
the acicular and rhombohedral morphologies were the arago-
nite and calcite, respectively.

@ Springer
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Fig. 7 Variation of dry density with different volumes of cementation
solutions for soluble calcium treated samples (SC) and calcium chloride
treated samples (CC)
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similar patterns of increasing strength were obtained. As shown
in Fig. 16, the measured UCS and dry density values with dif-
ferent sands and calcium sources were normalized by the min-
imum UCS and minimum dry density values, respectively. The
normalized UCS values were plotted against the normalized dry
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Fig. 10 Variation of unconfined compressive strength (UCS) with
different volumes of cementation solutions for soluble calcium treated
samples (SC) and calcium chloride treated samples (CC)

density values for MICP-treated samples. Fig. 16 shows that the
results of the biocemented calcareous sand treated with different
calcium sources were similar to those produced by van Paassen
(2009) who used the same concentration solution (1 M CaCl,/
1 M urea) but different sand (silica sand).

It is of interest to compare the location of biocemented cal-
careous sand and MICP-treated silica sand (van Paassen 2009)
in terms of the relationship between Esy and UCS, as shown in
Fig. 17. In Fig. 17, the E5q were plotted against the UCS in a
double logarithmic space. It can be seen that the Es5q increased
with the increase of the UCS. However, at a similar strength, the
stiffness of the biocemented calcareous sand was lower than
that of the silica sand treated by the same concentration solution
(van Paassen 2009). The authors believe that this is because the
strength (or hardness) of the individual calcareous sand grains
caused by the intraparticle pores is lower than that of silica sand.

In Fig. 18, the measured permeability values at different
volumes of cementation solutions were normalized with the
initial permeability value before the MICP treatment, and the
normalized permeability values were plotted against the
amount of cementation solutions for biocemented calcareous
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Fig. 11 Variation of Young’s modulus (£5,) with different volumes of
cementation solutions for soluble calcium treated samples (SC) and
calcium chloride treated samples (CC)
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Fig. 12 Scanning electron
microscopy images of
biocemented calcareous sand
using different calcium sources:
(a) soluble calcium; (b) calcium
chloride
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sand samples with different calcium sources. It can be seen
that permeability was reduced to between 5% and 35% of its
initial values for all biocemented calcareous sand samples.
The degree of reduction in permeability measured in this study
was similar to that obtained in previous studies. For example,
Al Qabany and Soga (2013) reported 10% to 30% reduction
of the initial permeability value using 0.25, 0.5 and 1 M urea—
calcium chloride solutions to treat silica sand.

The permeability values obtained from the biocemented
calcareous sand samples in this study were compared to per-
meability values of MICP-treated samples using the same
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Fig. 13 X-ray diffraction patterns of soluble calcium treated samples

(SC) and calcium chloride treated samples (CC)
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concentration solution (1 M CaCl,/1 M urea) but silica sand
(Cheng et al. 2013), as shown in Fig. 19. In the figure, per-
meability values were plotted against unconfined compressive
strength (UCS) for all bio-cemented sand samples. It was
found that there were similar patterns of permeability decreas-
ing with increasing unconfined compressive strength. Similar
to the previous results (van Paassen 2009; Cheng et al. 2013),
it can be seen that, apart from the significant increase in soil
strength and stiffness, one advantage of biocementation was
attributed to remaining relative high permeability and leaving
enough possibilities for further treatment or groundwater flow,
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Fig. 14 Variation of unconfined compressive strength (UCS) with dry
density for soluble calcium treated samples (SC) and calcium chloride
treated samples (CC)
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Fig. 15 Variation of Young’s modulus (£s,) with dry density for soluble
calcium treated samples (SC) and calcium chloride treated samples (CC)

compared to the traditional chemical treatment by Portland
cement (less than 1 x 107° m/s).

MICP is a biogeochemical process that utilizes microbiolog-
ical methods to mediate the improvement of geological mate-
rials used in engineering. A bio-mediated soil improvement
system broadly refers to a chemical reaction network that is
managed and controlled within soil through biological activity
and whose byproducts have the potential to alter the engineer-
ing properties of soil. Biocementation is to enhance the strength
and stiffness properties of soil through microbial activity or
byproducts. (Ivanov and Chu 2008; DeJong et al. 2010, 2013).

Most studies on MICP by urea hydrolysis showed calcite
as the predominant mineral phase (Bachmeier et al. 2002;
Mitchell and Ferris 2006; DelJong et al. 2011; Cheng et al.
2013; Chu et al. 2013; Montoya and DeJong 2015; Feng
and Montoya 2016; Choi et al. 2016). Van Paassen (2009)
reported that spherical vaterite is also formed because of a
high hydrolysis rate. Vaterite is a thermodynamically unstable
crystalline form of calcium carbonate, which tended to trans-
form into the more stable form of calcite (Kralj et al. 1997).
Besides, van Paassen (2009) mentioned that calcite growth
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Fig. 16 Normalized unconfined compressive strength (UCS) plotted

against normalized dry density for calcareous sand in the present study
compared to van Paassen (2009) (silica sand, 1 M CaCl,/1 M urea)
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Fig. 17 Young’s modulus (£5) plotted against UCS for calcareous sand
in the present study compared to van Paassen (2009) (silica sand, 1 M
CaCly/1 M urea)

will be more likely after soil is calcareous or has been treated
with MICP once before, which explains why calcite was dom-
inant in biocemented calcareous sand using calcium chloride.
Furthermore, in the presence of magnesium, aragonite is
formed instead of the more stable calcite (Berner 1975).
Based on the XRF results, the calcareous sand contains mag-
nesium, so aragonite is formed using the soluble calcium de-
rived from calcareous sand in the MICP process.

This study verified that the soluble calcium derived from
calcareous sand could be used as a calcium source for MICP
processes to improve the mechanical properties of calcareous
sand. Using this method, problems associated with the use of
calcium chloride such as corrosion to concrete can be over-
come. As calcareous sand is abundant in nature and acetic acid
can be produced using a fermentation process of agriculture or
vegetation waste, the proposed method will also reduce the
cost related to the use of calcium chloride. Therefore, the
method proposed will also contribute toward economic sus-
tainability of the construction industry.

In the current study, commercial acetic acid was used for
the production of soluble calcium. However, this is not
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Fig. 18 Decrease in normalized permeability with different volumes of
cementation solutions for soluble calcium-treated samples (SC) and
calcium chloride-treated samples (CC)
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Fig. 19 Permeability plotted against UCS for calcareous sand in the
present study compared to Cheng et al. (2013) (silica sand, 1 M CaCl,/
1 M urea)

necessary, as acetic acid can be produced using agricultural or
plantation waste through an acidogenic fermentation process.
Soluble calcium with an acidic condition with pH of 5 or
above will not affect the activity of the bacteria or the MICP
process as shown by previous studies (Fidaleo and Lavecchia
2003; Whiftin 2004). The purpose of this study is to prove that
soluble calcium derived from calcareous sand is feasible to be
used for MICP-based soil improvement. Further study is un-
derway to establish methods for massive production of soluble
calcium from calcareous sand using the more cost-effective
acidogenic fermentation process.

Conclusions

This study has demonstrated the feasibility of using soluble
calcium produced using calcareous sand as a source of calci-
um ions for the improvement of calcareous sand using a MICP
process. The mechanical properties of calcareous sand treated
using soluble calcium were determined and compared with
those treated using calcium chloride. The following conclu-
sions can be made:

1. As the amount of cementation solutions increases, the dry
density of the calcareous sand treated using either soluble
calcium or calcium chloride increases and the permeabil-
ity decreases.

2. The strength and stiffness of the calcareous sand treated
using either soluble calcium or calcium chloride increase
exponentially with the increase in cementation solutions,
and the samples treated with soluble calcium perform bet-
ter than those control samples treated with calcium
chloride.

3. The SEM and XRD analyses reveal that the precipitated
crystals are formed on the surface of the calcareous sand
particles and at the contact points between them. These

@ Springer

crystals are mainly aragonite, when soluble calcium is
used, or calcite, when calcium chloride is used.
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