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Abstract.

The enzyme-induced carbonate precipitation (EICP) method has been investigated to improve the hydro-

mechanical properties of natural soil deposits. This study was conducted to explore the stiffness evolution during various stress
scenarios. First, the optimal concentration of urea, CaCl,, and urease for the maximum efficiency of calcite precipitation was
identified. The results show that the optimal recipe is 0.5 g/L and 0.9 g/L of urease for 0.5 M CaCl, and 1 M CaCl, solutions
with a urea-CaCl, molar ratio of 1.5. The shear stiffness of EICP-treated sands remains constant up to debonding stresses, and
further loading induces the reduction of S-wave velocity. It was also found that the debonding stress at which stiffness loss
occurs depends on the void ratio, not on cementation solution. Repeated loading-unloading deteriorates the bonding quality,
thereby reducing the debonding stress. Scanning electron microscopy and X-ray images reveal that higher concentrations of
CaCl, solution facilitate heterogeneous nucleation to form larger CaCO; nodules and 11-12 % of CaCO; forms at the inter-
particle contact as the main contributor to the evolution of shear stiffness.
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1. Introduction

Natural soils inherently composed of particulate grains
are subjected to various weathering and aging processes,
which result in a partially or fully cemented state
(Fernandez and Santamarina 2001). Because cemented soils
are omnipresent in nature and their hydro-mechanical
characteristics play a significant role in engineering design,
naturally or artificially cemented soils have been
extensively studied for decades to examine the evolutionary
behaviors and geotechnical properties (Consoli et al. 1998,
Huang and Airey 1998, Ismail ef al. 2002, Kaniraj and
Havanagi 2001, Rios ef al. 2014). The cementation process
binds soil particles together by cementing agents such as
amorphous silica, oxides, hydrous silicates, and calcium
carbonate (DeJong et al. 2006, O’Rourke and Crespo 1988),
which modifies the geotechnical properties such as
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improved stiffness and strength, as well as liquefaction
resistance (Huang and Airey 1998, Saxena ef al. 1988), and
permeability reduction (Bahar et al. 2004). Recently,
microbial activity has been explored as an artificial
cementation or clogging technology for ground
improvement (Al Qabany and Soga 2013, Chu ef al. 2014,
Cui et al. 2017, DeJong et al. 2006, Jiang et al. 2017, Kim
et al. 2017, Lin et al. 2016, Mahawish ef al. 2018, Montoya
et al. 2013, van Paassen et al. 2010, Yasuhara et al. 2012).
The microbial process involves urea hydrolysis with the
help of bacteria (Eq. (1)), and the produced carbonate ion
(CO3%) reacts with injected calcium ion (Ca®") yielding
calcium carbonate (CaCOs3) (Eq. (2)).

CO(NH,), +2H,0—2%™_yoNH," +CO,> (1)

Enzyme

Ca® +C0,” —CaCo, @

This process is called microbial-induced carbonate
precipitation (MICP) and is often used because of the
omnipresent ureolytic bacteria in the soil (Burbank et al.
2012), but sometimes is associated with limitations and
difficulties such as CaCOs precipitation near the bacteria
cell wall, resulting in process inactivation due to the limited
nutrient and water transfer (Cuthbert et al. 2012, De
Muynck et al. 2010, Mitchell and Santamarina 2005), and
the difficult control of the precipitation site and rate that is
governed by bacterial distribution and conditions. However,
the direct use of enzymes in this application can manipulate
and control the targeted performance.
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The soils improved by CaCOs precipitation tend to
experience a change in loading conditions such as stress
relaxation during soil cutting or additional compressive
loading by building structures, which result in stiffness loss
or skeletal collapse (Yun and Santamarina 2005). In
addition, once the natural soils under various degrees of
confining stress and with various relative densities are
treated with different degrees of cementation, the treated
soils may exhibit unexpected evolution of stiffness upon
loading and unloading (Fernandez and Santamarina 2001).
Therefore, the evolution of load-resisting behaviors in the
treated soils requires in-depth understanding to
economically design the appropriate soil improvements and
to avoid any potential losses induced by stiffness changes.

This study was conducted to explore how the soils
cemented with CaCOs precipitation behave for various
loading sequences and show the pattern of CaCOs3
precipitation in pore space. Because the debonding of
precipitated CaCOs is well reflected in the shear stiffness
loss, the shear wave velocity is measured in the K-
condition at each loading stage. Scanning electron
microscopy (SEM) imaging and 3D X-ray microcomputed
tomographic (u-CT) imaging of cemented soils help
understand the morphological features of precipitated
CaCOs in pore space and its attribution to the stiffness
evolution.

2. Experimental study
2.1 Optimal recipe for CaCQOs3 formation

The amount of produced CaCOs strongly depends on the
molar ratio of urea to CaCl, and urease concentration; thus,
a series of reaction tests with different concentrations of
urea, urease, and CaCl, was systematically performed to
determine the optimal recipe of each component: 1) molar
ratios of urea to CaCl, from 1 to 2.5 with 0.25 increment at
a constant urease concentration of 0.5 g/L, and 2) urease
concentration from 0.1 g/L to 0.9 g/L at 1.5 molar ratio of
urea to CaCl, for 0.5 M and 1 M CaCl, molar
concentration.

Two solutions were separately prepared: one solution
including urea (U5378, Sigma Aldrich), CaCl,-2H,O
(C3881, Sigma Aldrich), and NaOH (Duksan); and another
solution including only urease (U1500, Sigma Aldrich, Jack
Bean urease, 40,150 U/g activity). Note that 1.5x10™* M
NaOH was added to the urea and CaCl, solution to achieve
a favorable reaction at pH 8-9. Each solution was
thoroughly mixed by a mechanical stirrer (MTOPS, HSD
180) at 300 rpm for 1 min. Then, 7.5 ml of each solution
was poured into a 15-ml sterilized conical tube, followed by
gentle shaking for 1 min. The reaction was allowed to
proceed for 7 days at room temperature (20 + 1.5 °C).

Fig. 1 shows the precipitation of CaCOs3 in the conical
tube with time. The CaCOjs initially appears to be floating
and is gradually precipitated to the bottom. There is no
noticeable change after 12 h. After 7 days, the supernatant
in the tube was removed and the precipitated remainder was
dried at 80 °C for 24 h. The mass of produced CaCO3; was

10mm
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Fig. 1 Precipitation of CaCOs3 in a 15 ml sterilized
conical tube for 7 days. The CaCOs is nucleated and
settled to the bottom with time

measured by the rapid carbonate analyzer specified in
ASTM D4373-14, which designates the gas pressure of CO»
proportional to the mass of CaCO3 when it reacts with HCI.

CaCO, + 2HCl - CaCl, + CO, + H,0 (3)

The theoretically producible maximum mass can be
obtained as follows; 1 M CacCl, is required to produce 1 M
CaCOs; (Eq. (4)) and the mass of 1 M CaCOs in 1 L solution
is 100.09 g. Under 100 % reaction efficiency, the mole of
precipitated CaCOj3 is the same as the mole of the used
CaCly:

CaCl, -2H,0+CO(NH,), —*= »CaCO, + 2NH,Cl (4)

Generally, the mole of precipitated CaCOs is less than
the mole of injected CaCly; the reaction efficiency is
defined as the ratio of the mole of the precipitated CaCO3 to
the mole of injected CaCl,.

Three samples were prepared using the same
concentrations of urea, CaCl,, and urease, and the reaction
efficiency was measured to obtain the optimal ratio of
solutions. Fig. 2 shows the average and standard deviation
of the three test results. For 0.5 M CacCl,, the reaction
efficiency increases from 85 % as the urea-CaCl, molar
ratio increases and reaches 100 % for a urea-CaCl, ratio
over 1.5 (Fig. 2a). Note that the CaCOs is assumed to be
produced at maximum when the molar concentration of
urea is 1.5 times that of CaCl,. As the urea-CaCl, molar
ratio increases, the formation efficiency then asymptotically
converges to 100% because the reactant (Ca?") limitedly
exists in the solution despite the redundantly decomposed
urea. For 1 M CaCl,, the reaction efficiency increases from
65 % to 70 % when the urea-CaCl; ratio increases from 1 to
1.5. Then, the reaction efficiency gently decreases with
further increasing urea-CaCl, molar ratio. This behavior is
attributed to the fact that the urease is composed of a
protein whose solubility increases to some extent while the
salting-out phenomenon occurs, resulting in the inhibition
of urease activity as the urea-CaCl, molar ratio increases
(Hamdan 2015). Nonetheless, it is obvious that the urea-
CaCl, molar ratio of 1.5 seems to yield the maximum
amount of CaCOs regardless of CaCl, concentration. For
the given urea-CaCl, molar ratio of 1.5, the reaction
efficiency sharply increases as the urease concentration
increases from 0.1 to 0.3 g/L (Fig. 2b). For 0.5 M CacCl,,
100 % reaction efficiency is achieved at 0.5 g/L of urease
concentration and remains constant afterwards. On the other
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Fig. 2 Reaction efficiency as a function of (a) urea-CaCl, ratio and (b) urease concentration for 0.5 M and 1 M CaCl,
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Fig. 3 (a) Oedometric cell equipped with bender element (BE) for measuring shear wave velocity and (b) Loading
sequences for Tests A to D. For test A, samples are made with 0.5 M and 1 M of CaCl; concentration and 30 % and 70 % of
relative density. All other tests are conducted with samples made of 0.5 M CaCl, and 70 % relative density

hand, for 1 M CaCl, solution, the reaction efficiency
continues to increase to 98 % until the urease concentration
reaches 0.9 g/L. In the same manner, the reactant (Ca®") is
limited at 0.5 M CaCl,, whereas the reactant is sufficient to
react with CO;> at 1 M CaCl, as the urease concentration
increases. From these results, the urea-CaCl, molar ratio of
1.5 was used, and the urease concentration of 0.5 g/L for 0.5
M CaCl, and 0.9 g/L for 1 M CaCl, was used for the rest of
the experimental studies.

2.2 Experimental procedures

The diameter of the employed oedometric cell made of
polycarbonate was D = 80 mm and the height was H = 70
mm. A pair of bender elements was embedded into the top
and bottom caps to measure the shear (S-) wave velocity
(Fig. 3a). The S-wave velocity is highly sensitive to the
inter-particle contact condition so that the continuous
measurement of shear wave velocity can reflect any small
change in particle contacts (i.e., debonding of CaCO; at
contacts). The input signal generated at the top cap was a
square wave at 50 Hz generated by a waveform generator
(Agilent 33220A), and the signal arrival at the bottom cap
was captured by an oscilloscope (Agilent DSO5014)
followed by signal amplification and band-pass filtering

(Krohn-hite 3944, low-pass filter at f'= 500 kHz, high-pass
filter at /=50 Hz).

The mixed reactive solutions of urea-CaCl, and urease
filled the oedometric cell. Then, uniformly-graded Jumunjin
sand (mean grain size Dso = 0.542 mm, minimum and
maximum void ratios €min = 0.6 and emsx = 0.897) was
gently poured by pluviation. Two relative densities (30%
and 70%) were achieved by tamping the soil specimens.
CaCO; formation was allowed for 30 hours under a
predetermined sitting pressure (c'si) prior to the stress-
induced debonding test.

In order to observe the effects of the loading sequences
and sample conditions on the stiffness degradation, four sets
of experiments were planned as schematically illustrated in
Fig. 3b (loading steps represented by blue solid lines and
unloading steps by red broken lines); Test A consisted of
incremental loading starting at o'y = 12 kPa followed by
unloading for 0.5 M CaCl, and 1 M CacCl, solutions and for
30% and 70% relative density. Test B consisted of
incremental loading starting at four c'si; values (12 kPa, 90
kPa, 180 kPa, and 532 kPa) followed by unloading and
reloading. Test C consisted of decremental unloading
starting at four o'si; values (90 kPa, 180 kPa, 532 kPa, and
1062 kPa) followed by loading and unloading. Test D
consisted of repetitive loading and unloading cycles. For
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Fig. 4 Shear stiffness loss and re-gain and volume change during loading and unloading (Test A). (a) Non-treated sand
specimen, (b) Treated with 0.5 M CaCl, and (c) treated with 1 M CaCl,

Test A, two CaCl, concentrations (0.5 M and 1 M) and two
initial relative density conditions (30% and 70%) were used
(i.e., four individual tests). For Tests B, C, and D, samples
were prepared with 0.5 M CaCl, solution and 70 % relative
density. Each loading stage lasted 15 min under drainage
conditions. The S-wave velocity was measured prior to
applying the load in the next loading step by detecting the
“zero after first bump” point as the first arrival (Lee and
Santamarina 2005).

3. Responses to loading sequences

This section describes the gathered results of S-wave
velocity evolution from Tests A to D and discusses the
debonding mechanism at the particle scale.

3.1 Effect of concentration in EICP solution and
relative density of soil (Test A)

For non-treated specimens, an increase in vertical stress
increases the inter-particle contact area and improves the
contact quality with decreasing void ratio; its manifestation
is an increase of S-wave velocity (Yun and Santamarina
2005). By unloading, the shear wave velocity decreases and
runs above its evolution during loading, and the void ratio
slightly increases (Fig. 4a). Dense specimens exhibit higher
V; than loose specimens, and the computed values of the a-
coefficient and B-exponent (o = 96, = 0.19 for dense sand

and o = 61, B = 0.25 for loose sand) for V, = a-c" are well
captured along the proposed tendency (Cha et al. 2014),
implying the uncemented sand becomes stiffer under
confinement.

When the sand is treated with 0.5 M CaCl, solution, the
S-wave velocity significantly increases from 116 m/s to 589
m/s for loose specimens and from 158 m/s to 686 m/s for
dense specimens, as a result of carbonate precipitation
under a constant vertical stress of 12 kPa (Fig. 4b). Upon
loading, the S-wave velocity remains constant up to c'y ~
180 kPa for dense specimens and c'y ~ 46 kPa for loose
specimens. Further increases in loading result in the rapid
reduction in S-wave velocity while the void ratio gradually
decreases. For the later loading steps up to ~ 1062 kPa, the
S-wave velocity reaches a quasi-constant value of Vs = 536
m/s for dense and V= 495 m/s for loose specimens. Once
the debonding takes place, V gradually decreases and the
void ratio increases upon unloading, similar to the non-
treated specimens. The reaction in 1.0 M CaCl, solution
induces higher V; values of 757 m/s and 880 m/s for loose
and dense specimens (Fig. 4c). Upon loading, the stiffness
loss is captured at ~ 90 kPa and 180 kPa, followed by the
gradual reduction of V, toward 602 m/s and 721 m/s for
loose and dense specimens. The overall evolution of Vs and
void ratio during loading and unloading is similar to the
case of 0.5 M CaCl; solution. In addition, V values for
treated specimens are always higher than those of non-
treated specimens under the same vertical stress condition
even after debonding occurs because of the existence of
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Fig. 5 Changes in shear wave velocity by initial compressional loading (Test B) of 0.5 M CaCl, and 70 % relative density
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CaCOs in pore space. Note that it is generally reported that
compression in cemented sands causes both debonding of
inter-particle contacts and volume collapse (Lee et al. 2010;
Yun and Santamarina 2005), whereas the treated sand in this
study does not experience the volumetric collapse because
the sand particles are well packed prior to the carbonate
precipitation. The vertical stress causing the stiffness loss is
higher for dense specimens than for loose specimens,
whereas its value is similar regardless of CaCl,
concentration.

The mass fraction of CaCOs/soil [g/g, %] measured
from each specimen divided into four layers in vertical
direction is that for 0.5M solution treated specimens, 1.33 +
0.16 % for loose and 1.23 £ 0.13 % for dense are shown and
for 1M solution treated specimens, 2.69 + 0.22 % for
looseand 2.36 + 0.48 % for dense are shown. The error
range of each specimen is from 8 % to 20 % that seems to
be homogeneously distributed of CaCOj than the injection
of solution that soil is strongly cemented near the injection
part (Kavazanjian and Hamdan 2015).

3.2 Effect of sitting pressure (Test B)

As the sitting pressure increases, the specimen becomes
highly compressed prior to the treatment; the CaCOj;
formation causes the increase in V. For initial sitting
pressures of o' = 12 kPa and c's; = 90 kPa (Figs. 5a and
5b), the initial V values of 686 m/s and 696 m/s are similar,
indicating that the precipitated CaCO3 mostly dominates the
evolution of shear stiffness rather than the effect of
confinement. Upon loading, the S-wave velocity remains
constant until the vertical stress reaches o'y = 180 kPa;

further loading results in V; reduction. The S-wave velocity
changes during unloading and reloading indicate that the
precipitated CaCOs is no longer effective to the quality of
inter-particle contact.

As shown in Figs. 5c and 5d, when the specimen is
initially compressed by high sitting pressures (c'si = 180
kPa and 532 kPa), the initial V, values are 693 m/s and 751
m/s, which are slightly higher than for the previous cases,
and the loading causes the immediate reduction of V. It is
noted that the evolution of V, during unloading and
reloading is not remarkably different with the specimens
made under four different c'y;; values. This observation hints
that initial compressional loading before cementation is
sufficient to drive the extensive debonding, which is the
major attribute of stiffness loss. In addition, it is worth
noting that the debonding stress is c'yv ~ 180 kPa for the
specimen of 70 % relative density and treated with 0.5 M
CaCl, solution, regardless of sitting pressure.

3.3 Unloading-Induced debonding (Test C)

The effect of stress relaxation on the bonding integrity at
particle contact was investigated by unloading specimens
treated at different sitting stresses. As shown in Fig. 6a, the
specimen at c'si = 90 kPa is initially unloaded and its shear
wave velocity promptly decreases to 408 m/s at c'y = 12
kPa. During the loading stage, the shear wave velocity
gently increases to 638 m/s (i.e., 95 % of the initial V¢ =
674 m/s) until the vertical stress reaches o'y ~ 180 kPa,
which happens to be the same as that in Figs. 4 and 5, over
which the S-wave velocity decreases again. The second
unloading leads to a gradual reduction in Vs, as commonly
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particles are bonded by CaCOs3

observed previously. Similarly, the specimen at c'si; = 180
kPa exhibits the prompt reduction of V, by the first
unloading, and the subsequent loading results in the
increase of Vs up to o'v ~ 350 kPa, beyond which Vi
decreases again (Fig. 6b). It therefore underlines that the
stress relaxation by the first unloading should cause partial
and incomplete debonding due to the tensional stress acting
on the inter-particle contact, and the subsequent loading
helps recover the shear stiffness followed by the secondary
debonding. As shown in Figs. 6¢c and 6d, the stress
relaxation from higher sitting stresses of o't = 532 kPa and
1062 kPa shows complete debonding and no secondary
debonding during the loading step, presumably because the
relief of highly compressed particles is sufficient to drive
the complete debonding. Therefore, the bonding integrity
can be deteriorated partially or completely by stress
relaxation, depending on the initial sitting stress.

3.4 Response to repetitive loading and unloading
(Test D)

The effect of repetitive loading and unloading cycles on
the bonding integrity of cemented soil is discussed in this
section. During the first and second cycles (c'y value from
12 kPa to 90 kPa), the S-wave velocity remains constant at
~ 667 m/s (Fig. 7a). However, it begins to decrease at 'y ~
90 kPa which is lower than the previously observed
debonding stress of 180 kPa. The repeated loading and
unloading may weaken the intact bonding of CaCOs to
particles, even though there is no noticeable change in V, at
G'y < 90 kPa. The specimens tend to sustain the subsequent
loading at the fourth cycle without showing a stiffness loss
up to ~ 180 kPa, beyond which a slight drop in Vy is
observed. The time of first arrival, shown in red color in

Fig. 7b, remains quasi-constant until the second cycle.
There is a change in first arrival time during the third cycle
when o'y = 90 kPa is applied. In the fourth cycle, the first
arrival recedes, implying the debonding. Fig. 7c shows that
the trend of void ratio as a function of vertical stress follows
typical consolidation curves even in cemented status. When
90 kPa is applied in the third cycle, the void ratio is not
significantly reduced, which was found previously as shown
in Fig. 4b, and the reduction in voidratio is 1.4 %.
Therefore, the repeated loading below a certain threshold
stress may not cause the apparent loss of shear stiffness; the
recurrent compression and tension can deteriorate the
bonding quality between sand surface and precipitated
CaCOs; or between CaCOs particles.

4. Visual inspection of CaCOs3

The undisturbed and intact pieces of the samples treated
with 0.5 M and 1 M CaCl, solutions were examined by
SEM imaging (JEOL JSM-7610F) and 3D X-ray p-CT
imaging (SEC X-eye Micro CT). The size of 3D X-ray p-
CT imaging is 3.7 mmx3.7 mmx3.7 mm for 0.5 M CacCl,
and 4 mmx4 mmx4 mm for 1 M CacCl; treated with dense
specimens.

4.1 SEM analysis

The SEM image in Fig. 8a shows the chemical
compositions of the rhombohedral structure of the nodule
and sand particle surface by energy dispersive X-ray
spectroscopy analysis. The chemical composition of A and
B is silicate and CaCOjs respectively, and the rhombohedral
structure of CaCOs is calcite. Figs. 8b and 8c show the
precipitated calcites existing in the form of small nodules
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Fig. 9 (a) 16-bit gray scaled u-CT image (e.g., dense sand treated with 1M CaCl,). The white color indicates the carbonate
nodules and the gray regions denote sand particles. Three components of pore, sand particles, and CaCO3; are segmented by
threshold values of 2077 and 2128 to make (b) the ternary image. (c) The carbonates formed on the grain surface (blue) and
at the inter-particle contact (red) are classified by evaluating their contact condition
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Fig. 10 Volume distribution of CaCOs3 nodules and their 3D spatial distribution of (a) 0.5 M CaCl, (mean volume: 20,126

um?3) and (b) 1 M CaCl, (mean volume: 53,066 um?). CaCO; nodules formed at the inter-particle contact are illustrated in
red-color while those on the grain surface are shown in blue-color

spreading over the sand surface. The calcite particle size is
approximately 15 pm and 25 um for 0.5 M and 1 M CaCl,
specimens, respectively. The calcite nodules formed at the
contact between sand particles can bind the adjacent sand

particles, which is the primary reason for the Vj increase
(Fig. 8d).

4.2 ;~CT analysis

u-CT imaging was used to visualize the 3D spatial
distribution of the precipitated calcites and estimate their
contribution to shear stiffness evolution. Calcite particles
(with density 2.71 g/cm®) are represented by the white
color, whereas the sand grains and pore space are displayed

in bright gray and black in Fig. 9a, where the calcite
nodules exist on sand grains or between two sand grains.
The histogram of CT number exhibits three constituents
outlined by threshold values so that the segmentation of
calcite, sand grains, and pore is performed. Because there is
no obvious hump between sand particles and calcite in the
CT number histogram, a threshold value is determined
when the visible calcite in the 16-bit grayscale image is
apparently distinguished, and both sand particles and calcite
nodules are segmented in Fig. 9b. With this segmented
image, the calcite nodules precipitated in the sand surface
and inter-particle contact are further classified by connected
component analysis; each sand grain and calcite nodule is
individually labeled, and we evaluate whether a given
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calcite nodule is in contact with a sand grain. If the calcite
nodule is directly connected to more than two sand grains, it
is classified as “contact calcite” (red color in Fig. 9c). On
the other hand, it becomes “surface calcite” if a calcite
nodule is in contact with a single sand grain (blue color in
Fig. 9c). The 2D ternary images were reconstructed in 3D,
and the mass fraction of calcite was computed with respect
to the sands assuming that the densities of calcite and sand
grains are 2.71 and 2.65 g/cm?, respectively. The mass
fraction was calculated by multiplying the density to the
volume, which is the same as the pixel number.

For dense soil, the theoretical mass fraction of calcite is
0.013 and 0.026 for 0.5 M CaCl; and 1 M CaCl, solution,
respectively. The total volume of sand in the 9.68 mm? and
8.58 mm? for 0.5M and 1M CaCl, and the total volume of
calcite is 0.12 mm? and 0.22 mm? for 0.5 M CaCl, and 1 M
CaCl,, respectively. By multiplying the densities to volume
of each material, the mass fraction obtained by the 3D
images is 0.0124 and 0.0261 for 0.5 M CaCl, and 1 M
CaCl, solution, which is well matched with the theoretically
calculated mass fraction. The calculated fraction of inter-
particle contact calcites to the total calcites is 12.06 % and
11.37 % for 0.5 M CaCl, and 1 M CaCl, solution. This
means that approximately 11-12 % of the precipitated
calcites directly contribute to the shear stiffness of the soil.
A similar fraction of calcites formed at inter-particle contact
was reported when the specimen was fully saturated with
the solution; the fraction depends on the degree of
saturation (Cheng and Cord-Ruwisch 2012).

Spatial distribution of calcite nodules in pore space and
statistical distribution of the volume of the nodules are
shown in Fig. 10. A relatively larger number of smaller-
sized calcite nodules is formed with 0.5 M CaCl; solution,
whereas fewer larger-sized calcite nodules are formed in the
1 M CaCl, solution. The mean volume of CaCOs nodules
for 1 M CaCl, is 53,066 um?3, which is 2.6 times that of 0.5
M CaCl, (20,126 um?®). The larger size of the precipitated
calcites is also shown at a higher concentration of urea-
CaCl, solution in MICP- treated soil (Al Qabany et al.
2012). Because the 1 M CaCl, solution has a higher CO3*
concentration resulting from urea hydrolysis than in the 0.5
M CaCl,, this result is well explained that the CO;* is
readily used for growing calcite crystal at high CO;*
concentrations (Somani et al. 2006).

5. Conclusions

This paper presents the experimental results of shear
wave velocity and volume change in EICP-treated sand
specimens subjected to various loading and unloading
scenarios. The calcite formed in the sands was visualized by
SEM and u-CT to evaluate the morphological
characteristics.

* The optimal recipe of EICP solution for the maximum
reaction efficiency was identified as a molar ratio of urea to
CaCl, of 1.5 with a urease concentration of 0.5 g/L and 0.9
g/L for 0.5 M CaCl, and 1 M CaCl, solutions, respectively.

e Subsequent compressional loading induces the
stiffness loss at o'y = 180 kPa for dense specimens
regardless of CaCl, solution concentration, whereas loose

specimens exhibit lower debonding stress.

* When the specimen is compressed by an intermediate
sitting pressure (e.g., less than o' = 180 kPa) prior to
calcite precipitation, the unloading immediately induces the
partial stiffness loss because of stress relaxation in
compressed sand grains, and the subsequent loading drives
the secondary debonding. However, for higher sitting
pressure conditions of 532 kPa and 1062 kPa, the unloading
causes complete debonding, and no partial debonding was
observed during reloading stage.

* For the specimens subjected to repetitive loading and
unloading cycles, the shear stiffness of EICP-treated sand
remains constant and sustainable up to c'v ~ 100 kPa,
despite the repeated loading and unloading, followed by
stiffness loss on increased loading.

* The calcite nodules are precipitated in the form of a
rhombohedral shape on the sand grain surface and at the
contact between sand grains, and their size is more than
twice for 1 M CaCl;, solution than that for 0.5 M CaCl,
solution. Image analysis shows that approximately 11-12 %
of calcite nodules formed at the particle contact contribute
to the changes in shear wave velocity.
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