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1 INTRODUCTION 

Various methods for ground improvement have been 
introduced over decades whereas Portland cement 
and other chemical solutions are still mainly used as 
soil-improving materials (Karol, 2003). Conventional 
materials are well-known for its contribution to envi-
ronmental problems such as global warming, ground 
water pollution, and ecological disturbance. With ris-
ing environmental concerns, a number of eco-friendly 
grouting methods have therefore been studied. Mi-
crobial induced carbonate precipitation (MICP) is 
one of the most widely used methods for ground im-
provement (Dejong et al., 2006; van Paassen et al., 
2010). It binds soil particles by microbially precipi-
tated calcium carbonates, whereas conventional 
methods utilize the material that solidifies itself 
chemically. 

A number of mechanisms that precipitates calcium 
carbonate have been introduced (Zhu & Dittrich, 
2016), however, they mainly include the ureolysis-
driven precipitation process. Since the size of micro-
organisms involved in this process varies from 0.5 to 
3 μm, microbial ground improvement techniques are 
often not able to be applied in fine grained soils that 
have pore size smaller than 0.4 μm (Mitchell & San-
tamarina, 2005). Furthermore, study by Dejong et al. 
(2006) revealed that MICP requires very long reac-

tion time to fully achieve the targeted soil strength 
compared to conventional methods. 

Enzyme induced carbonate precipitation (EICP) 
shares the similar mechanism of ureolysis-driven car-
bonate precipitation, while it alternatively employs 
enzyme as a substitute for microorganism. Urease, 
the enzyme used for EICP, can be easily derived 
from many vegetative sources such as jack bean, pi-
geon pea, soybean, watermelon seed, and mulberry 
leaf (Das et al, 2002). Compared to MICP, EICP can 
be applied into fine grained soils and includes rapid 
reaction time. Recent studies on EICP mainly Have 
focused on its strength-increment performance by in-
vestigating the cemented soil properties whereas its 
particle-scale mechanisms are less studied. Yasuhara 
et al. (2012) measured strength and permeability of 
cemented samples by controlling the number of injec-
tions of urease solution. Neupane et al. (2013) inves-
tigated the effectiveness of grouting process by 
measuring calcium carbonates with respect to the dis-
tance of injection point of the urease solution. There-
fore, it is desired to explore the particle-level mecha-
nisms to scrutinize the carbonate precipitation pro-
process. 

In this study, diverse urease concentration is uti-
lized to evaluate the precipitation rate and to quantify 
the calcium carbonate formation with respect to time. 
Bender element and two-electrodes method is 
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Table 1. Tested specimens. 
Speci-

men 
Solution Soil 

Urea [M] CaCl2 [M] Urease [g/L] Dry density [kg/m3] Void ratio 
A 1 1 1 1.42 0.846 
B 1 1 0.5 1.43 0.833 
C 1 1 0.1 1.46 0.793 

 
adopted here to measure shear wave velocity and 
electrical conductivity, respectively. Detailed inspec-
tion for carbonate precipitation is also made by utiliz-
ing scanning electron microscope (SEM). 

2 MATERIALS AND METHODS 

2.1 Calcium carbonate formation 
Quantitative measurement of precipitated solid phase 
calcium carbonate from urease solution is conducted 
as a preliminary experiment before subjecting the so-
lution into sand specimen. To measure the mass of 
calcium carbonate during precipitation process with 
different urease concentration, three types of urease 
solutions are used herein: 1M of urea (Sigma Al-
drich, U5378), 1M of CaCl2 (Sigma Aldrich, 
C3881), and urease (Sigma Aldrich, U1500, 40,318 
U/g activity) of three different concentrations (0.1 
g/L, 0.5 g/L, and 1 g/L) fully mixed with de-aired 
distilled water. Each solution is separately injected 
into six conical tubes (totally 18 samples) and placed 
in a temperature controlled water bath. Calcium car-
bonate precipitation is facilitated under constant 
temperature of 30°C, and the tubes are removed 
from the water bath at 1, 2, 4, 8, 32, and 128 hours 
after the injection. Carbonate-precipitated tubes are 
then centrifuged at 3000 rpm for 10 min and oven 
dried at 60°C for 24 hours. Amount of precipitated 
calcium carbonates are indirectly obtained by meas-
uring pressure of gas phase CO2 (ASTM D4373, 
2014), which is the by-product of the reaction of cal-
cium carbonate with hydrochloric acid as follows: 

3 2 2 22CaCO HCl CaCl H O CO         (1) 
 

2.2 Measurement of engineering properties 
A uniformly graded natural sand, which possesses a 
very uniform pore size, is used in this study: Ju-
munjin sand with a median size (D50) of 0.45 mm and 
with uniformity coefficient (Cu) of 1.48. The condi-
tion of specimens is shown in Table 1. The difference 
of each sample is urease concentration. The samples 
are housed into instrumented oedometer cell as illus-
trated in Figure 1. The diameter and height of the cell 
are 50 mm and 45 mm, respectively. Vertical stress 
of 15.6 kPa is applied at the top cap to replicate the 
in-situ effective stress condition at a depth of ~1 m 
below the ground surface. Carbonate precipitation 
process for samples are facilitated inside the water 
bath under constant temperature of 30°C for 5 days. 
 
 

 
 
 
 
 
 
 
 
 

 
Figure 1. Measurement of shear wave velocity and electrical 
conductivity. 
 
The shear wave velocity is measured by using two 
anchored bender elements. The input signal (Square 
wave, frequency f = 100 Hz, 1V) is generated by us-
ing a signal generator (Agilent 33220A). The output 
signal data is amplified by using filter amplifier 
(Krohn-hite 3944, low-pass filter at f = 500 kHz, 
high-pass filter at f = 50 Hz) and stored in the oscil-
loscope (Agilent DSO5014A). The wave velocity is 
then calculated based on the tip-to-tip distance (38 
mm) between the bender elements and the arrival 
time. 

The electrical resistance of the sample is measured 
by adopting the two-electrode method. 1 AC voltage 
with 100 kHz frequency is generated by the imped-
ance meter (GW Instek LCR-819), which is connect-
ed to the electrodes. It is noted that electrical con-
ductivity is inversely correlated with the resistance, 
therefore, we simply converted the measured electri-
cal resistance into the electrical conductivity. Electri-
cal-conductivity-solutions (Thermo Fisher Scientific, 
inc.) are used in this experiment to calibrate the elec-
trical conductivity. 

3 RESULT AND DISCUSSION 

3.1 Quantification of calcium carbonates 
Figure 2 illustrates the amount of precipitated calci-
um carbonates with respect to the reaction time. 
Here, the calcium carbonate concentration indicates 
the amount of produced CaCO3 per 1L of solution. 
Observed evolution reveals that the reaction is termi-
nated at 40-50 hours after the start of the reaction. It 
is noted that 1M of urea and 1M of CaCl2 theoreti-
cally generates 100 g/L of CaCO3. The carbonate  
 
 
 
 



 
 
 
 
 
 
 
 
 
 

 
Figure 2. Increase of CaCO3 concentration with reaction time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Increase of shear wave velocity with reaction for 3 
tested specimens 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Shear wave velocity with pore fraction calculated by 
evolving CaCO3 concentration from Fig.2. 
 
production efficiency can therefore be calculated by 
normalizing the obtained calcium carbonate with the 
theoretical value. Computed production efficiency of 
samples A, B, and C are 70.4%, 65.4%, and 38.3%, 
respectively. Note that the reaction is hindered by the 
substrate inhibition effect (Kistiakiowsky & Rosen-
berg, 1952) when the substrate (urea) concentration 
is sufficiently higher than the concentration of the 
enzyme. Therefore, it is natural that the significant  
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 5. Electrical conductivity measured by two-electrode 
method with reaction time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Predicted value of electrical conductivity by using 
Archie’s law. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Correlation between shear wave velocity and electri-
cal conductivity. 
 
difference is observed between samples B and C, 
whereas only a marginal difference is observed when 
comparing samples A and B. 

3.2 Shear wave velocity 
Figure 3 shows the measured shear wave velocity 
during carbonate precipitation, which shows the simi-
lar trend compared to Figure 2. The wave velocities 
of all three samples tend to increase during for- 
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Figure 8. Scanning electron microscope (SEM) images with different urease concentration. (a) 0.5 g/L. (b) 0.1 g/L 
 
mation of calcium carbonates, and converged to cer-
tain values when the precipitation is terminated. The 
elapsed time of ~ 40 hours toward the convergence 
for sample B and C are observed whereas sample A 
only needed 4 hours for a satisfactory convergence to 
a final value. It is noted that precipitated calcite 
strongly binds the sand particles, which consequently 
results in the increment of shear wave velocity. The 
result therefore hints that the urease concentration 
plays a significant role in the time rate of precipita-
tion. Figure 4 shows the evolution of shear wave ve-
locity with respect to the pore fraction, which is de-
fined as the ratio between the volume of precipitated 
calcium carbonate and the pore volume. It well 
points out that the change in shear wave velocity not 
only depends on the pore fraction of calcium car-
bonate but also on the precipitated morphology (Yun 
et al., 2005). 
 

3.3 Electrical conductivity 
Decomposition of urea includes the production of ion 
and the process itself increases the electrical conduc-
tivity of the samples: 

  2
2 2 4 32

2 2CO NH H O NH CO         (2) 
It is noted that the electrical conductivity decreases 

as calcium carbonates are precipitated since dissolved 
ions are removed during the formation. Measured 
electrical conductivity (Figure 5) therefore simulta-
neously implies the effects of both urea decomposi-
tion and carbonate formation, and also converges as 
the reaction is terminated. The final values of electri-
cal conductivity for sample A, B, and C are measured 
as 90 mS/cm, 86 mS/cm, and 58 mS/cm, respective-
ly. 

We implemented Archie’s model (Archie, 1942), 
which enables us to predict the electrical conductivity 
with respect to the fluid saturation S and porosity n, 
to investigate the effect of precipitated calcium car-
bonate on electrical conductivity: 

mCB
soil fluidS n                (3) 

where σsoil and σfluid indicate the electrical conductivi-
ty of soil and pore fluid, respectively. B is the satura-
tion coefficient and is meaningless in this case since 

the samples are fully saturated (i.e., S = 1). Cm is the 
cementation factor and we herein chose the recom-
mended value of 1.3 for unconsolidated sands 
(Archie, 1942). 

Figure 6 exhibits the evolution of the electrical 
conductivity of the samples based on the Archie’s 
model. It is again noted that the model only explains 
the change of soil electrical conductivity that is af-
fected by the amount of precipitated calcium car-
bonates. The result shows that the reduction of elec-
trical conductivity based on the Archie’s model 
ranged from 0.8 mS to 1.5 mS. Revisiting Figure 5, it 
indicates that carbonate precipitation has marginal ef-
fect on the change of electrical conductivity. In other 
words, we can indirectly estimate the reaction pro-
gress by measuring electrical conductivity of the 
sample. 
 

3.4 Correlation between shear wave velocity and 
electrical conductivity 

Unique correlation between shear wave velocity and 
electrical conductivity, regardless of the urease con-
centration, is observed and shown in Figure 7. The 
shear wave velocity tends to increase proportionally 
with respect to the increment of electrical conductivi-
ty at the initial stage. However, at the final stage of 
the reaction process, electrical conductivity tends to 
keep increasing while shear wave velocity increment 
is relatively negligible. It reveals that calcium car-
bonate formation at the end of the reaction does not 
affect shear wave velocity. Furthermore, it equally 
reveals that calcium ions (Ca2+) do not successfully 
combine with CO3

2-, even though the urea is decom-
posed. 
 

3.5 Scanning electron microscope (SEM) 
We adopted the SEM (JEOL, 7800F) analysis to ex-
plore the morphology of the precipitated calcium 
carbonate with respect to the concentration of ure-
ase. Figure 8 shows the produced carbonate under 
0.5 g/L (sample A) and 0.1 g/L (sample B) of urease 
concentration. Calcite-coated particles as well as par-
ticle-bonding carbonates are visually observable at 



sample A (Figure 8a) whereas only small amounts of 
carbonates on the particle surface are observable at 
sample B (Figure 8b). The scanning electron micro-
scopic images well support the idea that not only the 
amount of the formation but also the location of the 
carbonate precipitation plays a significant role in the 
effectiveness of EICP, which can be quantitatively 
evaluated by measuring wave velocity. 

 

3.6 Further study: Implication to unsaturated soils 
MICP has also been adopted to unsaturated soils to 
improve their strength, which is highly affected by 
the degree of saturation (Cheng & Cord-Ruwisch, 
2012; Cheng et al., 2013). It is again noted that EICP 
shares similar mechanisms with MICP, enzyme in-
duced ground improvement should also be applicable 
into the unsaturated soils. It is hard to inject solution 
into ground with 100% saturation. The further study 
is needed to measure the strength of enhanced 
ground with degree of saturation. 
 

4 CONCLUSIONS 
This study investigated the physio-mechanical prop-
erties of bio-mediated sand as well as its microstruc-
ture by utilizing the scanning electron microscope. 
The amount of precipitated calcium carbonate is indi-
rectly measured and the extent of cementation of soil 
is measured by shear wave velocity and electrical 
conductivity. The following salient conclusions can 
be drawn: 
•  For the same pore fraction of each sample, it is 
considered that discrepancy of shear wave velocity is 
caused by precipitated morphology of calcite which 
is supported by SEM images. 
•  The effect of calcium carbonate in electrical con-
ductivity which is calculated by Archie’s law is so 
marginal that we can evaluate the reaction by meas-
uring electrical conductivity. 
•  Correlation between shear wave velocity and 
electrical conductivity regardless of urease concen-
tration is observed. By this unique correlation, shear 
wave velocity can be indirectly estimated by measur-
ing electrical conductivity. 
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