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Abstract: The applicability of bio-chemical grouting as an environmentally friendly method for 
liquefaction remediation was evaluated. Several combinations of organic and in-organic 
precipitations methods were conducted to obtain the optimum grouting solution. Organic 
precipitation method which employs a bio-agent of urease enzyme, promotes the precipitated 
calcite crystals. Meanwhile, the in-organic method was performed using chemical compounds only, 
without the bio-agent. Unconfined compression strength tests were conducted to assess the 
applicability of the grouting solutions for improving the soil strength. The experimental results 
showed that the organic precipitation produced a high precipitated amount and resulted in a 
significant improvement in the strength of the soil. The presence of the precipitated materials 
within the soil grains generated the strength of 272 kPa. The results of this study have elucidated 
that the organic precipitation method composed of reagents and enzyme of urease may be an 
alternative soil-improvement technique to prevent liquefaction susceptibility.  
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Introduction   
 

Liquefaction commonly happens in the saturated 
granular soils, such as sandy and silty soil. It is 
subjected to cyclic loading during an earthquake and 
is characterized by the increase in pore water 
pressure in the soil, which is initiated by the cyclic 
undrained loading, and leads to a decrease in the 
effective confining pressure. Thus, in turn, causes a 
significant loss of shear strength in the soil [1–4]. This 
phenomenon able to trigger several damages in 
engineering structures, such as building toppling, 
settlement (floating), soil deforms, sand boils, and 
other failures. Some damaging effect of liquefaction 
has been reported during the Niigata earthquake in 
1964, Hyogoken-Nambu earthquake in 1995, and 
Tohoku-Japan earthquake in 2011 [2,5,6].  
 

Several soil improvement techniques have been 
developed for enhancing the soil resistance to lique-
faction and reducing possible damages, such as 
densification, solidification by cement, epoxy, silicates 
or other chemical compounds, and bio-grouting me-
thods using calcite precipitation techniques [4,7–9]. 
Zen [10] has conducted a premixing method using a 
cement to increase the cohesion of sandy soil. It was 
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found that mixing 5.5% of cement improves the 
cohesion to 98 kPa, which equivalent to N-SPT of 15-
20 and UCS 100 [10,11]. This result also reported that 
the premixing of 5.5% cement content appears 
enough to onset the liquefaction [10,11]. 
 
 Calcite induced precipitation technique (CIPM) may 
be one of the innovative and emerging methods for 
liquefaction mitigation [8,12,13]. Many studies of 
CIPM have used bacterial to dissociate urea into 𝑁𝐻4

+ 
and 𝐶𝑂3

2−[14–17], thus are precipitated as calcite 
crystals in the existence of calcium ions. In this 
technique, the grouting solution, which produces 
calcite, is injected into the sand sample. The pre-
cipitated material in sandy soil may deliver bonds 
between the sand grains, limiting their movement, 
and thus, enhancing the soil strength. The deposited 
calcium carbonate fills the voids, thereby reducing the 
permeability and porosity [15,18,19].  
 

The use of microorganisms in the calcite precipitation 
method has some complexities, such as the incubation 
of bacteria may be tough to control and required 
special treatments [18]. Yasuhara et al. [18] intro-
duced a potential method among calcite precipitation 
techniques, which is called enzyme-mediated calcite 
precipitation (EMCP) [18,20]. In this method, the 
enzyme of urease is used to hydrolyze urea into 𝑁𝐻4

+  
and 𝐶𝑂3

2− instead of microorganisms. Using the 
urease enzyme is more straightforward than using 
microorganisms because biological handlings do not 
need to be considered [18,19]. The mixture of enzyme 
and reagent, which produce the precipitated calcite, 
are applied to soil samples. Thus, the cultivation and 
the fixation of the enzyme are not mandatory [18,20]. 
The efficacy of the EMCP method has already been 
assessed in the previous study, in which levels of 
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strength, ranging from 400 kPa to 1600 kPa, are 
obtained [14,21–23].  

 

In the present work, the efficacy of bio-chemical 

grouting, using enzyme induced calcite precipitation 

and chemical compounds for liquefaction mitigation, 

were evaluated. The optimum combinations regard-

ing the mass precipitated minerals, and the chemical 

reaction was fixed by test-tube experiment. Sand 

samples were prepared in PVC mold and treated with 

the selected combinations of bio-chemical grouting. 

Then, the improvement of the strength of improved 

samples was assessed using the unconfined compres-

sion strength (UCS) tests. Finally, the applicability of 

grouting materials for enhancing the soil resistance to 

liquefaction was explicitly evaluated.  

 

Materials and Methods  
 

Material 
 

Urea (CO(NH2)2), calcium chloride (CaCl2), magne-

sium sulfate (MgSO4), sodium dihydrogen phosphate 

(NaH2PO4), sodium bicarbonate (NaHCO3), magne-

sium nitrate (Mg(NO3)2), and sodium hydroxide 

(NaOH) with claimed purity levels higher than 95%, 

were obtained from Kanto Chemicals Co. Inc. The 

enzyme of urease (020-83242, Kishida Chemical, 

Osaka, Japan), extraction from jack bean meal, and 

with urease activity of 2950 U/g, was used in the bio-

catalytic dissociation of urea.  

 

The silica sand with maximum void ratio (emax), 

minimum void ratio (emin) the coefficient of uni-

formity (Cu), and specific gravities (Gs) of 0.899, 

0.549, 1.550, and 2.653, respectively was used to 

evaluate the effect of the application of bio-chemical 

grouting on the soil strength [23]. It was categorized 

as the most potential liquified soil based on the 

analysis of particle size distribution [24,25]. The grain 

size distribution curve of the silica sand and the 

liquefaction potential limit are shown in Figure 1 [25]. 
 

 
Figure 1. Grain Size Distribution of Silica Sand and the 

Liquefaction Potential Curve (25) 

Precipitation Test  
 

Precipitation tests using a transparent tube are 
conducted to evaluate the efficacy of several combina-
tions of the potential bio-chemical grouting in the 
production of precipitation material as a cemented 
agent. Precipitation tests are performed for both 
organic and inorganic precipitation. Organic precipi-
tation refers to the utilization of bio-agent (i.e., 
enzyme) as a catalyst in the chemical process. The 
sample preparation procedure, developed by Putra et 
al. [19], was adopted in this work. Firstly, an enzyme 
of urease was mixed into the distilled water and 
filtered using filter paper (pore size of 11 m) to 
remove the undissolved particles of urease. Secondly, 
urea, calcium chloride, and magnesium sulfate are 
mixed thoroughly with distilled water, separately. 
Finally, the solution of CaCl2 - MgSO4 - CO (NH2)2  

and the filtered enzyme were mixed thoroughly to 
obtain a total volume of 30 mL and permitted to react 
for 3-days curing times. The schematic of the 
procedure of precipitation test is illustrated in Figure 
2 [19]. 
 

 

Figure 2. Schematic of the Procedure of Precipitation Test 
(19) 
 

In-organic precipitations are performed without the 
bio-agent. Several combinations of sodium dihydro-
gen phosphate (NaH2PO4), sodium bicarbonate 
(NaHCO3) magnesium nitrite (Mg(NO3)2), calcium 
chloride (CaCl2), and sodium hydroxide (NaOH) are 
mixed to obtain the optimum combinations based on 
the amount of precipitation materials. NaH2PO4, 
NaHCO3, Mg(NO3)2, CaCl2, NaOH are mixed with 
distilled water separately, to make the chemical 
solutions, then, all the solution are mixed to obtain a 
total volume of 30 mL and permitted to react for 3-
days curing times.  
 
After curing, the grouting solution was filtered 
through the filter paper. The deposited particles on 
the filter paper and residual in the tubes were dried, 
and the amount was assessed to obtain precipitated 
mass. Finally, the optimum combinations obtained 
from the inorganic and organic precipitation are 
selected to apply in the soil sample. Two tests were 
performed for each case to obtain the reproducibility. 
The experiment conditions for precipitation tests are 
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shown in Table 1. OC and OS refer to the organic 
precipitation with combination reagent of CaCl2- 
MgCl2 and CaCl2-MgSO4, respectively, and IP refers 
to the in-organic precipitation. 
 

Table 1. Experimental Conditions for Precipitation 
Test 

 
Case 

Material concentration 

CaCl2 MgCl2 MgSO4 CO(NH2)2 Urease 
[mol/L] [mol/L] [mol/L] [mol/L] [g/L] 

OC-1 
OC-2 

0.95 
0.90 

0.05 
0.10 

- 
- 

1.00 
1.00 

2.00 
2.00 

OS-1 
OS-2 

0.95 
0.90 

- 
- 

0.05 
0.10 

1.00 
1.00 

2.00 
2.00 

   (a) Organic precipitation 

 
Case 

Material concentration 

NaH2PO4 NaHCO3 Mg(NO3)2 CaCl2 NaOH 
[mol/L] [mol/L] [mol/L]  [mol/L] 

IP-1  
IP-2 
IP-3 

1.00 
1.00 

- 

- 
- 

0.50 

0.50 
- 

0.25 

- 
1.00 

- 

0.20 
- 

0.10 

(b) In-organic precipitation 

 
Unconfined Compression Strength Test 
 

Unconfined compression strength (UCS) tests were 
performed to assess the improvement of the strength 
of the treated sand. The experimental procedures 
developed by Putra et al. [19] were followed in this 
study. The PVC cylinder (5 cm in diameter and 10 cm 
in height) was used for preparing the sand specimen. 
Firstly, 300 g of the dry silica sand was poured into 
the cylinders to obtain a relative density of 50%. 
Secondly, the 75 mL (i.e., 1 pore volume (PV)) of 
optimum grout solutions were applied to the sand 
samples. After curing time, the treated sample was 
removed from the PVC cylinder. Before the UCS test 
was performed, the surface of the improved sample 
was flattened. The mechanical properties of the 
treated samples were evaluated by the UCS test of 
the specimens in wet conditions [19,26]. Two tests 
were conducted for each condition to check the 
reproducibility. The schematic of the procedure of the 
UCS test is illustrated in Figure 3 [19]. 
 

 

Figure 3. Schematic of Procedure of UCS Test [19] 

Results and Discussion 
 

The precipitation test results for several combinations 

of organic and in-organic precipitations method were 

evaluated. The summary of precipitation tests result 

is shown in Figure 4. 

 

 
Figure 4. Results of Precipitation Tests 

 

As is apparent, in the organic precipitation of OC, the 

utilization of MgCl2 of 0.10 (i.e., OC-2) produced a 

higher amount of precipitation compared than OC-1, 

which are 1.52 g and 1.65 g, respectively. In the case 

of OS, the use of 0.10 MgSO4 has promoted a higher 

mass of the precipitated material compared to 0.05 

MgSO4. In the in-organic precipitation, the preci-

pitated mass obtained from the IP-1 and IP-3 resulted 

in a similar mass, which is higher than that of IP-2. 

This results indicated that the presence of Mg(NO3) 

and NaOH have a higher contribution to increase the 

mass of precipitated mass compared to the NaH2PO4. 

The optimum conditions from each case of precipi-

tation tests are selected to apply to the prepared sand 

samples. The summary of selected grouting solutions 

is shown in Table 2. UCS tests were performed to 

evaluate the impact of the application of grouting 

material on the strength of the treated sand. The 

injected volume of the grouting solution was con-

trolled by a number of pore volume (PV), all the 

samples were treated by 1 and 2 PV, one PV being ~78 

mL. The UCS test results are shown in Figure 5. 

 

 
Figure 5. UCS Test Results 
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The strength of treated sand varies in the range of 28-
272 kPa are obtained by the treatment of 1-2 PV 
grouting solutions. The significant improvements in 
soil strength are obtained in the case of OC-2 and OS-
2, with the greatest improvement is obtained in the 
case of OS-2, where the strength increases from the 
67 kPa to 272 kPa. In contrast, in the cases of IP-1 and 
IP-3, further treatment has no a significant effect on 
the strength of the treated soil. The results of this 
study show that the utilization 2PV of grouting 
solution OS-2 composed of calcium chloride, magne-
sium sulfate, urea and enzyme of urease is a pro-
mising method for liquefaction mitigation, as mention 
by Zen [10] that UCS (strength) of 100 kPa is enough 
to prevent the onset of liquefaction [10,11].  
 

Conclusions 
 

The applicability of several combinations of bio-
chemical grouting has been evaluated for its possible 
application as the liquefaction mitigation. The organic 
and in-organic precipitation have been conducted to 
evaluate the mass of the precipitation materials, and 
the optimum grouting solutions were selected. UCS 
tests have also been performed using the selected 
material regarding the precipitation test result. The 
selected grouting solution was applied to the soil 
sample, and the improvement in the strength was 
evaluated.  
 

The results of this study show that the organic 
precipitations promoted a higher amount of precipi-
tated material compared to the in-organic precipita-
tion. The addition of tretment has also had significant 
effect on the improvement of soil strength. The 
strength of 272 kPa is obtained in case of OS-2 treated 
by 2 PV treatment. This result revealed that the 
grouting solution of OS-2 might be a potential method 
to prevent the onset of the liquefaction.  
 

Acknowledgments 
 

This work has been partly supported by a research 
grant from the Penta-Ocean Constructions Co. and 
Ehime University, Their support is gratefully 
acknowledged. 
 

References 
 

1.  Duraisamy, Y., Strength and Stiffness Improve-
ment of Bio-Cemented Sydney Sand, The Univer-
sity of Sydney, 2016.  

2.  Das, B.M., Principles of Geotechnical Engineer-

ing. 5th Edition, Nelson, editor, Sacramento: 

Thomson, 2006.  

3.  Li, D.K., Juang, C. H., and Andrus, R.D., Lique-

faction Potential Index: A Critical Assessment 

Using Probability Concept, Journal of Geo 

Engineering, 1(1), 2006, pp. 11–24.  

4.  Chang, T.H. and Chang, H.W., Improvement of 

Liquefaction Resistance of Reclaimed Sand in 

Water - An Experimental Study, Journal of Geo 

Engineering, 5(2), 2010, pp. 39–49.  

5.  Fourth, T. and Workshop, J.J., Geotechnical 

Hazards from Large Earthquakes and Heavy 

Rainfalls, Hazarika, H., Kazama, M., Lee, W.F., 

editors. Tokyo: Springer Japan, 2017.  

6.  Babu, S., Saride, S., and Basha, B.M., Sustaina-

bility Issues in Civil Engineering, Sivakumar 

Babu, G.L., Saride, S., and Basha, B.M., editors. 

Singapore: Springer Singapore, 2017. (Springer 

Transactions in Civil and Environmental Engi-

neering).  

7.  DeJong, J.T., Soga, K., Kavazanjian, E., Burns, 

S., Van Paasen, L.A., and Al Qabany, A., Bio-

geochemical Processes and Geotechnical Appli-

cations: Progress, Opportunities and Challenges, 

Géotechnique, 63(4), March 2013, pp. 287–301.  

8.  Mitchell, J.K., Mitigation of Liquefaction Poten-

tial of Silty Sands, From Research to Practice in 

Geotech Eng [Internet], 2008, 433–51. Available 

from: 

http://ascelibrary.org/doi/10.1061/40962%28325% 

2915. 

9.  El Mohtar, C.S., Bobet, A., Santagata, M.C., 

Drnevich, V.P., and Johnston, C.T., Liquefaction 

Mitigation using Bentonite Suspensions, Journal 

Geotech Geoenvironmental Engineering [Internet], 

139(8), 2013, pp. 1369–80. Available from: 
http://ascelibrary.org/doi/10.1061/%28ASCE 

%29GT.1943-5606.0000865 

10.  Zen, K., Development of Premixing Method as a 

Measure to Construct a Liquefaction-free Reclai-

med Land, Soil Mechanics and Foundation 

Engineering, 38(6),1990, pp. 27–32.  

11.  Towhata, I. and Chouw, N., Soil Liquefaction 

during Recent Large-Scale Earthquakes Selected 

Papers, 2013, pp. 2–3.  

12.  Simatupang, M. and Okamura, M., Liquefaction 

Resistance of Sand Remediated with Carbonate 

Precipitation at Different Degrees of Saturation 

during Curing, Soils Foundation [Internet], 57(4), 

Table 2. Selected Materials for Grouting Solution 

 

Case 

Material concentration 

CaCl2 MgCl2 MgSO4 CO(NH2)2 Urease NaH2PO4 NaHCO3 Mg(NO3)2 NaOH 

[mol/L] [mol/L] [mol/L] [mol/L] [g/L] [mol/L] [mol/L] [mol/L] [mol/L] 

OC-2  

OS-2 

0.90 

0.90 

0.10 

- 

- 

0.10 

1.00 

1.00 

2.00 

2.00 

- 

- 

- 

- 

- 

- 

- 

- 

IP-1  

IP-3 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

1.00 

- 

- 

0.50 

0.50 

1.00 

0.10 

0.10 

 



Putra, H. et al. / Promoting Precipitation Technique using Bio-Chemical Grouting / CED, Vol. 22, No. 1, March 2020, pp. 1–5 

 5 

2017, pp. 619–31. Available from: http://dx.doi. 

org/10.1016/j.sandf.2017.04.003 

13.  Montoya, B.M., Dejong, J.T., Boulanger, R.W., 

and Wilson, D.W., Liquefaction Mitigation using 

Microbial Induced Calcite Precipitation, In: Geo 

Congress 2012 © ASCE 2012.  

14.  Whiffin, V.S., van Paassen, L.A., and Harkes, 

M.P., Microbial Carbonate Precipitation as a Soil 

Improvement Technique, Geomicrobiol Journal, 

24(5), Auguts 2007, pp. 417–23.  

15.  Harkes, M.P., van Paassen, L.A., Booster, J.L., 

Whiffin, V.S., and van Loosdrecht, M.C.M., 

Fixation and Distribution of Bacterial Activity in 

Sand to Induce Carbonate Precipitation for 

Ground Reinforcement, Ecology Engineering, 

36(2), 2010, pp. 112–117.  

16.  Van Paassen, L.A., Van Loosdrecht, M.C.M., 

Pieron, M., Mulder, A., Ngan-Tillard, D.J.M., and 

van Der Linden, T.J.M., Strength and Defor-

mation of Biologically Cemented Sandstone, in: 

Vekljan, Editor, Rock Engineering in Difficult 

Ground Conditions, Taylor & Francis Group, 

2010.  

17.  Van Paassen, L.A., Harkes, M.P., Van Zwieten, 

G.A., Van Der Zon, W.H., Van Der Star, W.R.L., 

and Van Loosdrecht, M.C.M., Scale up of Bio 

Grout: A Biological Ground Reinforcement 

Method, Proc 17th International Conference Soil 

Mechanical Geotech Engineering Acad Pract 

Geotech Engineering, 3, 2009, pp. 2328–2333.  

18.  Yasuhara, H., Neupane, D., Hayashi, K., and 

Okamura, M., Experiments and Predictions of 

Physical Properties of Sand Cemented by Enzy-

matically-induced Carbonate Precipitation, Soils 

Found [Internet], 52(3), 2012, pp. 539-49. Available 
from: http://dx.doi.org/10.1016/j.sandf.2012.05.011 

19.  Putra, H., Yasuhara, H., Kinoshita, N., and 

Hirata, A., Optimization of Enzyme-Mediated 

Calcite Precipitation as a Soil-Improvement 

Technique: The Effect of Aragonite and Gypsum 

on the Mechanical Properties of Treated Sand, 

Crystals, 7(2), Feb 2017, p. 59.  

20.  Neupane, D., Yasuhara, H., Kinoshita, N., and 

Unno, T., Applicability of Enzymatic Calcium  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Carbonate Precipitation as a Soil-Strengthening 

Technique, Journal Geotech Geoenvironmental 

Engineering [Internet], 39(12), December 2013, 

2201–2211, Available from: http://ascelibrary.org/ 

doi/10.1061/%28ASCE%29GT.1943-5606.0000959. 

21.  van Paassen, L.A., Daza, C.M., Staal, M., Soro-

kin, D.Y., van der Zon, W., and van Loosdrecht, 

M.C.M., Potential Soil Reinforcement by Biologi-

cal Denitrification, Ecology Engineering [Inter-

net], 36(2), February 2010, pp. 168–75. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/ 

S0925857409001013 

22.  Neupane, D., Yasuhara, H., Kinoshita, and N., 

Putra, H., Distribution of Grout Material Within 

1-m Sand Column in Insitu Calcite Precipitation 

Technique, Soils Foundation [Internet], 55(6), 

December 2015, pp. 1512–1518. Available from: 

http://linkinghub.elsevier.com/retrieve/pii/S0038 

080615001730 

23.  Putra, H., Yasuhara, H., Kinoshita, N., and 

Hiratam A., Application of Magnesium to Im-

prove Uniform Distribution of Precipitated 

Minerals in 1-m Column Specimens, Geomech 

Engineering [Internet], 12(5), May 2017, pp. 803–

813. Available from: http://koreascience.or.kr/ 

journal/view.jsp?kj=TPTPHF&py=2017&vnc=v1

2n5&sp=803 

24.  Numata, A. and Mori, S., 13th World Conference 

on Earthquake Engineering, In: Limits in the 

Gradation Curve of Liquefiable Soils, Vancouver, 

B.C., Canada, 2004.  

25.  Tsuchida, H., Prediction and Countermeasure 

against Liquefaction in Sand Deposits. In: The 

Seminar of the Port and Harbour Research 

Institute, Yokosuka: Ministry of Transport, 

Japan, 1970, pp. 1–3.  

26.  Putra, H., Yasuhara, H., and Kinoshita, N., 

Optimum Condition for the Application of 

Enzyme-mediated Calcite Precipitation Tech-

nique as Soil Improvement Method, International 

Journal on Advanced Science, Engineering and 

Information Technology, 7(6), 2017, pp. 2145–

2151.  
 


