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ABSTRACT 

Currently innovative soil improvement methods utilizing calcite precipitation processes to bind soil particles as a 
liquefaction countermeasure have emerged. This process has the potential to be used as an alternative to traditional soil 
improvement methods which provide more ecologically friendly solutions. The advantage of those techniques is its non-
toxity. One of such innovative method is enzymatically induced calcite precipitation (EICP) in which urea is enzymatically 
hydrolyzed to precipitate calcium carbonate (CaCO3) in the void spaces and surface of soil grains. In this study, effects of 
degree of saturation during curing time on the behaviour of sand treated with EICP are investigated through a series of 
triaxial tests. Liquefaction strength for treated and untreated sands on different saturation degrees during curing are 
compared. It was found that the lower the degree of saturation during curing time and the higher the calcite content in the 
specimen, the higher the liquefaction resistance. This is well explained by the spatial distribution of calcite in the sand 
samples microscopically observed by using SEM. At lower degree of saturation during curing time, the calcite 
precipitation tended to concentrate at particle contacts as compared with fully saturated sand. It was confirmed that only 
about 1% of calcite precipitation at lower degree of saturation can double the liquefaction resistance. Liquefaction 
resistance of the calcite precipitated sand is high at a lower confining pressure showing a clear stress level dependency. 
The cyclic stress, not the cyclic stress ratio, to liquefy the treated sand can be expressed using the intercepts cL. The 
value cL is additional cyclic strength given by the calcite precipitation like the cohesion in the Mohr-Coulomb criteria. 

 
 
 
1 INTRODUCTION 
 
Innovative approaches that may provide more 
environmentally friendly have been developed. One such 
innovative technique is the use of calcium carbonate 
(calcite) precipitation processes to bind soil particles. This 
method using microbial urea hydrolysis is often used in 
the microbially induced calcite precipitation technique 
(MICP) (DeJong et al. 2006).  

Hayashi et al. (2010b) and Yasuhara et al. (2012) 
attempted to overcome the difficulties by utilizing the 
urease enzyme itself, instead of bacteria, to promote the 
hydrolysis of urea. They confirmed enzymatically induced 
calcite precipitation (EICP) to be an effective means of 
improving the mechanical properties of sand in the same 
manner as MICP. The evolution on mechanical properties 
of calcite-precipitated sand has been carried out, 
however, research on undrained cyclic shear behavior is 
limited to far. 

Investigations on liquefaction resistance of calcite 
precipitated sands had been conducted by Hayashi et al. 
(2010a) using cyclic triaxial shear apparatus and Montoya 
et al. (2013) using cyclic direct simple shear test. They 
reported that a small amount of precipitated calcite is 
capable of ameliorating soil resistance to liquefaction. 
Considering the fact that the execution cost of existing 
liquefaction countermeasure techniques is usually very 
expensive, the quantity of reagent solution used in the 
calcite precipitation is an important issue to be 
considered. 

Cheng & Cord-Ruwisch (2012) and Cheng et al. 
(2013) noticed the importance of saturation degree on the 

distribution of calcite. They confirmed that, for a similar 
calcite content, sand treated at low saturation conditions 
had a higher strength than that treated at fully saturated 
conditions. If it is possible to lower the saturation degree 
of liquefiable soils which are always in a condition of full 
saturation, the calcite precipitation can be a more cost 
effective liquefaction countermeasure technique. 

Ground desaturation proposed by Okamura et al. 
(2011) using air injection has primarily been developed as 
a liquefaction countermeasure. They indicated that the 
degree of saturation was as low as about 30% during air 
injection. Furthermore, the effectiveness of air injection 
together with a reagent solution of EICP was examined 
through numerical simulations (Umesh and Okamura 
2014). 

In the present study, the undrained cyclic shear 
behavior of treated sand at different degrees of saturation 
with EICP is investigated. The range of calcite content is 
lower than 1%, since only a limited number of tests on 
cemented sand in this range are reported in the literature. 
The morphology and spatial distribution of calcite at the 
microscale were analyzed with microscopic observation. 
 
 
2 PRECIPITATION TEST IN TEST TUBE 
 
Urease (Kishida Chemical Co., Ltd.: Osaka, Japan : 
product no. 020-83242) was used throughout this study 
hydrolyzing urea to produce carbonate ions. The chemical 
precipitation of CaCO3 takes place in the presence of 
calcium ions. The expected reactions to obtain the CaCO3 
precipitation are as follows. 
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where CO(NH2)2 and CaCl2 stand for urea and calcium 
chloride, respectively. 
 
2.1 Test Procedures 
 
Precipitation tests in test tubes were conducted to 
determine appropriate concentrations of both the urease 
and the reagent (the mixture of urea and CaCl2 at a 
certain concentration) in the solution to obtain the desired 
amount of calcite, as well as the curing time needed to 
reach 100% precipitation of calcite. Tests were conducted 
directly in the transparent polypropylene tubes with 
various combinations of both the reagent concentration 
and the urease amount. The same molar mass of urea 
and CaCl2 were mixed with a specific amount of water 
and stirred to dissolve completely, while the urease was 
mixed with water and then filtered through a filter paper to 
remove undissolved particles. The reagent and urease 
solutions were mixed and placed in 20 polypropylene test 
tubes. The weight of precipitated calcite was measured at 
regular intervals. The precipitated calcite and supernatant 
(clear liquid above the precipitated calcite) was separated 
in each interval by throwing supernatant passing through 
the filter paper for trapping the calcite suspended in it. 
Tube with precipitated calcite and filter paper used to trap 
the calcite were dried completely and weighed. The sum 
of the calcite deposited in the tube and retained in the 
filter paper was determined as the total amount of the 
precipitated calcite. 
 
 

 
Fig. 1 Evolution  of  efficiency  ratio  with  curing  time for 
various amount of urease and concentrations of reagent. 
 

2.2 Result of Precipitation Test 
 
Presented in Fig. 1 are the changes in calcite precipitation 
ratio. The calcite precipitation began at least 1 h after 
mixing the reagent with urease, thereafter increased, and 
eventually plateaued. The efficiency values finally 
reached were approximately 100%, except for cases with 
relatively smaller urease amounts (cases with reagent 
concentrations of 1 mol/l and urease amounts of 10 g/l, 
and reagent concentrations of 0.5 mol/l and urease 
amounts of 3 g/l). For reagent concentrations of 0.5 mol/l, 
a decrease in the urease amount of 33%, from 15 g/l to 
10 g/l, resulted in a dramatic increase in the curing time 
from 5 h to 60 h.  

This is consistent with the results of previous studies 
(Nemati and Voordouw 2003; Yasuhara et al. 2012; 
Neupane et al. 2013). A high concentration of reagent 
relative to urease content may take longer time of urease 
enzyme to hydrolyze urea for generating the expected 
calcite precipitation. 
 
 
3 CYCLIC TRIAXIAL TEST 
 
3.1 Test Procedures 
 
The sand used in this study was Tohoku Keisha No. 4 
(Kitanihon Sangyo Co. Ltd.:) which has a specific gravity 
of 2.65 and the grain size distribution shown in Fig. 2. 
Maximum and minimum void ratios are 0.804 and 0.605, 
respectively. The dry sand of about 63 g for each layer 
was mixed with a certain amount of solution with a 
specific concentration as the cementation materials 
consisting of CaCl2, urea, and urease in a plastic bag. 
The amount of solution used was 5 ml for the degree of 
saturation during curing, Src=30%, and 16.8 ml for 
Src=97% in each layer. The sand was tamped in a mold 
directly on the pedestal of the triaxial apparatus to a 
relative density Dr of 50 % in five layers. This Dr was 
verified directly after finishing tamping by measuring the 
rest weight of the mixed sand of around 10 g and 13 g for 
Src = 30% and Src = 97%, repectively. Thereby, the 
mixed sand retained in the mold can be assured that it 
has Dr of 50%. The degree of saturation of the specimens 
at this stage was either 30% or 97%. 
 
 

 
Fig. 2 Grain size distribution of sand used in triaxial tests 
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A vacuum pressure of 10 kPa was applied to confine 
the specimen, the mold was dismantled and the initial 
dimensions of the specimen were measured. The 
specimen was cured at an effective confining pressure of 
50, 100, or 200 kPa in the triaxial cell. Curing time was 6 
h which was a sufficient duration to generate 100% calcite 
precipitation. This was confirmed by measuring the 
stiffness of the specimen under a small strain level (axial 
strain of 10

-5
) during curing. Depicted in Fig. 3 is a typical 

result for a specimen cured with a degree of saturation of 
30% and confining pressure of 100 kPa. The reagent 
concentrations and urease amounts were 1 mol/l and 35 
g/l, respectively. Despite the curing time to reach the 
constant stiffness condition observed in the trial test was 
somewhat longer than the time to attain 100% 
precipitation in the tube test, the trend of stiffness 
evolution was similar to that of the precipitation ratio 
shown in Fig. 1. 
 
 

 
Fig. 3 Evolution of small strain stiffness of specimen 
during curing. 
 
 

In this experiment, effective confining stress was 
maintained constant during curing until cyclic shear test 
was started. This was performed so there was no 
cementation crushing during curing that could affect the 
performance of precipitated calcite. Besides that, 
changing the confining stresses could affect the degree of 
saturation due to soil matrix compression, even though it 
is not too much. 

After the curing, the specimen was fully saturated in 
the triaxial cell. During this saturation process, more than 
twice the sample volume of de-aired water was passed 
through the specimens. Confirming the Skempton’s B-
value higher than 0.95, the back pressure of 200 kPa was 
applied. It should be noted again that the degree of 
saturation, Src, was either 30% or 97% during the 
precipitation process, but the specimens were in the fully 
saturated condition at the time of the cyclic shearing. 

Undrained cyclic shear tests were conducted at initial 
effective confining pressures of 50, 100, or 200 kPa. After 
the tests, the amount of calcite precipitated in the 
specimens was measured using weigh scale with the 
precision of two decimal in gram (g). Hydrochloric acid 
(HCl) (0.1 mol/l) was used to rinse the samples, three 
times for each sample. The disaggregated sand was dried 
again, and the reduction in the dry weight was considered 
as the weight of the precipitated calcite. The flow of 
sample preparation is illustrated in Fig. 4. 

 
Fig. 4 Flow of sample preparation and undrained cyclic 
triaxial tests. 
 
 
3.2 Test Condition 
 
The test conditions are summarized in Table 1. The 
expected calcite contents, CCE, i.e., the mass ratio of 
precipitate calcite to dry sand are 0 (i.e., bare sand), 
0.4%, and 0.8%. Two degrees of saturation during curing, 
Src = 30% and 97%, were tested, corresponding to the 
desaturated and the fully saturated natural soil condition, 
respectively. The relative density of sand was 50% for all 
specimens. The number of cycles, N, to attain 5% double 
amplitude axial strain (DA) is also provided in the table 
before and after correcting by considering the membrane 
penetration effect, according to the method proposed by 
Tokimatsu & Nakamura (1987). The corrected numbers 
are used throughout this paper. 
 
 
Table 1 Triaxial test conditions and results. 

Deg. of sat. Effective Calcite Cyclic N at 5% DA 
during confining content stress axial strain 

curing pressure observed ratio before after 
Src σ'c CCobs. CSR MP

† 
MP

 

(%) (kPa)  (%) σd/(2σ’c)   

30 50 0 0.213 44.5 43.0 
   0.237 18.0 17.1 
   0.313 5.0 4.0 

  0.42 0.294 93.0 91.2 
  0.39 0.354 8.0 6.2 
  0.39 0.401 3.0 2.4 

  0.71 0.403 30.0 28.8 
  0.79 0.498 2.5 1.4 

 100 0 0.212 23.0 22.3 
   0.265 8.0 7.0 
   0.300 1.0 0.6 

  0.40 0.199 153.0 151.8 
  0.41 0.301 9.0 7.7 

  0.81 0.302 41.0 39.6 
  0.80 0.404 6.5 5.1 

 200 0 0.184 64.0 63.2 
   0.208 15.0 14.3 
   0.234 6.0 5.1 
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Deg. of sat. Effective Calcite Cyclic N at 5% DA 
during confining content stress axial strain 

curing pressure observed ratio before after 
Src σ'c CCobs. CSR MP

† 
MP

 

(%) (kPa)  (%) σd/(2σ’c)   

  0.42 0.203 52.0 50.9 
  0.35 0.228 11.0 8.8 
  0.36 0.253 7.0 6.2 

  0.75 0.229 173.5 171.2 
  0.81 0.252 61.0 56.6 
  0.79 0.302 3.0 3.0 

97 50 0 0.216 33.0 32.3 
   0.264 8.5 8.0 
   0.317 3.0 2.6 

  0.81 0.251 260.5 258.9 
  0.80 0.354 6.5 5.4 

 100 0 0.162 213.0 212.3 
   0.205 57.0 56.3 
   0.265 3.0 2.5 

  0.79 0.251 70.0 69.6 
  0.77 0.400 2.0 1.4 

 200 0 0.172 38.0 37.2 
   0.185 21.5 20.9 
   0.211 5.0 4.5 

  0.76 0.201 49.0 47.5 
  0.76 0.253 10.0 9.1 
  0.84 0.277 5.0 4.2 

†
MP : Membrane Penetration 

 
 

 
Fig. 5 Undrained cyclic triaxial tests on sands at different 
levels of Src (CCE = 0.8%). 

 
 
 

3.3 Undrained Cyclic Behavior 
 
Typical results of undrained cyclic triaxial tests on 
specimens with the same calcite content, CCE = 0.8%, but 
cured at different degrees of saturation, are displayed in 
Fig. 5. The results for the specimen without precipitation, 
CCE = 0, is also shown for comparison. It can clearly be 
seen that the number of cycles needed to reach a 
liquefaction condition (i.e., DA = 5%) are quite different. 

The specimen cured at the lower degree of saturation 
(Src = 30%) needed a much larger number of cycles than 
that cured at the higher degree of saturation (Src = 97%), 
although all the other test conditions including calcite 
content were identical. 
 
 

 
Fig. 6 Liquefaction strength curves:    (a)      =  50 kPa; 

(b)     = 100 kPa; (c)    = 200 kPa. 

 
 

Fig. 6 shows the relationship between cyclic stress 
ratios (CSR = σd/2σ’c) and the number of cycles, N, 
needed to reach the liquefaction condition. For cases in 
which CCE = 0, the specimens with Src = 30% and 97% 
showed slightly differing cyclic stress ratios, which was 
likely due to the fabric effect as the degrees of saturation 
at the tamping were different (Mulilis et al. 1977). The 
value of CSR increased with CCE, and was higher for 
lower values of Src. This trend could be seen irrespective 
of the effective confining pressures, but differences in 
CSR due to calcite content and Src became less apparent 
as σ’c increased. 
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3.4 Liquefaction Resistance 
 
Evaluation of liquefaction resistance, RL, with observed 
calcite content, CCobs, is shown in Fig. 7. In this study, the 
liquefaction resistance is defined as the CSR to attain DA 

= 5% in 20 cycles. The treated sand exhibited an initially 
slow increase in liquefaction resistance until CC = 0.4%, 
followed by a relatively rapid increase. This trend is 
consistent with that observed by Hayashi et al. (2010a) 
from tests on fine sand with EICP. Their test procedures 
were identical to those of this study, except for the sand 
used, and the initial confining pressure was 100 kPa. 
They used Toyoura sand, a clean sand with a mean grain 
size D50 = 0.17 mm. It can be seen in the figure that the 

liquefaction resistances of the two sands increased very 
similarly. 
 
 

 
Fig. 7 Evolution   of   liquefaction   resistance   with   
observed calcite content 
 
 

For the same calcite content, the liquefaction 
resistance of sand cured at Src = 30% was always higher 

than that cured at the almost fully saturated condition. In 
the given test conditions, the amount of urea and CaCl2 
needed to provide a given RL was halved by lowering the 
degree of saturation during curing from 100% to 30%. 
However, this is not always true for the other test 
conditions. It can be considered that the liquefaction 
strength increases by EICP treatment was largely due to 
the effectiveness of calcite formation that precipitated at 
the inter-particle contact points, rather than the total 
amount of calcite formed. 

In order to determine the calcite formation in the sand 
more clearly, the microstructure of the treated sand at 
different values of Src was investigated by scanning 
electron microscope (SEM) images. Fig. 8 shows SEM 
images obtained for two different sands treated to the 
identical CCE = 0.8% at different Src of 30% and 97%. It 
can be seen that the calcite was precipitated locally for 
the lower Src = 30% which tended to concentrate to inter-
particle contact points, as shown in Fig. 8(c) and (d). It 
created bridges between particles, while sand surface 
away from contact points left un-precipitated. 

For the case of Src = 97%, it was distributed more 
uniformly on the grain surface (Fig. 8g(e) and (f)). The 
surface of the particles was fully coated with calcite and 

the original sand surface could not be observed. Only a 
limited amount of calcite binded the sand grains, directly 
contributing to an improvement in these properties. 

Similar observation was reported by Cheng et al. 
(2013) who carried out unconfined compression tests on 
MICP treated sand under various degree of saturation of 
20%, 40%, 80%, and 100%. They noticed the importance 
of saturation degree on the distribution of calcite, and 
stated that, for a low degree of saturation condition, 
calcite precipitation occurred mainly at the contact points, 
which directly contributes to the strength improvement. 
Therefore they showed that both strength and stiffness 
consistently increased with decreasing in degree of 
saturation. 
 
 

 
Fig. 8 SEM images: (a) (b) untreated sand, (c) (d) treated 
sand with CCE=0.8% cured at Src=30%, and (e) (f) 
treated sand with CCE=0.8% cured at Src=97%. 

 
 

The liquefaction resistances, RL, are plotted against 
the initial effective confining pressure, σ’c, in Fig. 9(a). The 
liquefaction resistance is practically constant or slightly 
decreases with σ’c for cases of sand without calcite 
precipitation, which is a typical property of clean sands 
(Mulilis et al. 1977, Koseki et al. 2005), as expressed in 
Eq. [4]. 
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On the other hand, RL of the calcite precipitated sand 

is high at the lower confining pressure, indicating 
significant improvement owing to the cementation of 
calcite, but decreases with increasing σ’c, showing a clear 
stress level dependency. Shown in Fig. 9(b) is the change 
in the cyclic shear stress amplitude, σd/2, in which, the 
data points of the bare sand are well approximated with a 
line passing through the origin. It can be seen that the 
shear stress amplitude of the treated sand also lies on 
lines with slopes almost identical to that of the bare sand. 
The cyclic stress, σd/2, rather than the cyclic stress ratio, 
RL, to liquefy the treated sand can be expressed using the 
intercepts, cL, as in Eq. [5]. The value cL is the additional 
cyclic strength given by the calcite precipitation, similar to 
the cohesion in the Mohr-Coulomb criteria, which is 
independent of stress level, increases with the calcite 
content, and decreases with Src. The trend lines 
appeared in Fig. 9(b) are for a consistent calcite content 
at degree of saturation during curing of Src = 30%. Those 
lines are based upon simply interpretation. 
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Fig. 9 Liquefaction resistance and liquefaction strength at 
different confining pressures 
 
 
4 CONCLUSIONS 
 
The behavior of a lightly cemented sand using EICP was 
investigated using undrained cyclic triaxial shear test to 
understand the effects of degree of saturation during the 
precipitation process. EICP treated sand specimens were 
prepared at different degrees of saturation of 30% and 
97%, and at calcite content range lower than 1%. The 
main findings are summarized as follows. 

The EICP approach provides significant amelioration 
against liquefaction, especially at a low degree of 
saturation during the precipitation of calcite. At a low 
degree of saturation, pore water concentrates around the 
contact surfaces between grains, producing the 

congregate of calcite precipitated in those locations, 
leading to the considerable enhancement of mechanical 
properties of EICP-treated sand. Under cyclic loading, 
treated sand reduces the build-up of excess pore 
pressure, resulting an increase in the number of cycles 
needed to liquefy. 

The liquefaction resistance of the EICP treated sand is 
high at a lower confining pressure, indicating significant 
improvement from the cementation of calcite, but 
decreases with increasing σ’c, showing a clear stress level 
dependency. The cyclic stress, rather than the cyclic 
stress ratio, to liquefy of the treated sand can be 
expressed using the intercepts cL. The value given by cL 
is the additional cyclic strength provided by the calcite 
precipitation, similar to the cohesion in the Mohr-Coulomb 
criteria, which is independent of stress level, increases 
with the calcite content, and decreases with Src. 
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