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Abstract

Soil solidification based on microbial mineralization is an environmentally friendly and sustainable 
technology. This study utilized microbial induced calcium carbonate precipitation (MICP) and 
urease-induced calcium carbonate precipitation (EICP) to solidify standard sand and silty sand. The 
physical and mechanical properties of the soil samples before and after solidification were tested, and 
the mechanisms of Sporosarcina pasteurii and urease-induced calcium carbonate solidification were 
analyzed. The results showed that the compressive strength of standard sand after MICP and EICP 
treatment was higher than that of silty sand. MICP treatment resulted in significantly higher compressive 
strength compared to EICP treatment. MICP formed a "skeleton" with calcium carbonate, enhancing 
shear strength and compressive strength but reducing permeability. EICP sealed the pores with calcium 
carbonate crystals, improving impermeability. The mechanical properties of solidified silty sand were 
worse due to particle shape and size, but it had better impermeability. During solidification, Sporosarcina 
pasteurii mainly stayed at the contact points between sand particles, with extracellular polymeric 
substances (EPS) containing negative ion groups. This enabled stronger adsorption capacity for calcium 
ions and facilitated the formation of "nucleation sites". Larger-sized, higher-strength calcium carbonate 
crystals were produced by MICP, aggregating at particle contact points. MICP treatment resulted in 
a sand microstructure resembling a "skeleton", enhancing shear strength, compressive strength, and 
permeability. In contrast, EICP directly used smaller-sized urease enzymes, which were more likely 
to be free in the pores. This caused the catalytically precipitated calcium carbonate to deposit between 
the pores, closing some of them and improving permeability. However, EICP often produced calcium 
carbonate in a disordered aggregate form with smaller size and brittle texture. The solidified samples 
were more brittle and prone to brittle failure. The research findings have certain guiding significance for 
sand soil solidification engineering.
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Introduction

Desertification, as one of the greatest challenges 
facing humanity today in terms of environmental 
issues, is referred to as “Earth’s cancer” [1]. It is urgent 
to address the solidification of soil. Traditional soil 
consolidation methods, such as compaction, preloading, 
vibration, and chemical grouting, use mechanical 
energy or artificial chemical materials to physically 
and chemically strengthen the soil [2, 3]. However, 
these methods not only consume a large amount  
of energy during the construction and material 
production processes, but also have hidden risks 
such as disturbing surrounding buildings, affecting 
municipal pipelines, and polluting the environment 
during the construction process and after project 
completion [4, 5]. Therefore, it is imperative to explore 
a more environmentally friendly and sustainable soil 
consolidation technology.

In the past decade, there has been increasing 
interest from civil engineering researchers in a soil 
consolidation technology that is based on the principle 
of microbial mineralization [6, 7]. This technology, 
which combines microbiology and engineering, is not 
only an innovation in theory and technology, but also 
contributes to long-term environmental protection [8, 9]. 
Microbial mineralization refers to the ability of certain 
microorganisms to produce inorganic compounds 
during their metabolism, which can fill and bond soil 
materials, thereby improving the engineering properties 
of the soil. Common microbial-induced mineralization 
processes include urea hydrolysis, denitrification, 
sulfate reduction, and sulfide reduction. The products of 
these processes are usually insoluble precipitates, such 
as calcium carbonate, iron hydroxide, and metal sulfide 
[10, 11]. When carbonate is the product, the process is 
called microbial-induced carbonate precipitation [12]. 
As early as the 18th century, Murray and Irvine (1891) 
[13] conducted research on microbial deposition of 
calcium carbonate. In 1995, Gollapudi et al. (1995) 
[14] firstly applied MICP to the field of geotechnical 
engineering. Zhang et al. (2016) [15] conducted research 
on bacteria selection for concrete crack self-healing 
and found that Sporosarcina pasteurii had the highest 
activity, reaching 94.8%. Salifu et al. (2016), Deng 
and Wang (2018) applied MICP technology to slopes 
with angles of 53º and 35º, respectively, and evaluated 
its effectiveness in mitigating erosion and stabilizing 
slopes through tidal cycle simulation tests. The results 
showed that 9.9% of the pores in the treated slope 
were filled with calcium carbonate, improving stability 
and erosion resistance [16, 17]. Wang et al. (2022) [18] 
discovered that Microbial Induced Calcite Precipitation 
(MICP) can protect porous cement-based materials 
and enhance concrete durability. The effectiveness of 
MICP relies on surface properties. Another approach, 
Enzyme-Induced Carbonate Precipitation (EICP), 
utilizes urease to induce carbonate precipitation through 
urea hydrolysis, which strengthens soil by generating 

calcium carbonate crystals. Unlike MICP, EICP does not 
involve bacteria; instead, free urease directly catalyzes 
the hydrolysis process. Johnson and Goody (2011) 
[19] proposed an enzyme catalysis kinetics model, 
which suggests that the reaction rate increases linearly 
with enzyme concentration. This model can monitor 
the reaction rate of EICP by continuously measuring 
hydrolysis product concentration after mixing urease 
with urea. Dilrukshi et al. (2018) [20] extracted urease 
from watermelon seeds and found that enzyme activity 
increases with temperature until 50ºC, after which 
it decreases significantly. Both microbially induced 
carbonate precipitation and enzyme-induced carbonate 
precipitation technologies have been extensively 
studied. Song et al. (2020) [21] determined that the 
optimal proportion of commercial urease and crude 
extracted urease in the cementation liquid is achieved 
when the molar ratio of urea to calcium chloride (CaCl2) 
is 1.5, resulting in maximum CaCO3 precipitation. Shibli 
et al. (2022) [22] investigated the effects of reactant 
concentrations, reaction medium, urease enzyme source, 
and calcium source on the precipitation rate of calcium 
carbonate. They concluded that using 4.5 g of sesame, 
5 g of urea, and 6 g of jack bean in 60 mL of distilled 
water yields the best reaction conditions for precipitating 
100.288 g of calcium carbonate. Based on current 
research, both technologies have their own advantages 
and disadvantages. The MICP method has a higher 
yield of precipitated calcium carbonate, larger crystal 
size, and higher strength. However, the MICP method is 
prone to blockage at the injection end during grouting, 
leading to uneven consolidation effects. On the other 
hand, the EICP technology has stronger penetration into 
soil particles, allowing for freer movement and reaction 
between pores. However, the size and strength of the 
calcium carbonate crystals formed by EICP technology 
are relatively small. In summary, the advantages 
and disadvantages of MICP and EICP technologies 
have resulted in significant differences in their soil 
consolidation effects [23-26]. Currently, there is a lack 
of relevant theoretical and experimental research in this 
area, which hinders the widespread application of MICP 
and EICP technologies in geotechnical engineering. 
Therefore, it is necessary to conduct comprehensive 
comparative studies on these two technologies, 
verify and analyze the consolidation mechanisms and 
engineering properties of the consolidated soil, and 
provide reference for the evaluation of soil consolidation 
schemes using MICP and EICP technologies.

This study used MICP and EICP methods to treat 
standard sand and silty sand, and tested the changes in 
calcium carbonate content and physical and mechanical 
properties of the soil before and after consolidation. 
The mechanisms of Sporosarcina pasteurii and urease-
induced carbonate precipitation in soil consolidation 
were analyzed based on changes in chemical 
composition and microstructure.
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Materials and Methods

Microorganism and Urease Culture

The microbial strain used in this experiment is 
Sporosarcina pasteurii, with the culture medium 
composition shown in Table 1. The pH of the liquid 
culture medium is 7.3. The strain is inoculated into the 
liquid culture medium at a volume ratio of 1:100, and 
incubated with shaking at 30ºC for 24 hours (Fig. 1). 
After three generations of cultivation, the OD600 value 
of the bacterial liquid is approximately 0.86, and the 
urease activity is approximately 6.77, as measured by 
UV spectrophotometry and conductivity testing method. 

Plant urease uses soybeans as raw materials. The 
soybeans are dried in an oven at 40ºC, pulverized, 
and sieved through a 100-mesh sieve. 30 g of soybean 
powder is added to 100 ml of ultrapure water, thoroughly 
stirred on a magnetic stirrer for 30 minutes, and then 
allowed to stand in a low-temperature environment 
for 3 hours (Fig. 1). After standing, it is filtered and 
centrifuged at a speed of 3000 r/min for 15 minutes. The 
supernatant in the centrifuge tube is the crude extract of 
soybean urease. The activity of the enzyme solution is 
approximately 6.82, as measured by conductivity testing 
method.

The cementing solution is prepared by mixing 
urea (purity≥99.0%) and anhydrous calcium chloride 
(purity≥96.0%) in different proportions. Under the 
conditions of calcium ion concentrations of 0.5, 1.0 and 
1.5 mol/L, the ratios of calcium chloride to urea are 
1:0.75, 1:1, 1:1.25, and 1:1.5, respectively, resulting in  
a total of 12 groups of cementing solutions with 3 parallel 
samples in each group. The bacterial liquid (soybean 
urease solution) and cementing solution are mixed in  
a 1:1 ratio, and after 1 day of reaction at 16±2ºC, the 
yield of calcium carbonate in the test tube is measured 
using acid washing method (Table 2). For MICP reaction, 
the formulation of group D cementing solution (calcium 
ion concentration of 0.5 mol/L, calcium chloride to 
urea ratio of 1:1) is optimal. For EICP reaction, the 
formulation of group G cementing solution (calcium 
ion concentration of 0.5 mol/L, calcium chloride to 
urea ratio of 1:1.25) is more advantageous. In the solid 
soil test, in order to obtain samples with significant 
strength, besides maintaining a high yield of calcium 
carbonate, it is also necessary to ensure the final yield of 
calcium carbonate deposited in the soil pores. Although 
the calcium carbonate yield of these two groups of 
cementing solutions reaches 92.78% to 99.48%, due to 
the limitation of calcium ion concentration of 0.5 mol/L, 
the calcium carbonate yield of 1 L of cementing solution 
is only 116 g to 124 g, which is insufficient to meet 
the requirements of soil stabilization. In addition, the 
proportion and concentration of the cementing solution 
can affect the crystal forms, morphology, particle size, 
and distribution characteristics of the deposited calcium 
carbonate in the pores. If different cementing solution 
formulations are used for the two different reinforcement 

methods, it is highly likely to have additional effects on 
the test results, which is not conducive to the evaluation 
of the experiment. In this study, the K group cementing 
solution with a calcium ion concentration of 1 mol/L 
and a calcium chloride to urea ratio of 1:1.5 was selected 
to conduct MICP grouting tests and EICP grouting 
tests. The calcium carbonate yield after MICP and 
EICP reactions in the test tube is approximately 70% 
to 77%, corresponding to a calcium carbonate yield of 
approximately 175 g to 192 g.

Sample Preparation

The object solidified in this experiment are standard 
sand silty sand. The sand is dried and crushed in a 
constant temperature oven at 108ºC. Then, the powdered 
sand is placed into the corresponding test molds using 
the method of layered compaction (direct shear test, 
unconfined compressive strength test, permeability 
test). The molds are wrapped with water-stop tape and 
wrapping film to prevent the reagents from seeping out 
through the peripheral gaps during the grouting process. 
The grouting molds are then assembled with peristaltic 
pumps, silicone tubes, glass tubes, and other equipment. 
Using the peristaltic pump, a microbial solution (or soy 
urease solution) with a flow rate of 5 mL/min is injected 
from the bottom of the sample, filling approximately  
1.2 times the pore volume between the sand particles.  
The sample is then allowed to stand for 4 hours to ensure 
that the microbial solution (or soy urease solution) fills the 
pores between the sand particles. Next, a urea-calcium 
chloride binder fluid with an equal volume is injected 
at a flow rate of 10 mL/min using the peristaltic pump.  
The reason for selecting the above grouting parameters 
is that the lower injection rate of the microbial solution or 
enzyme solution (5 mL/min) allows for a more uniform 
distribution of microorganisms in the sand particles, 
while the higher injection rate of the binder fluid  
(10 mL/min) can prevent premature deposition of 
calcium carbonate near the injection port and resulting 
blockage. This process is repeated daily for one cycle 
of grouting, with curing times of 7, 14, 21 and 28 d, 
respectively. In order to prevent water evaporation, all 
remoulded sand samples should be stored in the curing 
box, the curing temperature is 20±5ºC, and the humidity 
is above 95%.

Testing Methods

The cured soil samples are subjected to mechanical 
tests, including shear strength, unconfined compressive 
strength, and permeability coefficient tests. After 
curing, a portion of the cured samples is dried in a low-
temperature oven until a constant weight is reached. 
Small samples are then taken from the representative 
middle positions, and the change in calcium carbonate 
content before and after curing is analyzed using X-ray 
diffraction analysis. After drying, the samples are cut 
into SEM scanning samples with a diameter of 1cm  
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and a thickness of 5mm using a knife. After gold coating 
the surface of the samples, the microstructure is observed 
using a scanning electron microscope (ΣIGMATM)  
at a magnification of 1000 times. PCAS software 
was used to quantitatively analyse the SEM images, 
including the morphological characteristics of pores and 
particles [27].

Results and Analysis

Shear Strength

The shear strength of silty sand and standard sand 
after treatment with MICP and EICP is shown in Fig. 
2. The term “Original sample” represents untreated 
soil samples. Both the standard sand and the silty sand 
samples treated with MICP and EICP show a significant 
increase in shear strength. With an increase in curing 
days, the shear strength of the soil samples improves 
to varying degrees, although the rate of improvement 
gradually diminishes. Compared to the untreated 

standard sand, the shear strength of the samples treated 
with MICP shows the largest increase (four times 
higher, reaching approximately 1400 kPa), which is 
approximately 1.5 times higher than that of the samples 
treated with EICP. In the case of untreated silty sand, 
there is little difference in shear strength between 
samples treated with MICP and EICP, but compared to 
standard sand, its shear strength is relatively low (with a 
maximum value of about 650 kPa), approximately half 
of that of standard sand. After treatment with MICP and 
EICP, the cohesion and internal friction angle values 
of the standard sand samples also increase with curing 
days. The increase in cohesion is more significant since 
the pure sand has a cohesion of 0. This phenomenon 
also occurs in silty sand samples treated with MICP 
and EICP, although the increase in cohesion is not as 
apparent as the internal friction angle. Overall, the 
internal friction angle of the treated standard sand is 
lower than that of the silty sand, while the cohesion is 
higher than that of the silty sand.

Fig. 1. Sporosarcina pasteurii and urease preparation. a) Sporosarcina pasteurii culturing; b) Urease activity changes with time;  
c) Activity variation of Sporosarcina pasteurii at 4°C; d) Urease activity under different centrifugation time; e) Activity variation of 
urease at 4°C; f) Urease culturing.
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Unconfined Compressive Strength

The compressive strength of standard sand and silty 
sand after treatment with MICP and EICP is shown in 
Fig. 3. According to the variation of the stress-strain 
relationship curve, all specimens reached their peak 
axial stress within a short period of time. With an 
increase in curing days, the peak compressive strength 
becomes larger. However, there are differences in 
the strength peak values of the soil samples treated 
with MICP and EICP. Specifically, after 28 days of 
MICP treatment, the peak strength of the soil sample 
increased by nearly 500 kPa compared to the sample 
cured for 7 days. Furthermore, when the curing days 
are 21 days and 28 days, the peak compressive strength 
of the soil sample is relatively close. On the other 
hand, the peak strength of the soil sample treated with 
EICP is approximately 800 kPa, which is about half of 
the peak value of the MICP-treated soil sample at 28 
days, and even lower than the peak value of the MICP-
treated soil sample cured for 7 days. However, the peak 
strength of the EICP-treated soil sample after 28 days 
of curing is significantly higher than that of the sample 
cured for 21 days. For silty sand, the variation pattern 
of the compressive strength of the samples treated with 
MICP and EICP is similar to that of the standard sand, 
with the difference being that the peak strength values 
are much lower (approximately half) than those of the 
standard sand. Overall, the compressive strength of the 
standard sand after treatment with MICP and EICP is 
significantly higher than that of the silty sand, while 

the compressive strength of the soil sample treated with 
MICP is much higher than that of the soil sample treated 
with EICP.

Permeability Coefficient

The results of the variable head permeability tests 
for standard sand and silty sand after MICP and EICP 
treatments are shown in Fig. 4. Both methods result  
in a reduction in the permeability coefficient of both 
standard sand and silty sand to varying degrees. In 
comparison, the permeability coefficient of silty sand 
is generally smaller (with a difference of approximately 
2 × 10-4 cm/s). The permeability coefficient of the soil 
sample treated with MICP is higher than that of the 
soil sample treated with EICP, and this difference is 
quite significant (with a difference of approximately  
1.5 × 10-4 cm/s), which is closely related to the particle 
composition of the two types of sand. In summary, 
both MICP and EICP techniques can reduce the 
permeability coefficient of standard sand and silty sand 
to some extent, thereby enhancing the soil’s resistance to 
seepage. However, the EICP technique shows better anti-
seepage effectiveness in treating sandy soil compared to 
the MICP technique.

Calcium Carbonate Content

The calcium carbonate content in different parts of 
standard sand and silty sand samples after MICP and 
EICP treatments is shown in Fig. 5. For the original 

Composition Casein peptone Soy peptone Sodium chloride Urea

Unit g/L 15 5 5 20

Table 1. Components of the culture medium.

No. Calcium chloride / 
(mol/L)

Urea /
(mol/L) Calcium chloride: Urea Productivity of calcium 

carbonate yield under MICP
Productivity of calcium 

carbonate yield under EICP

A 0.5 0.375 1:0.75 94.99 70.10

B 1.0 0.75 1:0.75 77.24 53.94

C 1.5 1.125 1:0.75 67.22 40.02

D 0.5 0.5 1:1 99.48 89.94

E 1.0 1.0 1:1 78.10 59.26

F 1.5 1.5 1:1 64.41 36.25

G 0.5 0.625 1:1.25 95.82 92.78

H 1.0 1.25 1:1.25 77.39 58.54

I 1.5 1.875 1:1.25 63.90 43.30

J 0.5 0.75 1:1.5 95.19 66.46

K 1.0 1.5 1:1.5 77.66 70.09

L 1.5 2.25 1:1.5 62.22 42.60

Table 2. Scheme of the cementing fluid ratio.
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standard sand, the calcium carbonate content in the 
upper, middle, and lower parts is approximately 3%. 
After MICP treatment, the calcium carbonate content 
of the samples significantly increases, and it continues 
to increase with the curing days. Comparatively, the 
calcium carbonate content of the soil samples treated 
with EICP also increases, but the magnitude is lower 
than that of the samples treated with MICP. For silty 
sand, although the trend of calcium carbonate content 

changes with curing days is similar to that of standard 
sand, the calcium carbonate content in silty sand is 
higher than that in standard sand when the curing days 
are the same. For example, when the curing days are 28 
days, the average calcium carbonate content in the silty 
sand sample treated with MICP is 13%, while it is 11% in 
the standard sand sample. Similarly, the average calcium 
carbonate content in the silty sand sample treated with 
EICP is 10%, while it is 8% in the standard sand sample.

Fig. 2. Shear strength after solidification respectively with MICP and EICP methods.
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a)

c)

Standard sand

Silt sand

Fig. 3. Compressive strength after solidification respectively with MICP and EICP methods.

Fig. 4. Changes of permeability coefficient of standard sand and silty sand samples after solidification respectively with MICP and EICP 
methods.

b)

d)
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Discussion

Relationship Between Microstructure 
and Mechanical Properties

The SEM images were analyzed using PCAS 
software, and the microscopic analysis results of different 
treatment methods are shown in Fig. 6. The pore area of 
the solidified standard sand particles, as determined by 
the MICP method, is larger, and the average pore width 
and length are also larger. However, there is a large 
amount of crystal formation on the surface and contact 
points, and these crystals are mostly agglomerated. 
These agglomerates are composed of several small cubic 
crystal particles that are relatively regular in shape. The 
particles are in face-face contact or edge-edge contact, 
resulting in a larger effective contact area. Due to the 
action of these crystals distributed on the surface and 
contact points of the sand particles, the loose standard 
sand is cemented into a “framework,” greatly enhancing 
its shear strength and unconfined compressive strength. 
The solidified standard sand sample still maintains 
connectivity between pores, similar to the results of 
Rong et al. [28]. This characteristic weakens the effect 
of enhancing the impermeability of the MICP grouting 
sample but ensures that MICP grouting can achieve low-
pressure, long-distance, and multiple-cycle infusion. On 
the other hand, the pore area of the solidified standard 
sand particles, as determined by the EICP method, is 
greatly reduced. Moreover, there is a large amount of 
crystal formation on the particle surfaces and within 
the pores. These crystals are smaller in size and have 
irregular polyhedral shapes, with a few being elliptical 
or needle-like. The particles are mostly in spherical 
contact, resulting in a smaller effective contact area. 
A considerable portion of the pores in the solidified 
standard sand sample are blocked by these irregular 

crystals, which confirms the results of the permeability 
test, namely that the impermeability of the sample is 
significantly enhanced by EICP grouting.

Different from standard sand, the particle size of 
the silt sand is smaller, and there are some organic 
impurities on the surface of the sand particles. After 
MICP grouting treatment, a large number of stacked 
crystals cover the surfaces and contact points of the 
sand particles. These crystals are mostly cubic in shape, 
with a few being plate-like, and the particles are mostly 
in face-face contact. These crystals firmly bond the 
loose sand particles together, significantly enhancing 
the strength of the silt sand sample. However, the 
porosity of the sample is not greatly changed, so the 
permeability of the MICP sample is reduced to a lesser 
extent. The pore area of the solidified silt sand particles, 
as determined by the EICP method, is similar to that of 
the soil sample treated with MICP grouting. However, 
the surfaces and pores of the particles are covered with 
a large number of micro-layered particle-like crystals. 
These particles have a layered structure, and the 
particles are mostly in spherical contact. On one hand, 
the small size, smooth shape, and stronger dispersibility 
of these crystals result in weaker mechanical strength of 
the silt sand sample treated with EICP grouting. On the 
other hand, these crystals have a larger specific surface 
area and are mostly distributed in the pores between 
the sand particles, leading to a significant reduction 
in the porosity of the silt sand sample and a noticeable 
enhancement in impermeability.

Relationship Between Calcium Carbonate Crystals 
and Mechanical Properties

MICP and EICP consolidation of soil both rely 
on the generation of calcium carbonate crystals. The 
yield of calcium carbonate inside the samples to some 

Fig. 5. Changes of the calcium carbonate content of standard sand and silty sand samples after solidification respectively with MICP 
and EICP methods.
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extent reflects the injection effect of MICP and EICP. 
Whether it is standard sand or silty sand, the calcium 
carbonate content in the solidified samples of MICP 
injection is higher than that of EICP injection samples 
(Fig. 7). Correspondingly, the mechanical strength 
of the solidified samples of MICP injection is higher 

than that of the EICP injection samples, which also 
reflects that the mechanical properties of the samples 
after injection and solidification are to some extent 
related to the calcium carbonate content. The increase 
in calcium carbonate content will cause an increase in 
the density of cemented sand, a decrease in the porosity 

Fig. 6. Changes of the micro-structure of standard sand and silty sand samples after solidification respectively with MICP and EICP 
methods.
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of the sand body, and an increase in the amount of 
calcium carbonate that acts as a cementing agent for 
soil particles. The cohesion and internal friction angle 
of the samples increase. At the same time, the calcium 
carbonate adhering to the surface of the sand grains can 
also improve the roughness of the sand grains. 

The larger the particle roughness, the more energy is 
required to overcome the “interlocking” of the particles 
during the sample’s failure process. Therefore, the 
increase in the total calcium carbonate content helps 
to improve the mechanical strength of the samples. 
Under similar urease activity and the same urea-calcium 
chloride cementing liquid conditions, the amount 
of calcium carbonate produced by MICP reaction is 
higher than that of EICP reaction due to the following 
reasons: First, in the process of cultivating Sporosarcina 
pasteurii, ASO AGAR + 20g/L urea culture medium is 
used to provide carbon and nitrogen sources for bacterial 
growth and reproduction, so the urea concentration in 
the MICP reagent is actually higher than that in the 

EICP reagent. A higher urea concentration can not only 
increase the theoretical yield of carbonate ions but also 
accelerate the precipitation rate of calcium carbonate 
within a certain range. Second, during the MICP and 
EICP reactions, the byproduct monohydrate ammonia 
continuously ionizes into hydroxide ions, causing the pH 
of the environment to rise continuously, which affects 
the activity of urease. Therefore, the reaction rate of 
EICP continues to slow down, while urease in MICP 
reaction can be continuously produced by Sporosarcina 
pasteurii with less negative impact. In addition, the 
urease auxiliary protein of Sporosarcina pasteurii also 
plays an important role in maintaining the activity of 
urease.

Reinforcement Mechanism

For sandy soil, the MICP grouting method focuses 
more on enhancing the mechanical performance of the 
soil, while the EICP grouting method is more effective 

Fig. 7. Changes of the main components of standard sand and silty sand samples after solidification respectively with MICP and EICP 
methods.
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in terms of impermeability. This is related to the size of 
bacteria and urease enzymes, as well as the precipitation 
of calcium carbonate. The sporosarcina pasteurii used in 
this study has a length of about 2-3 μm, even larger than 
the size of some clay particles, which makes it easier for 
the bacteria to stay at the contact points between sand 
particles during grouting (Fig. 8). The extracellular 
polymeric substance (EPS) produced by the metabolism 
of sporosarcina pasteurii contains negatively charged 
groups, which usually results in a negative charge on 
the bacterial surface. This enables stronger adsorption 
of calcium ions and, under conditions of high 
concentration of carbonate and alkaline, calcium ions 
serve as “nucleation sites” on the bacteria, leading to 
the precipitation of calcium carbonate crystals around 
the bacteria. The bacterial solution also contains a large 
amount of organic matter, which may be encapsulated 
within the calcium carbonate crystals [29-31].  
Therefore, the calcium carbonate crystals produced by 
the MICP method are often larger in size, higher in 
strength, and tend to aggregate at the contact points 
between particles. After MICP grouting treatment,  
the microstructure of the sandy soil resembles a 
“skeleton”, enhancing the shear and compressive 
strength of the soil while maintaining connectivity and 
permeability of the pores. On the other hand, EICP 
technology directly uses smaller-sized urease enzymes 
to catalyze the reaction. These enzymes are more likely 
to remain free in the pores, so the catalyzed calcium 
carbonate deposition occurs more between the pores 

of the soil, resulting in the partial closure or semi-
enclosure of the pores and reducing the permeability of 
the specimen. The crude extract of soybean urease used 
in EICP also contains some plant protein components, 
which can further help improve permeability [32]. 
However, due to the lack of “nucleation sites”, the 
calcium carbonate precipitated by the EICP method 
tends to have a disorderly and smaller size, with a more 
brittle texture. The cured specimen is more brittle and 
prone to brittle failure.

Conclusions

This paper used MICP and EICP methods to treat 
standard sand and silty sand respectively. The physical 
and mechanical properties of the soil samples before 
and after consolidation were tested. The mechanism 
of sporosarcina pasteurii and urease-induced calcium 
carbonate on sand consolidation was analyzed based on 
changes in chemical composition and microstructure. 
The following conclusions were drawn:

(1) The calcium carbonate content in standard 
sand treated with MICP and EICP is 11% and 8% 
respectively, while for silty sand it is 13% and 10%. 
The compressive strength of standard sand after MICP 
and EICP treatment is much higher than that of silty 
sand. The soil samples treated with MICP also exhibit 
significantly higher compressive strength compared to 
those treated with EICP.

Fig. 8. Reinforcement mechanisms of MICP and EICP methods.
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(2) MICP treatment results in the formation of  
a calcium carbonate “skeleton” that binds the loose sand 
particles together, greatly enhancing shear strength 
and unconfined compressive strength, but reducing 
permeability. On the other hand, EICP treatment blocks 
the pores in the sand with calcium carbonate crystals 
generated by urease, thereby improving permeability. 
The mechanical properties of consolidated silty sand are 
inferior to standard sand due to differences in particle 
shape and size, but it has better permeability.

(3) Increasing the calcium carbonate content 
increases the density of cemented sand and decreases 
porosity. The increased amount of calcium carbonate 
acting as a binder for soil particles leads to higher 
cohesion and internal friction angle in the soil 
sample. Additionally, the calcium carbonate adhered  
to the surface of sand grains improves their roughness. 
The increased particle roughness requires more energy 
to overcome interlocking during the sample’s failure. 
This explains why the mechanical properties of sand 
treated with MICP are superior to those treated with 
EICP.

(4) During the consolidation process, sporosarcina 
pasteurii tends to accumulate at the contact points 
between sand particles. The extracellular polymeric 
substances produced by the bacteria have negatively 
charged groups, resulting in a negative charge on the 
bacterial surface and enhanced adsorption capacity for 
calcium ions. This facilitates the formation of “nucleation 
sites,” leading to larger-sized and higher-strength 
calcium carbonate crystals generated by MICP. These 
crystals tend to aggregate at the particle contact points, 
giving the sand soil a “framework” microstructure that 
enhances shear strength, compressive strength, and 
maintains pore connectivity and permeability. EICP, on 
the other hand, utilizes smaller-sized urease directly, 
which is more likely to be free in the pores. This results 
in more calcium carbonate deposition between the soil 
pores, transforming some of them into closed or semi-
closed states, and improving permeability. However, 
due to the absence of “nucleation sites,” the calcium 
carbonate produced by EICP often forms randomly 
scattered aggregates with smaller size and a more 
brittle texture, resulting in a higher brittleness of the 
consolidated samples and a higher tendency of brittle 
failure.
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