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Abstract: Stabilizing sandy soil with inadequate engineering properties is essential for
constructing infrastructure systems in all regions, especially in desertification-prone areas.
Enzymatically Induced Carbonate Precipitation (EICP) offers an innovative solution, with
advantages over conventional soil reinforcement methods due to its low energy consump-
tion and carbon emission. This emerging reinforcement technique has proven effective in
enhancing soil strength, yet the effects of variables such as curing time and cementation
solution concentration, and their micro-mechanistic implications on sandy soil, remain
understudied. This study conducted a series of unconfined compressive strength (UCS)
tests and microstructural analyses on EICP-treated sand. The results showed that the opti-
mal curing time for EICP-reinforced sand is seven days, with its strength being contingent
upon soil density. The maximum UCS value was observed at a relative density of 0.7 and
a cementation solution concentration of 1 mol/L. Mechanistically, EICP strengthens soil
integrity through calcium carbonate-mediated cementation and particle bridging, thereby
boosting soil strength. Micro-CT imaging and fractal dimension analyses reveal that the
precipitation process decreases both the size and connectivity of the pores, while simulta-
neously increasing their surface heterogeneity and enhancing the overall toughness. This
research establishes a foundational framework for advancing EICP applications in soil
stabilization engineering.

Keywords: Enzymatically Induced Carbonate Precipitation (EICP); soil strength improvement;
micro-CT; fractal dimension; pore structure

1. Introduction
With rapid urbanization and infrastructure expansion globally, construction in geotech-

nically challenging environments—such as desertified regions requiring sand stabilization—
has become imperative. Typically, the sandy soil prevalent in these areas requires reinforc-
ing through methods like tamping [1,2] or chemical grouting [3,4] before being used as
construction materials. However, these traditional soil stabilization techniques are asso-
ciated with considerable energy consumption and a substantial carbon footprint during
both material production and utilization phases, which may pose risks of environmental
harm and ecosystem disruption [5,6]. Consequently, bio-cementation has emerged as a
sustainable alternative, garnering attention for its eco-friendliness and high efficiency in
calcium carbonate yield [7–11]. Among bio-cementation approaches, Microbially Induced
Carbonate Precipitation (MICP) and Enzyme-Induced Carbonate Precipitation (EICP) are
widely studied. MICP relies on bacteria (e.g., Sporosarcina pasteurii) to hydrolyze urea,
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producing carbonate ions for CaCO3 precipitation. In contrast, EICP directly utilizes plant-
derived or commercial urease (Figure 1), eliminating bio-safety concerns associated with
bacterial use. Moreover, urease’s smaller molecular size enhances its mobility in soil pores,
potentially improving treatment uniformity [12,13].
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Figure 1. Mechanisms of the enzyme-induced calcite precipitation (EICP) technique.

Recent research has demonstrated that the Microbially Induced Carbonate Precipi-
tation (MICP) significantly enhances the mechanical properties of sandy soils, including
improving strength [14,15], reducing permeability by blocking pores [16,17], and mitigat-
ing wind erosion [18,19]. Conversely, the impact of the EICP technique on reinforcing
sandy soils has received comparatively less attention. The available studies predominantly
indicate that EICP effectively increases the strength of sandy soils [20–24]. However, the
imperfections in the research still limit the application of this technology in geotechnical en-
gineering. For instance, investigations into the micro-mechanisms of EICP-reinforced sand
have primarily used scanning electron microscopy (SEM), which does not fully capture the
three-dimensional effects of precipitate aggregation and distribution within the soil [21,25].
Furthermore, the complexity of pore structures can vary even with the same amount of
EICP precipitation, affecting the soil’s properties. However, quantitative descriptions of
pore structure in EICP-reinforced soils and their relationships with soil strength (e.g., fractal
dimension) are rare in the literature.

To address these gaps, this paper investigates the strength behavior and micro-
mechanisms of sand reinforced by EICP, evaluating the effects of varying densities and
cementation solution concentrations. The paper also provides a comparative analysis of the
EICP reinforcement mechanism using SEM, three-dimensional micro-computed tomogra-
phy (CT) scans, and fractal dimension analysis, aiming to clarify the strength response and
underlying mechanisms of EICP-reinforced sandy soil for future engineering applications.

2. Materials and Methods
2.1. Materials

The soil used in the tests was Fujian standard sand (Xiamen, China), a commercially
available material widely used in academic research and the construction industry across
China. Figure 2 illustrates the particle size distribution curve and provides a visual repre-
sentation of the soil. The basic physical indexes of the sand were determined following
the standards outlined in [26]. The results shows that the specific gravity of the soil is 2.65,
with maximum and minimum dry densities of 1.98 and 1.62, respectively. Based on the
characteristics reflected by the experimental data, it can be inferred that this sand is a quartz
sand with relatively smooth grains, and it exhibits significant differences in mechanical
properties under different relative densities.
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Figure 2. PSD curves and physical appearance (50×) of the sand used in the tests.

For the EICP process, the urease enzyme used was extracted from soybeans (Dalian,
China), and the extraction process is detailed below (see Figure 3 for a visual representation
of the procedure): The soybeans were dried and pulverized, after which the powder was
sifted and mixed with deionized water in a solid-to-liquid mass ratio of 1:10. This mixture
was then stirred and centrifuged. The supernatant was collected and filtered again. To
measure the urease activity, the Nessler method as mentioned in Khodadadi [27] was
employed. The measured urease activity in this study was 6.777 mM/L/min, and the value
showed little variation when monitored over a period of 28 days.
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2.2. Methods
2.2.1. Sample Preparation

The soil sample for the unconfined compressive strength (UCS) test was cylindrical,
measuring 39.1 mm in diameter and 80 mm in height. The specimens were compacted at
different relative densities (Dr), which were controlled by the dry densities of the soil. The
details of EICP sample preparation are described here:

1. EICP solution (equal volumes of urease solution and cementation solution) was mixed
at 1.1 times the pore volume, as calculated based on the dry density of the soil [28],
with sand.

2. This mixture was then compacted into the mold in three layers to ensure uniformity.
3. The compacted samples were subsequently cured at a constant temperature of 25 ◦C

and a relative humidity of 50% for a predetermined curing period.
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4. Finally, the samples were demolded and oven-dried to constant weight.

2.2.2. Test Procedure

The unconfined compressive strength (UCS) tests were produced in two groups, at
a displacement rate of 0.5 mm/min. Samples with varying curing times d (1, 3, 5, 7,
and 28 days) and relative densities (Dr = 0.6, 0.7, 0.8, 0.9) were tested at a cementation
solution concentration of C = 1.0 mol/L to identify the optimal curing time [22,29]. In the
second group, samples with different Dr and C values were tested using the previously
determined optimal curing time. SEM tests were performed on this group of soil samples.
Also, calcium carbonate precipitation (W) was quantified via the acid-wash method [14].
Micro-CT analysis was conducted on samples with Dr = 0.7 to assess 3D pore distribution,
with a plain soil specimen (C = 0) as a control. For micro-CT, a 10 mm cube segment was
scanned at 120 kV, 150 µA, and 7 µm resolution, producing 500 slice images. Raw CT
images were processed and reconstructed using Avizo software (Version 2020.1). Details of
the test plan are summarized in Table 1.

Table 1. Test program of this study.

Test Curing Time d
Day

Relative Densities
Dr

Cementation C
mol/L

UCS-1 1, 3, 5, 7, 28 0.6, 0.7, 0.8, 0.9 1.0
UCS-2 Optimal curing time 0.6, 0.7, 0.8, 0.9 0.5, 1.0, 1.5, 2.0
SEM Optimal curing time 0.6, 0.7, 0.8, 0.9 0.5, 1.0, 1.5, 2.0

CaCO3 quantify Optimal curing time 0.6, 0.7, 0.8, 0.9 0.5, 1.0, 1.5, 2.0
Micro-CT Optimal curing time 0.7 0, 0.5, 1.0, 1.5, 2.0

3. Results and Discussion
3.1. Unconfined Compressive Strength
3.1.1. Influence of Curing Time on Strength

The variation in UCS of EICP-reinforced sand samples with different densities and
curing times is depicted in Figure 4.
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Figure 4. Variation in UCS of EICP-reinforced sand with curing time.

It can be seen that the strength of soil samples generally increased with curing time,
peaking within the tested duration. Notably, the strength of EICP-reinforced soil samples
at all densities exhibited a significant increase as the curing time extended from 1 to 3 days,
due to the incomplete reaction of the cementing solution and limited calcium carbonate
formation initially. After 3 days, the strength increase was marginal for the sample with
Dr = 0.9, as higher density reduced pore volume, and the calcium carbonate formed initially
was less effective in filling smaller pores. For samples with Dr = 0.8, the reaction took
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5 days to complete, after which no significant strength increase occurred. For samples
with lower densities (Dr = 0.7 and Dr = 0.6), the strength peaked at 7 days, due to larger
pores accommodating more calcium carbonate. Beyond 7 days, strength did not increase
significantly, indicating the reaction was near completion. The ideal curing time was thus
identified as 7 days, and future experiments used this duration. It was also observed
that the optimum curing time decreased with higher Dr, suggesting a correlation between
pore scale and calcium carbonate formation efficiency. Smaller pores may limit calcium
carbonate precipitation, but further studies are needed.

3.1.2. Influence of Relative Density on Strength

Figure 5 demonstrates the variations in UCS of EICP-reinforced sand as influenced
by relative density (Dr) and cementation solution concentration (C) after a curing time of
7 days. The results in Figure 5 show two distinct patterns in the strength of the samples
as Dr increases, depending on the cementation solution concentration. At 0.5 mol/L,
strength increases steadily with Dr. However, at higher concentrations (1.0~2.0 mol/L),
strength initially rises with Dr, peaks at Dr = 0.7, and then sharply decreases. Due to the
generally lower strength at 0.5 mol/L, the optimal relative density, Dr = 0.7, was selected for
further analysis.
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Figure 5. Variation in UCS of EICP-reinforced sand with relative density.

This behavior can be explained as follows: at 0.5 mol/L, the low concentration of urea
and calcium ions limits the formation of calcium carbonate crystals, resulting in insufficient
reinforcement and lower strength. In this case, soil friction, governed by the sand’s void
ratio, is the primary factor influencing strength, leading to a steady increase as Dr increases.
In contrast, higher concentrations promote more calcium carbonate precipitation, enhancing
cementation and surface friction between soil particles. As Dr increases, however, the
reduced void space limits the EICP solution volume, decreasing CaCO3 precipitation and
lowering strength. Thus, the strength of EICP-reinforced sand is a combination of the plain
soil strength and the reinforcement effect, with the optimal outcome occurring at Dr = 0.7,
where both factors are balanced.

3.1.3. Influence of Cementation Solution Concentration on Strength

Figure 6 displays the variations in UCS of EICP-reinforced sand as influenced by
cementation solution concentration (C) after a curing time of 7 days. It can be seen that
the UCS of EICP-reinforced sand increases with cementation solution concentration (C) at
different Dr values. At 0.5 mol/L, strength remains low and positively correlates with Dr.
Significant strength improvement occurs when the concentration increases from 0.5 mol/L
to 1 mol/L, with strength enhancements exceeding 200% for Dr values of 0.6, 0.7, and 0.8.
However, no significant increase is observed at concentrations above 1 mol/L, indicating
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that the reinforcement effect is limited beyond this threshold, likely due to urease catalysis
inhibition. Consequently, it can be concluded that the optimal C value for this study is
1 mol/L. Under this concentration, the soil sample with Dr = 0.7 exhibits the maximum
UCS value of 413 kPa.
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Figure 6. Variation in UCS of EICP-reinforced sand with cementation solution concentration.

3.1.4. Correlation Analysis Between Variables and Strength

To quantitatively investigate the correlation between Dr, C, d, and UCS, a linear
correlation analysis was conducted using Pearson’s correlation coefficient [30], as shown in
Equation (1).

R(x, y) =
∑n

i=1 xiyi − nxy√
∑n

i=1
(
x2

i − nx2) ∑n
i=1

(
y2

i − ny2) (1)

where xi and yi are the observed values of the i-th sample, x and y are the means of the
variables x and y, and n is the sample size.

As shown in Figure 7, the Pearson correlation coefficients reveal the following relation-
ships: Dr shows a weak negative correlation (−0.23) with UCS, suggesting that increased
soil density slightly suppresses strength; C exhibits a moderate positive correlation (0.62),
indicating that higher concentrations significantly enhance sandy soil strength; and d has
a weak positive correlation (0.43), implying limited strength gain from extended curing
beyond an initial period.
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Figure 7. Heatmap of Pearson correlation coefficients in this study.

3.1.5. Relationship Between Calcium Carbonate Content and Strength

Figure 8 illustrates the variation in calcium carbonate content (W) of EICP-reinforced
soil in relation to C across different Dr and how this relates to the corresponding UCS.
It can be seen that for a given Dr, W increases up to 7% with increasing C, though this
upward trend gradually slows. This is because a higher solution concentration provides
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more reactants for the reaction, thereby producing more precipitate. Notably, at a C value of
1 mol/L and Dr = 0.7, the precipitation content peaks at 6%, coinciding with the maximum
UCS value. This finding aligns with the results presented in Figure 6, suggesting a close
correlation between the strength of EICP-reinforced soils and the quantity of calcium
carbonate formed. Furthermore, for soil with the same C, the calcium carbonate content
diminishes as Dr increases, a trend that supports the observations from Figure 5. Based
on the discussion above, one can find that for soil samples with a certain Dr, soil strength
is positively correlated to W. However, strength is not solely determined by W when
Dr varies.
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Figure 8. Relationships between W and UCS of different EICP-reinforced samples.

The relationship between calcium carbonate content and C shown in Figure 8 is non-
linear, indicating that only a portion of Ca2+ participates in the reaction. To quantitatively
describe the extent of the reaction, the average conversion rate of calcium ions (η) was
calculated according to Equation (2).

η =
nCaCO3

ηCa2+
0

× 100% (2)

where ηCaCO3 represents the molar amount of calcium carbonate produced and ηCa2+

0
represents the initial molar amount of Ca2+ in the cementation liquid.

As shown in the Figure 9, with the increase in C from 0.5 to 2 mol·L–1, the conversion
rate of calcium ions gradually decreased from 89.4% to 38.5%. This is because when the
concentration of Ca2+ exceeds 1 mol·L–1, Ca2+ competitively binds to the active sites of
urease, reducing the efficiency of urea hydrolysis by urease and thereby inhibiting the
formation of calcium carbonate crystals. This is consistent with previous studies [31] that
reported the inhibitory effect of Ca2+ on urease activity.
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3.2. Micro-Mechanism of EICP-Reinforced Sand
3.2.1. Crystal–Soil Cementation Patterns

The crystal–soil cementation patterns refer to three distinct microstructural mecha-
nisms (shown in Figure 10) through which enzymatically precipitated calcium carbonate
(CaCO3) interacts with sand particles to enhance mechanical strength. The spatial distribu-
tion characteristics and bonding morphology of crystals observed in SEM images can be
systematically categorized as follows:

1. Bonding effect (red arrows): Calcium carbonate precipitates around points of contact
between soil particles, effectively binding them together and enhancing their interac-
tion. This effect is most noticeable in particles with plane–plane contacts, where the
extended contact surface facilitates greater crystal aggregation, resulting in stronger
cementation.

2. Bridging effect (blue arrows): When soil particles are not directly in contact, calcium
carbonate crystals form on the particle surfaces and grow to bridge the intergranular
pores. This “bridging effect” strengthens the overall soil structure by connecting the
particles and improving its integrity.

3. Encapsulating effect (yellow arrows): Calcium carbonate crystals that form on isolated
soil particles gradually accumulate and encapsulate the particles. While this does not
directly enhance soil cohesion, it increases intergranular friction, especially in cases
where particles are prone to rotation or sliding.
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These three cementation modes collectively form a hierarchical reinforcement system:
The bonding effect establishes the primary framework (first level), the bridging effect forms
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the secondary support (second level), and the encapsulating effect optimizes stress transfer
efficiency through interfacial modification (third level).

3.2.2. Influence of EICP on Pore Distribution of Soil

The analysis of the influence of EICP on the pore structure of soil is based on image
processing of CT scan results. As shown in Figure 11, slices obtained from the CT scans
were 3D reconstructed using Avizo software (Version 2020.1) to generate the pore space
distribution model. The pore distribution was then transformed into a Pore Network Model
(PNM) by extracting the geometric characteristics of the pores. Connectivity analysis was
employed to distinguish between isolated and connected pores. Both the pore space
distribution model and the PNM were used to characterize various pore properties.
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Table 2 presents the pore statistical information and pore volume distribution in plain
soil (CT0) and EICP-reinforced samples with cementation solution concentrations of 0.5,
1, 1.5, and 2 mol/L (CT1, CT2, CT3, and CT4, respectively). For pore size distribution
statistics, the pores are categorized by size into three groups: large (>1.4 × 108 µm3),
medium (4.4 × 107–1.4 × 108 µm3), and small (<4.4 × 107 µm3). Table 2 shows that as
the cementation solution concentration increases from 0 mol/L to 2 mol/L, the porosity
decreases significantly from 30.92% to 15.01%, a reduction of 51.5%. Furthermore, it is
evident that both large and medium pores decrease noticeably, while small pores tend to
increase. This phenomenon is specifically illustrated in the statistical data presented in
Figure 12.
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Table 2. Pores distribution and porosity statistics of different soil samples at Dr = 0.7.

Item CT0 CT1 CT2 CT3 CT4

Porosity (%) 30.92 22.17 18.22 16.45 15.01
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trations of the reaction solution promote more calcium carbonate precipitation, leading to 

the blocking of smaller pores. 
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The results in Figure 10 show a decrease in total pore volume as C increases. Specifi-
cally, both large and medium pores decrease in volume with higher C, while small pores
initially increase from 0 (plain soil) to 1.5 mol/L. This is due to large and medium pores
storing more solution, facilitating crystal aggregation around adjacent particles. As crystal
size increases, it blocks pore throats, subdividing large or medium pores into smaller ones.
The reduction in large pores indicates particle bonding and bridging effects. However,
from C = 1.5 to 2 mol/L, small pores decrease in volume. This suggests that higher concen-
trations of the reaction solution promote more calcium carbonate precipitation, leading to
the blocking of smaller pores.

3.2.3. Influence of EICP on Pore Connectivity of Soil

The connectivity of soil pores critically governs mechanical behavior, as intercon-
nected pores tend to evolve into continuous microcracks under stress, ultimately leading to
structural failure. The analysis reveals that EICP treatment systematically modifies pore
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connectivity through the isolated pore ratio. In addition, the Euler number (χ = b0 − b1 + b2,
where b0 = individual pores, b1 = pore throats, and b2 = pore-surrounded solid clusters) can
also be used to characterize pore connectivity; the higher the Euler number, the poorer the
connectivity. The results from Table 2 show that as C increases, the number of isolated pores
gradually increases, while the pore throat radius between the connected pores decreases.
The evolution of connected pores can be divided into three stages: (1) Sensitive response
period (0~1.0 mol/L): During this stage, large-scale pores are preferentially filled, leading
to the fracture of the main connected channels, resulting in a significant increase in strength.
(2) Reinforcement transition period (1.0~1.5 mol/L): Smaller secondary pores are sealed,
and the strength increases modestly. (3) Stabilization period (1.5~2.0 mol/L): The pore
network is further refined and the strength stabilizes.

Overall, the strength enhancement is closely related to the evolution of the pore
structure, and conclusions about the connectivity of EICP-reinforced soil can be made as
follows:

• Degradation of Connectivity: The proportion of connected pores decreases from 96.3%
at 0 mol/L to 84.51% at 2 mol/L, while the proportion of isolated pores increases from
3.6% to 15.39%.

• Topological Discretization: The Euler number decreases from −88,143 at 0 mol/L to
−47,592 at 2 mol/L, indicating that the pore network transitions from highly connected
to isolated clusters.

3.2.4. Influence of EICP on Fractal Dimension of Soil

The fractal dimension reflects the complexity, shape intricacy, and surface roughness
of the pore structure. Based on micro-CT scan results, the fractal dimension (D) of EICP-
reinforced sand at different C was calculated using the box-counting method [32], as shown
in Figure 13. The ratios of small pore volumes and the strength of different specimens are
also presented. As C increases, the fractal dimension of the soil also increases, indicating
that CaCO3 precipitation contributes to greater pore surface roughness and more heteroge-
neous pore structures. The trends in the proportion of small pores and fractal dimension
are similar, due to the larger specific surface area of small pores. The fractal dimension
reflects the soil’s microstructure, which plays a key role in its mechanical properties [33].
As shown in Figure 13, the changes at the microscale align with macroscopic observations:
both strength and fractal dimension initially improve significantly (from 0.5 to 1.5 mol/L)
and then stabilize (from 1.5 to 2 mol/L). This pattern suggests that the increase in frac-
tal dimension—indicating more roughness and irregularity in pore surfaces—enhances
interparticle friction, thereby strengthening the soil through both cohesion and friction.
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3.2.5. Micro-Mechanism of EICP Reinforcement

Based on the UCS test results and the microscale analysis, the micro-mechanisms
underlying the macro-phenomena of strength improvement by EICP can be outlined.
Firstly, the morphology of the crystals influences their cementation patterns. Small, discrete
crystals (Figure 10) are insufficient for bonding soil particles but tend to fill smaller pores,
encapsulate particle surfaces, and bond particles at contact points. In contrast, larger,
aggregated crystals can bond soil particles, fill larger voids, and bridge separated particles.
Secondly, the calcium carbonate aggregates formed in the large pores of the soil can
subdivide the large pores into several smaller ones and split the connected pores into
isolated pores. This reduces the formation of fine fracture surfaces during the loading
process, thereby increasing the overall strength of the soil. Finally, from a fractal dimension
perspective, the improvement in sand strength through EICP is attributed to the increased
irregularity and toughness of the pore structure, induced by calcium carbonate precipitation.
This pattern, characterized by the fractal dimension, shows a positive correlation within
the scope of this study.

4. Conclusions
Soil reinforcement has long been a critical area of study in civil engineering, partic-

ularly for improving the mechanical properties of sandy soils, which are often prone to
instability. Enzyme-Induced Carbonate Precipitation (EICP) has emerged as a promising
eco-friendly soil stabilization method. However, the mechanisms underlying the strength
improvement of EICP-reinforced sand remain poorly understood. In this paper, EICP is
hypothesized to enhance the strength of sandy soil by bonding soil particles. The strength
behavior and micro-mechanism of EICP-reinforced sand were investigated through a series
of UCS, SEM and Micro-CT tests. The following key conclusions can be drawn:

(1) As the curing time increases, the strength of EICP-reinforced sand progressively
increases, reaching a maximum at 7 days. After this period, no significant increase in
strength is observed, indicating a plateau effect. The strength is a composite outcome
of the inherent strength of the plain soil and the reinforcement provided by EICP,
which is strongly influenced by the relative density (Dr) of the unreinforced sand and
cementation solution concentration (C). The maximum reinforcing effect occurs when
Dr is 0.7 and C is 1 mol/L.

(2) At a microscale, strength improvement is attributed to the three tier modes result-
ing from precipitation, namely bonding, bridging, and encapsulating effects of the
precipitation, which are influenced by specific crystal morphologies that enhance
particle bonding.

(3) EICP precipitation contributes to the disintegration of large pores and reduces the
total pore volume within the soil. When cementation solution concentration exceeds
1.5 mol/L, small pores tend to be occupied and blocked by the crystals exhibiting
an encapsulating effect, which results in a slight increase in strength. This trend
substantiates the essence of the strength improvement achieved by the EICP technique,
which involved binding particles together and increasing inter-particle friction.

(4) As the cementation solution concentration increases, the proportion of connected
pores decreases, and isolated pores become more prevalent. This degradation of
pore connectivity hinders the formation of continuous microscopic failure surfaces,
contributing to the observed strength enhancement.

(5) Fractal dimension analysis shows that as cementation solution concentration increases
from 0 to 1.5 mol/L, pore toughness and heterogeneity rise from 2.38 to 2.54, showing
an increase of nearly 7%, indicating the formation of aggregated particles and higher
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inter-particle friction. This trend correlates with the observed increase in strength and
offers further insight into the strengthening mechanisms.

According to the conclusions above, the research hypothesis was proven correct
through experiments and analysis. As a novel soil reinforcement technique that is low-
carbon and environmentally friendly, EICP has been proven to enhance the strength of
sandy soil in a short period of time, which endows it with the potential for application
in engineering projects such as foundation reinforcement and embankment construction.
However, the current studies on EICP-reinforced sand are still in the laboratory stage and
focus mainly on short-term effects. Future work should involve large-scale model tests
and investigate the long-term strength changes of EICP-reinforced sand under different
environmental conditions.
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