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a b s t r a c t

Effective sealing of geological fractures is essential for subsurface stability and mitigating environmental
risks such as groundwater contamination and inefficient CO2 sequestration. Enzymatically Induced
Carbonate Precipitation (EICP) offers a promising bio-mediated approach due to its ability to fill and seal
fractures. However, real-time precipitation patterns and clogging behavior of EICP under varying frac-
ture and flow conditions remain poorly understood. This study employs a transparent fracture model
with visualization to systematically investigate the effects of fracture aperture, flow conditions, and
surface roughness on EICP-mediated sealing. Results indicate that fractures with narrower apertures
promote tortuous finger-like flow paths, while wider-aperture fractures show more uniform deposition,
with fewer but wider preferential flow paths. An appropriate injection rate around 1 mL/min ensures
uniform precipitation and effective clogging, avoiding inlet clogging at lower rates (0.1 mL/min) and
flushing effect reducing deposition at higher rates (10 mL/min). Additionally, rough fractures exhibit
higher precipitation efficiency and greater permeability reduction, driven by their irregular surface
geometry, which creates more deposition sites and complex flow compared to smooth fractures. Image
processing reveals that precipitation patterns in rough fractures match closely with aperture distribu-
tion, compared to more concentrated deposition in smooth fractures. These findings provide insights for
optimizing EICP-mediated fracture sealing, with implications for groundwater protection and
geotechnical practices.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Remediation of fractured rock is a critical challenge in
geotechnical and environmental engineering. Subsurface rock
fractures can pose a serious risk to the structural integrity of
geological formations, leading to potential groundwater contam-
ination and inefficient CO2 sequestration processes (Viswanathan
et al., 2022). Traditional methods for fracture repairing usually
involve invasive mechanical techniques or the injection of chem-
ical grouts, which could pose environmental risks and long-term
stability issues (da Rocha Gomes et al., 2023). Biomineralization
is widely recognized as a critical process in geological sedimen-
tation (Boquet et al., 1973). In recent years, bio-mediated tech-
niques, particularly Microbially or Enzymatically Induced

Carbonate Precipitation (MICP or EICP), have emerged as prom-
ising alternatives (Xiao et al., 2022a), which have shown signifi-
cant potential in soil solidification (Zhao et al., 2020; Lai et al.,
2023a; Cui et al., 2024), liquefaction resistance (Xiao et al., 2018,
2019; Hu et al., 2024), and slope stability (Xiao et al., 2022b).
These techniques offer advantages such as low viscosity, good
flowability, and efficient reinforcement, making them particularly
effective in repairing microfractures (Alarifi et al., 2022). EICP, in
particular, utilizes urease enzymes to hydrolyze urea, resulting in
CaCO3 precipitation that can fill and seal fractures. Previous
studies have demonstrated the potential of the bio-mediated
method for fracture healing across various scales (Song et al.,
2024). At the microscale, researchers have utilized microfluidic
technology to observe the nucleation and growth of biological
carbonate minerals within porous media (Wang et al., 2019a, b;
Zhang et al., 2025). These studies have revealed that the distri-
bution and morphology of precipitates are influenced by factors
such as concentrations (Wang et al., 2021; Xiao et al., 2022c), flow
velocity (Zhao et al., 2023), and mineralization types (Xiao et al.,
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2024). For instance, Weinhardt et al. (2021) investigated the for-
mation of calcite in a microfluidic cell, highlighting the significant
reduction in permeability due to the deposition of CaCO3 within
narrow pore throats. Zhao et al. (2025a, b) examined the impact of
injection strategies and concentrations on EICP process within
microchannels and found that a one-phase staged injection
strategy and appropriate concentrations of urease and cementing
solution demonstrated good precipitation efficiency. The micro-
scale interactions of enzymatically induced CaCO3 on rock surfaces
were observed in rock-based chips to study the clogging effect
(Xiao et al., 2025). These microscale experiments offered valuable
insights for optimizing biogrouting techniques at larger scales.

At the macroscale, many studies have validated the effective-
ness of the biogrouting technique for repairing rock fractures.
Tobler et al. (2018) observed the formation and bonding of
calcite at rock interfaces, which resulted in approximately three
orders of magnitude reduction in permeability with 41 % of the
fracture volume occupied by calcite. In experiments involving
MICP method on naturally weathered rough fractures, Dong et al.
(2022) found that CaCO3 deposition was more pronounced at the
convexities of fractures due to high bacterial adsorption. Wu et al.
(2019a, b, c) conducted a series of one-dimensional and two-
dimensional MICP experiments to analyze the influence of frac-
ture aperture and flow dynamics on precipitation behavior. Their
findings indicated that the accumulation of precipitates led to a
transition from surface flow to channel flow within the fractures
(Wu et al., 2019c). Field studies further demonstrated the potential
of biogrouting in controlling subsurface fracture permeability and
clogging. Previously, Cuthbert et al. (2013) applied MICP grouting
through borehole injections into subsurface fractures, showing a
marked decrease in transmissivity of a fracture several-square-
meter in size after about 17 h of treatment. Additionally, Phillips
et al. (2016) successfully employed biogrouting to remediate
leakage pathways near wellbores, achieving a 75 % reduction in
injectivity due to clogging. However, these studies primarily
concentrated on the eventual macroscale performance of bio-
treated fractures, treating the process as a “black box” that does
not allow for real-time experimental visualization. To investigate
real-time precipitation behaviors at the macroscopic level, several
researchers such as Minto et al. (2016) and Liu et al. (2024)
employed time-lapse photography to track the distribution of
CaCO3 on granite surfaces, and the progression of fracture sealing
via MICP grouting. In a related study on polycarbonate fractures, EI
Mountassir et al. (2014) observed the development of self-
organized channels, attributed to interactions between hydrody-
namics and biocementation. However, polycarbonate does not
adequately represent geomaterial properties, and its imaging
resolution is limited. Moreover, while many studies have focused
on MICP for fracture healing, EICP potentially offers greater ad-
vantages for sealing microfractures (Alarifi et al., 2022). Firstly,
EICP does not require the use of exogenous bacteria, reducing
potential risks in field applications. Secondly, the size of the urease
enzyme, approximately 12 nm, is significantly smaller than that of
bacteria (0.5− 5 μm) (RAN and Kawasaki, 2016). This allows the
enzyme to penetrate microfractures and pores more effectively,
making it suitable for micro-fracture healing. This study employed
advanced visualization methods, including high-resolution imag-
ing and time-lapse photography, to examine the EICP method for
sealing fractures in a transparent glass model. It investigated the
impact of fracture aperture and injection rates on bioclogging in
both smooth and rough fractures, revealing distinct precipitation
patterns. As aperture increases (0.18− 2 mm), preferential flow
paths shift from numerous narrow channels to fewer, wider ones,
resulting in significant clogging and reasonable precipitation ef-
ficiency. Extremely low and high injection rates were found to be

unsuitable for achieving uniform precipitation and effective bio-
clogging. The results indicate that rough fracture apertures closely
match the precipitation distribution. This research offers insights
for improving EICP applications for sustainable and effective
fracture remediation.

2. Experimental details and testing procedure

The visual reaction platform used in this study, which expands
on our previous microfluidic research (Zhao et al., 2025a; Xiao
et al., 2025), allows for real-time visualization of the EICP reac-
tion process at the macroscale. It comprises four main compo-
nents: an optical imaging system, an injection system, data
acquisition units, and a fracture model, as illustrated in Fig. 1a. A
high-resolution industrial camera (Hikvision GE2000MRC-T1-C3)
was installed above the fracture model. An LED light source was
placed below the model to enable light transmission through the
transparent fracture, allowing real-time imaging of the precipita-
tion process every 10 min. Syringe pumps (Harvard Apparatus,
Pump 11 Elite, USA) were utilized to inject the reactive solutions at
a constant rate. The data acquisition units include a pressure unit
(Fluigent, EIPS7000) to measure fluid pressure and a computer to
save the captured images. The fracture model consists of two
transparent rectangular glass plates (20 cm × 10 cm). Glass was
chosen for its transparency and silicon-based composition, which
closely mimics the mineral composition of natural rocks. Two
types of fractures were used in this study: a smooth fracture, made
of two smooth glass plates, and a rough fracture, made of one
rough bottom glass plate and one smooth glass plate. Glass beads
of varying sizes were placed between the two glass plates to create
fractures with varying apertures. Poly(methyl methacrylate)
(PMMA) was used to hold the glass plates in place, and silicon glue
was applied to seal the model and prevent leakage. The schematic
graph of the fracture model is shown in a magnified view in Fig. 1a.
The inlet PMMA was drilled with a hole to connect the injection
tube, while the outlet PMMA was drilled with three holes to
connect tubes to allow fluid to flow out. In smooth fractures, the
aperture is uniformly distributed, whereas in rough fractures, it is
heterogeneously distributed.

To determine the fracture aperture field in a rough fracture, the
mean fracture aperture is measured using the mass conservation
method (Neretnieks, 2007). This involves measuring the masses of
two glass plates before and after filling with deionized water to
obtain the mass difference (Δm). The mean mechanical fracture
aperture (〈b〉) is then calculated as 〈b〉 = Δm=(ρwWL) (Chen et al.,
2024), where ρw is the density of water, W and L are the fracture
width and length, respectively. The results of mean fracture
aperture are shown in Table 1. To visualize aperture distribution,
dyed water was injected into the rough fracture to saturate the
whole chamber. Regions with wider apertures absorb a greater
proportion of light, resulting in a darker appearance under light
transmission. According to the Beer-Lambert law, the proportion
of light absorbed by each equal layer is constant, regardless of the
initial intensity of the light. Thus, the transmitted light intensity (I)
passing through the solute solution can be expressed as I = I0e− μCb

(Detwiler et al., 1999), where I0 represents the incident light in-
tensity. μ represents the absorptivity of the solute, C is the con-
centration of the solute. Using this relationship, we can indirectly
determine the aperture at each pixel, more details can be found in
a previous study (Chen et al., 2024). Finally, an iterative process is
applied to calculate the mean mechanical aperture across the
fracture, adjusting until the calculated mean aperture (〈b〉cal) is
close to the measured mean aperture (〈b〉), meeting the condition
(Chen et al., 2024) of |(〈b〉 − 〈b〉cal) =〈b〉| ≤ δ, where the tolerance of
δ is set to 0.01. The calculated mechanical aperture distribution of
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the narrow rough fracture is shown in Fig. 1a, with an average
mechanical fracture aperture of 0.22 μm following a Gaussian
distribution. For the rough fracture with a wider aperture, 1 mm
glass beads were embedded, forming an aperture of approximately
1.22 mm.

An equimolar concentration of 1 M CaCl2 and urea was utilized
as the cementing solution. The urease enzyme solution was
extracted from soybean seeds following the protocols outlined in
previous studies (Lai et al., 2023b; Zhao et al., 2024). Initially, the
soybeans were ground into a fine powder and sieved to obtain
particles smaller than 0.18 mm. The resulting powder was stored
at 4 ◦C to preserve enzyme activity. A slurry was prepared by
mixing the soybean powder with deionized water to achieve a
concentration of 100 g/L, followed by stirring with a magnetic
stirrer for 0.5 h. Subsequently, the mixture was filtered through a
No. 300 mesh to remove larger impurities and centrifuged at
4000 rpm for 0.5 h at 4 ◦C. The supernatant was filtered again to

remove remaining solid residues. The prepared enzyme solution
was then stored at 4 ◦C prior to use. The electrical conductivity
method was employed to measure the enzyme activity of the
urease solution (Whiffin, 2004). Specifically, 2 mL of the urease
solution was added to 18 mL of a 1.1 M urea solution, and the
changes in electrical conductivity were monitored over a 5-min
period at 20 ◦C. The resulting urease activity was adjusted to
approximately 6.5 mM of urea hydrolyzed per minute for subse-
quent experiments. Four fracture apertures (b = 0.18 mm, 0.5 mm,
1 mm, 2 mm) were used in the smooth fracture, and two apertures
(〈b〉 = 0.22 mm, 1.22 mm) were used in the rough fracture to
investigate the influence of fracture aperture on precipitation be-
haviors. Three different total flow rates (Q= 0.1,1,10 mL/min) were
applied in both smooth and rough fractures to study the impact of
flow rates on precipitation behaviors. The Reynolds number was
adopted to evaluate the flow patterns within fractures
(Zimmerman et al., 2004), calculated as Re = vflow〈b〉=ν, where
vflow is the flow velocity, and ν is the kinematic fluid viscosity. The
values of Re ranged from 0.02 to 1.67, indicating laminar flow
within the fracture cell. The experiments employed a one-phase
staged injection strategy (Lai et al., 2023b). In each cycle, the
soybean enzyme solution and cementing solution were injected
simultaneously into the transparent fracture at a constant flow
rate, ensuring the fracture chamber was completely filled. Each
experiment featured different flow rates (Q) and injection periods
(T), as detailed in Table 1. Following the injection, the system was
left to stand for approximately 8 h to allow for EICP reactions. Each
experiment consisted of a total of 10 treatment cycles. The
captured grayscale images were initially cropped to obtain a
rectangular area of 19 cm× 9 cm to minimize the impact of uneven
edge illumination, and the resulting resolution was approximately
40 μm/pixel. The presence of precipitates within the fracture can

Fig. 1. (a) Diagram of the transparent fracture-visualization platform (adapted from Xiao et al. (2025)) and characterization of the initial fracture aperture field. Precipitation
patterns in representative experiments at stages of (b) Cycle 1, (c) Cycle 5, and (d) Cycle 10.

Table 1
Experimental conditions and calculating results for transparent fracture repairing.

No. 〈b〉 (mm) Q (mL/min) T (min) mc (g) ϕN
c (%) Φ (%) Ω

T-1-S 0.18 1 7 1.6 16.4 16.4 0.683
T-2-S 0.5 1 20 4.1 15.1 14.7 0.492
T-3-S 1 1 35 10.1 18.6 20.7 0.057
T-4-S 2 1 60 18.9 17.4 22.6 0.029
T-5-R 0.22 1 7 2.0 16.8 20.5 0.58
T-6-R 1.22 1 35 13.7 20.8 28.2 0.019
T-7-S 0.18 0.1 70 2.3 23.8 29.7 0.014
T-8-S 0.18 10 0.7 2.3 23.6 23.6 0.875
T-9-R 0.22 0.1 70 2.6 22.2 30.2 0.011
T-10-R 0.22 10 0.7 2.7 22.6 27.7 0.818

Notes: S and R denote smooth fracture and rough fracture, respectively.
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impede light transmission, resulting in changes to the grayscale
values. A previous study utilized image intensity to evaluate pre-
cipitation content (Minto et al., 2016). Following our prior
analytical method (Zhao et al., 2025a), the density of image in-
tensity (int:) is calculated as the ratio of the sum of grayscale
values within a selected region to the pixel area of that region.
After EICP treatment, the fracture model was disassembled and the
samples were dried at 80 ◦C for 48 h prior to acid washing. Sub-
sequently, the transparent plates were opened, and the distribu-
tion of CaCO3 deposits was photographed for analysis. Selected
samples with minimal deposition were examined under a Quattro
Environmental Scanning Electron Microscope (ThermoFisher,
USA) to observe the morphology of the CaCO3 crystals.

After each treatment cycle, deionized water was injected into the
fracture at a flow rate of 0.5 mL/min for a while. A pressure unit was
installed in the injection tube to measure the inlet pressure, while
the outlet, directly connected to the air, was assumed to be at at-
mospheric pressure. Based on the obtained pressure differences
(Δp), the permeability coefficient of fracture (K) due to precipitation
clogging can be calculated by Darcy's law (Dullien, 1992), expressed
as: K =QLρwg=(AΔp), whereQ is the flow rate, which is 0.5 mL/min.
g is the gravitational acceleration, A is the cross-sectional area of the
fracture, calculated as A = W× 〈b〉. During the permeability mea-
surement via water injection, the effluent of the reactive solution
within the fracture chamber was collected. The concentration of
residual calcium ions in the effluent was determined using the
disodium ethylenediaminetetraacetic acid (EDTA-2Na) titration
method (Choi et al., 2017). The precipitation efficiency (Enc ) during

the n-th treatment cycle was estimated as Enc = (1 − Ceffl
Ca2+ =C

mix;0
Ca2+ )×

100% (Cui et al., 2022), where Ceffl
Ca2+ is the concentration of calcium

ions in the effluent, and Cmix;0
Ca2+ is the concentration of calcium ions

in the initial mixed solution (0.5 M). After completing all injection
processes, the fracture model was demolded and thoroughly rinsed
with a 1 M HCl solution for 24 h to ensure complete dissolution of
CaCO3. The total concentration of calcium ions in the acid solution
(Ctot

Ca2+ ) was then measured to determine the CaCO3 mass (mc =

Ctot
Ca2+ ⋅Vacid⋅Mc) and CaCO3 content (Cc = mc =(ρc ⋅W ⋅A)× 100%).

The real total precipitation efficiency (Ereal
c ) within fractures can be

obtained as Ereal
c = Ctot

Ca2+ ⋅Vacid=(C
mix;0
Ca2+ ⋅Q ⋅T ⋅N)× 100%, where Mc is

the molar mass of CaCO3, Vacid is the volume of acid solution, T is the
duration of each injection, and N is the total numbers of treatment
cycles. By analyzing the Enc values in each cycle, we can calculate the
ideal total precipitation content, and determine the ideal precipi-
tation efficiency (Eideal

c ) as the ratio of actual to ideal CaCO3 content,

calculated as Eideal
c = Ctot

Ca2+ ⋅Vacid=(C
mix;0
Ca2+ ⋅Q ⋅T ⋅

∑n
1E

n
c )× 100%.

3. Experimental results and interpretations

The precipitation patterns were captured at different moments,
some representative experiments are shown in Fig.1b–d, and more
details can be found in Figs. A1 and A2 and supporting videos in
Appendix A. For T-1-S (b0.18-Q1), when the soybean enzyme so-
lution and cementing solution were introduced, irregular flocs
formed and entered the fracture channel with a parabolic shape.
These flocs appeared dark due to blocking light transmission and
were carried by the flow. During the 1st injection, the flocs tended
to settle under gravity when the injection paused, while barely
visible particles became lighter after the fresh reactive solution
supply ceased. This phenomenon aligns with previous microscale
observations (Zhao et al., 2025a, b) and is likely due to the for-
mation and dissolution of ACC (amorphous calcium carbonate),

which dissolves to support the growth of CaCO3 crystals (Wang
et al., 2019a). In the 2nd injection, the flocs shifted location and
formed numerous tortuous branches in the front of the fracture
(Fig. A1 in Appendix A), gradually expanding to cover the entire
fracture. As injection cycles continued, some channels were rear-
ranged while others were self-reinforced by the flow behavior, a
phenomenon also observed in previous biogrouting tests con-
ducted in smooth polycarbonate fractures (Mountassir et al.,
2014). As the fracture aperture increased (T-1–4) at the same in-
jection rate, the flocs became larger and darker due to their
increased thickness, as shown in Fig. A1 in Appendix A. In T-2-S
(b = 0.5 mm), a preferential flow path developed during the 3rd
cycle, as seen in Video A1 in Appendix A. As the fracture narrows,
the fluid pressure acting on the precipitates increases, making
them more susceptible to transport. By the fourth cycle, a high
concentration of newly formed CaCO3 precipitated in the existing
path, clogging it and redirecting flow to form new channels and
finger flows. This phenomenon was also observed in previous vi-
sualizations of MICP sealing fine fractures (Liu et al., 2024), along
with the formation of filtration zones at the rear end of the frac-
ture. This phenomenon was also observed in previous bio-grouted
sandstone tests (Minto et al., 2017). It should be noted that the
rigid fracture model constrains any aperture deformation. How-
ever, in field applications, high fluid pressures may cause fracture
dilation, potentially reducing EICP sealing efficiency, which re-
quires further investigation. In fractures with wider apertures
(b= 2 mm), the preferential flow path is less apparent due to thick
precipitates blocking light. Additionally, the lower flow velocity in
wider apertures led to significant aggregation near the inlet. Over
time, precipitates gradually fill the fracture channels. The rough
fracture exhibited different behavior compared to the smooth
fracture due to its uneven bottom surface. In T-5-R (b0.22-Q1),
concave areas with wider apertures retained more precipitates
under lower flow velocity. Irregular substances formed in convex
areas during injection but disappeared during the subsequent
standing period, as shown in Video A2 in Appendix A. This can be
explained by the relatively faster precipitation rates that tend to
occur in convex regions under fluid dynamics, as indicated in a
previous study (Dong et al., 2022), leading to rapid formation of
ACC. Precipitation increased with each treatment cycle. A prefer-
ential flow path also formed in the rough fracture with
b = 0.22 mm, though it was less pronounced compared to the
smooth fracture. The distribution of precipitates was uneven due
to the irregular aperture field. However, in T-6-R (b1.22-Q1),
roughness had little effect in wider apertures. A wide preferential
flow path formed in the first cycle but became clogged in the
second, followed by the creation of a new flow path (as seen in
Video A3 in Appendix A). The fracture was nearly filled with pre-
cipitates in later cycles, exhibiting an overall uniform precipitation
distribution. Flow rates significantly affect precipitation behavior.
At a low flow rate (Q = 0.1 mL/min), only small, spot-like particles
formed within the smooth fracture, with the formation and
dissolution of amorphous substances observed. In subsequent
treatment cycles, a greater quantity of precipitates was observed
near the inlet. However, the total amount of precipitates was lower
compared to the flow rate of 1 mL/min. In fact, after demolding
from the low-flow test, evident precipitation clogging was detec-
ted within the inlet chamber. This phenomenon occurred because
the rapid and substantial generation of precipitates accumulated
at the inlet before they could be transported into the fractures. In
contrast, a high flow rate (Q = 10 mL/min) resulted in a distinct
flush-like distribution, with fewer precipitates in the center and
more along the sides due to the flushing effect. A similar pattern
was observed in previous MICP visualizations in smooth fractures
(Minto et al., 2016). In rough fractures (Fig. 1b–d and Fig. A1 in
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Appendix A), precipitates initially resembled the aperture field but
later formed more aggregates, reducing inlet clogging compared to
smooth fractures. At extremely high flow rates, more small parti-
cles were deposited within the fracture, with some precipitates
accumulating in concave regions, which could lead to preferential
flow paths, as discussed later.

As previously described, the density of image intensity was
used to assess the amount of precipitation. The final precipitation
mass (mc) was measured precisely, and the relationship between
the final values of int: and mc is shown in Fig. 2a. It can be observed
that the mass of precipitates increases exponentially with the rise
in density of image intensity. This is consistent with results from
previous microscale experiments (Zhao et al., 2023), which
showed a similar trend between the precipitation volume fraction
and image density. When the precipitate mass exceeds a certain
level (over 5 g in this study), a significant increase in int: is
observed, likely due to the obstruction of light transmission by the
accumulated precipitates. Fig. 2b–f demonstrates the evolution of
int: over time across all experiments. All cases show a stepwise
increase corresponding to the treatment cycles. Regardless of the
fracture aperture, as shown in Fig. 2b–d, both smooth and rough
fractures showed a sharp rise in int: during injection, which con-
tinues briefly after injection stops, followed by a notable drop
within 1 h. As the fracture aperture increases, the fluctuations
during the 1st cycle become less pronounced, likely due to the
reduced flow velocity in wider apertures. It is hypothesized that
low flow velocities were not conducive to ACC formation, as evi-
denced in Fig. 2e–f, where the fluctuation trend of int: is less
pronounced at Q = 0.1 mL/min compared to Q = 10 mL/min. For
apertures ranging from 0.18 mm to 2 mm, the final values of image
density span from 144 to 197 1/px2, while the final precipitation
mass ranges from 1.6 to 18.9 g (Table 1). This suggests that even a

small amount of precipitation can hinder light transmission,
resulting in high int. values at low precipitation mass. Additionally,
both extremely high and low flow rates are not favorable for
precipitation clogging, as indicated by the lower final int. values
compared to Q = 1 mL/min in smooth fractures, and similar int.
values in rough fractures. High flow rates also tend to promote the
appearance and dissolution of irregular substances, which has
been explored in previous microfluidic studies (Xiao et al., 2025).
The precipitation efficiency after each cycle was measured, and the
results are shown in Fig. 2i–l. In smooth apertures (Fig. 2i), the
experiments demonstrated a high precipitation efficiency,
exceeding 80 %, except for the case where b = 2 mm, which
showed a decreasing Ec over nine cycles, reaching 36 % by the 10th
cycle. This reduction may be due to significant clogging within the
fracture cell, where the injected solution may not be sufficient for
complete reaction. The precipitation efficiency in rough fractures
remained high throughout each cycle, except for the first cycle in
T-6-R-b1.22-Q1 (Fig. 2j). Additionally, both extremely low and high
flow rates in smooth fractures result in low precipitation efficiency
during the initial treatment cycles, especially at higher flow rates
(Fig. 2k). High flow rates tend to promote frequent mass transfer,
where advection dominates over diffusion. In this scenario, pre-
cipitation more easily reaches supersaturation, leading to rapid
ACC formation (Mukhopadhyay and Dalvi, 2005), which inhibits
the growth of ordered crystals, as observed in earlier microscale
studies (Xiao et al., 2025). Under high flow shearing forces, many
precipitates fail to adhere to the fracture surface, reducing the
possibilities for heterogeneous nucleation. As a result, the value of
Ec is low initially, but increases in later cycles as more precipitates
deposit on the surface, providing additional secondary nucleation
sites (Lioliou et al., 2007). In rough fractures (Fig. 2l), the initial low
efficiency is less pronounced compared to smooth fractures,

Fig. 2. Global precipitation evaluation and precipitation efficiency: (a) Relationship of mc and int, (b)–(f) Evolution of int. over time, (g)–(h) Relationship of Ereal
c and Eideal

c fracture
aperture and flow rate, and (i)–(l) Evolution of Ec over treatment cycles.
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possibly because the uneven flow in rough fractures enhances
mixing and promotes precipitation reaction. The ideal precipita-
tion efficiency (Eideal

c ) for each treatment cycle and the real effi-

ciency (Ereal
c ) based on the final precipitate mass were also

calculated. It is observed that the values of Eideal
c and Ereal

c are
inconsistent. This discrepancy is attributed to the loss of pre-
cipitates caused by flow displacement during the injection process
and permeability measurement. Fig. 2g shows the effect of fracture
aperture on precipitation efficiency. It can be observed that in
smooth fractures, the efficiency initially decreases slightly and
then increases as the fracture aperture widens. In rough fractures,
wider-aperture fractures result in higher Ec values compared to
narrower-aperture ones. Fractures with wider apertures are typi-
cally associated with greater efficiency differences, reaching 17.4 %
at b = 2 mm, which aligns with the test results reported by (Wu
et al., 2019c). This could be attributed to lower flow velocities
within the fracture cell, a phenomenon that is more pronounced at
Q = 0.1 mL/min, where the efficiency differences reach 28.9 % and
21.7 % in smooth and rough fractures, respectively (Fig. 2h). As flow
rates increase, Ec first decreases and then rises. This finding differs
from previous outcomes (Wu et al., 2019c), where precipitation
efficiency was found to decrease with increasing flow velocity. The
discrepancy may be due to the fact that only about one fracture
volume of reactive solution was injected at varying flow rates,
unlike other studies that maintained a constant injection period.
After a standing period, the final precipitation mass at high flow
rates is greater due to the enhanced mixing effect during injection,
resulting in improved precipitation efficiency.

The fracture permeability coefficient (K) was calculated and
presented in Fig. 3c–h. Regarding the effect of fracture aperture,
Fig. 3c–d shows that at fractures with narrow apertures, the
reduction in permeability is less pronounced, with decreases of

31.7 % in T-1-S (b0.18-Q1) and 42.0 % in T-5-R (b0.22-Q1). As the
aperture increases, the clogging effect becomes more significant.
For instance, when the aperture exceeds 1 mm, the value of K
decreases by 94.3 % in T-3-S (b1-Q1) and 98.1 % in T-6-R (b1.22-Q1).
At an aperture of 2 mm, K drops by 97.15 % after 10 treatment
cycles, with fluctuations observed in later cycles, possibly due to
the formation of new preferential flow paths. The significant
reduction at wide apertures is likely due to the gradual blockage of
fine flow channels (Liu et al., 2024). In contrast, narrower fractures
show smaller reductions in permeability, as more flow fingers are
difficult to fully fill with precipitates. Additionally, bioclogging is
more effective in rough fractures compared to smooth ones, as
uneven surfaces provide more low-flow velocity zones for CaCO3
deposition (Peng et al., 2020). Regarding the impact of flow rates
on permeability evolution, Fig. 3e–h shows that under extremely
low flow rates, a rapid decrease in K is observed starting from cycle
4 in the smooth fracture (T-7-S-b0.18-Q0.1), resulting in a final
reduction of 98.6 %. A similar trend is observed in the rough
fracture (T-9-R-b0.22-Q0.1), where the permeability begins to
decline rapidly from cycle 6, with a drop of two orders of magni-
tude. However, only a small amount of precipitate is visible during
reaction. The image density and final precipitate mass are similar
to those observed under the T-1-S condition. This discrepancy may
be due to clogging at the inlet, which has been confirmed in pre-
vious studies showing slow injection rates tend to cause such
clogging. Furthermore, an extremely high injection rate
(Q = 10 mL/min) is also ineffective at reducing fracture perme-
ability, performing worse than Q = 1 mL/min, with K reductions of
20 % in smooth fractures and 26 % in rough fractures. In light of
this, the relationship between KN=K0 and the final precipitation
volume fraction (ϕN

c ) is shown in Fig. 3a. It is evident that high
flow-rate injections are not conducive to precipitation clogging,

Fig. 3. Hydraulic performance of EICP healing fractures: (a) Relationship of KN/K0 and ϕN
c , (b) Relationship of KN/K0 and int./〈b〉, (c)–(h) Evolution of K over treatment cycles, (i)–(j)

Relationship of Φ with fracture aperture and flow rate, and (k)–(l) Relationship of Ω with fracture aperture and flow rate.
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resulting in a minimal permeability reduction. Apart from these
cases, the value of KN=K0 tends to decrease as ϕN

c increases. A sharp
reduction in permeability occurs when ϕN

c reaches a critical value
of 17.4 %, leading to over a 90 % reduction in permeability. Previous
MICP sealing fracture tests also exhibit significant variability (Wu
et al., 2019b). This may be attributed to the dynamic evolution of
the precipitation pattern, which can significantly influence flow
behavior. We also employed parameter of the intensity-aperture
ratio (int:=〈b〉) to estimate precipitation content. However,
permeability reduction increases with int:=〈b〉, except in the low
flow-rate experiments (Fig. 3b). This result contrasts with the
findings based on precipitation volume fraction, likely because int:
is insufficient to accurately reflect precipitation content in wide
fractures due to light-blocking effects. The direct use of ϕc and K
values does not accurately reflect the true impact of fracture
aperture and flow rates on the precipitation clogging effect, as the
volume of reactive solution applied varies across different exper-
iments. Therefore, the experiment of T-1-S was taken as standard
injection case. For the other k-th experiments, a calibrated factor
(ηk) was introduced to measure the injection volume of the reac-
tive solution relative to the fracture volume, expressed as ηk∝ Qk⋅
Tk⋅Nk=〈b〉k. Thus, the injection-volume-calibrated CaCO3 fraction
(Φ) was calibrated as Φ = ϕc

N =(ηk =η1), and the calibrated perme-
ability coefficient (Ω) was calibrated as Ω = KN=K0=(ηk =η1). The
values of Φ and Ω are presented in Table 1, and more calculation
details can be found in Table A1 in Appendix A. The effects of
fracture aperture and flow rates are illustrated in Fig. 3i–l.
Regarding the impact of fracture aperture (Fig. 3i and k), the pre-
cipitation volume fraction slightly increases as the aperture ex-
pands, while the injection-volume-calibrated permeability
reduction decreases exponentially. This can be attributed to the

lower flow velocities and smaller shear forces in wider apertures,
which promote CaCO3 nucleation and crystal growth. As for the
effect of flow rates, Fig. 3j revealed an initial decrease followed by
an increase in the calibrated ϕN

c , while Fig. 3l showed an increasing
trend in KN=K0 as the fracture aperture enlarged. Low flow rates
can result in high precipitation volume fractions, but may also
cause inlet clogging under one-phase injection strategy (Handley-
Sidhu et al., 2013). While this is beneficial for reducing perme-
ability, it is not ideal for overall precipitation improvement,
particularly in large-scale fracture healing scenarios. Conversely,
excessively high injection rates generate significant shear forces,
which can negatively impact nucleation and precipitation
behavior, thus hindering the reduction of permeability, consistent
with previous EICP experiments using the prehydrolysis method
(Zhu et al., 2023). Overall, an injection rate of approximately 1 mL/
min (resulting in a flow velocity of ~1 mm/s) was found optimal, as
it balances advection and diffusion to promote uniform CaCO3
deposition across the fracture, minimizing inlet clogging observed
at 0.1 mL/min and flushing effects at 10 mL/min, which reduce
precipitation efficiency. However, further detailed investigation
into the intermediate range of flow rates is warranted.

Fig. 4 presents SEM images of precipitates from three experi-
ments, illustrating the characteristics of precipitates in smooth
fractures with different apertures. At an aperture of b = 0.5 mm, a
large fragmented deposit was observed, with one smooth side
showing circular shapes, indicating the growth of spherical crys-
tals. As shown in Fig. 4a–b, many spherical crystals appeared as
aggregates, surrounded by smaller crystals measuring 1–2 μm.
These smaller crystals likely grew on the larger spherical crystals
through secondary nucleation. At an aperture of b = 1 mm, it is
noteworthy that many spherical crystals formed together in a

Fig. 4. Microscopic characterization of biological precipitation for smooth fractures with different apertures based on SEM images: (a)–(b) T-2-S (b0.5-Q1), (c) T-3-S (b1-Q1), and
(d) T-4-S (b2-Q1).
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compact structure, with each crystal measuring 20–50 μm. Crystal
competition likely occurred when neighboring crystals came into
contact, a phenomenon observed at the microscale (Xiao et al.,
2025). Numerous spherical microcrystals are also growing on the
surfaces of these larger crystals, as shown in Fig. 4c. When
b = 2 mm (Fig. 4d), the precipitate morphologies varied, and the
crystals were interconnected, forming dense and thick structures.
Additionally, many hydrogel-like substances covered the crystal
surfaces, possibly residual CaCl2.

To thoroughly investigate the local evolution of biological
deposition within macroscale fractures, a central 10 mm × 10 mm
region of the fracture was selected. The grayscale images were
normalized to a maximum value of 255 and then colorized, as
shown in Fig. 5a and supporting Fig. A1 in Appendix A. Higher
values indicate greater amounts of precipitation. In rough frac-
tures, Fig. 5a shows the evolution of local precipitation patterns at
the end of cycles n= 2, 4, 6, and 8. At a narrow aperture of 0.22 mm
and a flow rate of 1 mL/min, the amount of precipitation increases
with increasing cycles. The precipitation distribution gradually
aligns with the local aperture field (Fig. 1a), with more precipitate
accumulation occurring in the concave regions. To quantify this
evolution, the probability distribution of normalized intensity in
the local region is plotted in Fig. 5b, with the background bar graph
representing the normalized aperture distribution. The results
showed that the distribution of normalized int: closely followed
the aperture distribution, and the shape shifts toward the right as
the average normalized intensity (Iavg

n ) increases. This alignment is
more apparent at a lower flow rate of 0.1 mL/min, where the
probability distribution more closely matches the aperture dis-
tribution. At a high flow rate of 10 mL/min, the precipitates do not
align well with the aperture field. Instead, a preferential flow path
formed, connecting to the concave regions with wider apertures,

but gradually became clogged along this path. As a result of higher
mass transfer, the probability distribution gradually skews to the
right, indicating increased local precipitation. For a wider aperture
of 1.22 mm, the precipitation pattern behaves differently. Since the
effect of roughness was less pronounced in the wider aperture, the
normalized intensity values were higher and more uniformly
distributed, showing a clearly right-skewed trend in the proba-
bility distribution while still aligning with the aperture distribu-
tion. To observe the precipitation profile in the selected local
region, a parameter was calculated as ΔI = I − normalized b. The
trend of ΔI in the Y= 45 mm cross-section and the aperture profile
is shown in Fig. 5c. For b= 0.22 mm at Q= 1 mL/min (T-5-R), it was
found that the precipitation profile aligns well with the aperture
profile. However, at a wider aperture of 1.22 mm (T-6-R), the
precipitation distribution appears more uniform. Regarding the
effect of flow rates in rough fractures (b = 0.22 mm), the shape of
the precipitation profile is more consistent at lower flow rates
(0.1 mL/min). In contrast, at a very high flow rate of 10 mL/min,
some uneven distribution is observed. Although the precipitate
content in the R1 and R2 regions is similar, the higher pore filling
fraction in R1 may form a precipitation barrier, similar to what is
observed when X = 97–100 mm. In smooth fracture, the evolution
of local precipitation pattern showed a different performance. As
shown in Fig. 5a, the phenomenon of enhanced precipitation was
observed at b = 0.18 mm as the number of cycles increased. At
b= 0.5 mm, multiple aggregates formed and eventually developed
into a preferential flow path, which later became blocked, as
illustrated in Fig. A3a in Appedix A. A wider preferential flow path
appeared at b = 2 mm, likely because large aggregates, not firmly
attached to the fracture surface, were moved by the flow due to
low fluid resistance, resulting in a broader flow channel. Overall,
the probability shape was more centralized compared to rough

Fig. 5. (a) Colored local precipitation pattern in fractures, (b) Probability distributions of normalized int. and normalized b, and (c) Evolution of local precipitation profile in
Y = 45 mm section.
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fractures (Fig. A3b in Appendix A). The behavior is similar at large
apertures in smooth and rough fractures. Additionally, both very
low and very high flow rates promoted the formation of individual
crystals instead of large precipitation aggregates, resulting in a
more uniform distribution compared to that in rough fractures.

To investigate the mechanism behind enzymatically induced
precipitation in fracture healing, the initial flow fields in the cen-
tral selected region of rough fractures with apertures of 0.22 mm
and 1.22 mm were simulated using COMSOL Multiphysics. Laminar
flow was used to model the flow due to low Reynolds numbers,
with an inlet flow rate of 1 mL/min and the outlet set at atmo-
spheric pressure. Symmetry conditions were applied to the lateral
boundaries, and other boundaries were treated as no-slip. More
details about numerical modeling can be found in the supporting
information in Appendix A. The resulting local flow profile is
shown in Fig. A4 in Appendix A, and the flow velocity distribution
across different cross-sections is presented in Fig. 6a. It can be
observed that for a narrow aperture of b = 0.22 mm, the flow
velocity varies significantly in the vertical direction. Higher ve-
locities are observed in the concave zones, which may result in a
preferential flow path at higher flow rates. This is evident in the
marked region shown in Fig. 6a, which closely resembles the
preferential flow path in Fig. 5a at Q= 10 mL/min. The low-velocity
region in the convex area could act as a barrier for precipitation,
contributing to the formation of flow channels. It agrees with a
previous study (Dong et al., 2022), which presumed that the wide
preferential flow channels tend to occur in the concave regions.
However, this behavior differs from that at lower flow rates, where
the shearing rate is minimal, showing small effects on precipita-
tion formation, thus potentially leading to greater precipitates in
concave regions, as observed in Fig. 5a and c. The local shearing
rate is calculated as γ = ∇u+ (∇u)T (Bird et al., 2006), and the
results are shown in Fig. 6b. It is evident that the shearing rate in

the concave region is lower than in the convex region along the
flow direction, which promotes precipitate deposition. This un-
even distribution of shearing rate leads to localized pressure var-
iations, causing fluid to split into multiple small channels, as
evidenced in Fig. 1c and Fig. A1 in Appendix A. Conversely, for a
rough fracture of b = 1.22 mm, the flow velocity distribution re-
sembles that of a smooth fracture due to the less significant effect
of roughness, as illustrated in Fig. 6c. This results in reduced
resistance to fluid flow, allowing for a more dispersed flow pattern,
and the shearing rate is significantly lower compared to that in the
narrower-aperture fracture. This can result in fewer but wider
dominant flow branches, as the wider fracture offers a larger cross-
sectional area for fluid passing. Conversely, convex regions with
narrower apertures tend to form fine flow channels in narrow
fractures, as previously reported (Liu et al., 2024).

4. Conclusions and remarks

This study visually explored the application of Enzymatically
Induced Carbonate Precipitation (EICP) in transparent fracture
models, focusing on the influence of fracture aperture and injec-
tion rate on mineral deposition and clogging efficiency. Narrower
apertures promote the formation of numerous tortuous flow
paths, which gradually become clogged. In contrast, fractures with
wider apertures exhibited fewer but wider preferential flow paths,
resulting in overall reasonable efficiency. As aperture increases,
higher void filling fractions lead to more significant clogging and
permeability reduction. The selection of an optimal injection rate
is crucial in bioclogging efficiency. Low flow rates cause uneven
mineral deposition, particularly inlet clogging. Conversely, exces-
sively high flow rates hinder CaCO3 deposition and adsorption,
limiting mineral accumulation and weakening the clogging effect.
Image analysis further revealed distinct precipitation patterns

Fig. 6. Numerical simulation characterizations in rough fractures with different apertures: (a) Flow velocity distribution in the Z-plane, (b) Shearing rate distribution in the Y-
plane, and (c) Schematic biologically healing fracture.
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based on fracture surface roughness. In rough fractures, mineral
deposition aligns closely with the aperture distribution, forming
finger flow in convex zones at low flow rates, while concave zones
accumulate more minerals. Higher flow rates result in preferential
flow paths within concave zones. In contrast, smooth fractures
show more concentrated and random mineral patterns. Overall,
one-phase staged EICP shows promise for healing wider-aperture
fractures (<2 mm), with moderate injection conditions needing
adjustment to optimize EICP for practical applications.
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