Journal of
Marine Science
and Engineering

Article

Influence of Different Grouting Methods on the Solidification
Uniformity of Marine Silt via SICP Technology

Zhengyu Fan 12, Yuke Wang 2*, Yang Li ?, Shuailiang Song 2 and Enyue Ji !

Academic Editor: Jianhong Ye

Received: 30 June 2026
Revised: 23 July 2026

Accepted: 26 July 2026
Published: 28 July 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Key Laboratory of Reservoir and Dam Safety Ministry of Water Resources, Nanjing 210029, China;
zzufanzhengyu@163.com (Z.F.); renmy136@163.com (E.J.)

2 School of Water Conservancy and Transportation, Zhengzhou University,

Zhengzhou 450001, China; ly787662924@gs.zzu.edu.cn (Y.L.); shuailiangsong@outlook.com (S.S.)

Correspondence: wangyuke@zzu.edu.cn

Abstract

Marine silt is characterized by a high content of fine particles and low permeability, which
often result in uneven urease diffusion, local enrichment, and significant variations in so-
lidification performance during soybean urease-induced calcium carbonate precipitation
(SICP) treatment. To address these issues, this study experimentally investigated both the
preparation of marine silt mechanical specimens and the injection uniformity of the SICP
technique. A cylindrical transparent acrylic mold together with a matching grouting de-
vice was developed to enable the observable and standardized preparation of marine silt
specimens. On this basis, a series of experiments were conducted, including measure-
ments of urease distribution under single SICP grouting, unconfined compressive
strength (UCS) tests of solidified specimens, and quantification of calcium carbonate pro-
duction. The effects of injection direction, injection volume, and injection rate on solidifi-
cation uniformity and mechanical strength were systematically examined. The results
show that the grouting direction governs the stratification characteristics of urease within
the specimens. Increasing the grouting volume significantly enhances the total urease con-
tent and improves its distribution uniformity. The UCS of the solidified specimens was
found to be closely related to the uniformity of urease distribution. Among the tested
methods, the multi-round alternating injection mode from both the top and bottom pro-
duced the best overall strength performance. The maximum UCS reached 93.81 kPa at a
grouting volume of 150 mL and a grouting rate of 5 mL/min. This study clarifies how
injection parameters can be optimized to improve the solidification uniformity of fine-
grained marine sediments and provides technical support and parameter references for
the standardized preparation of SICP-solidified soil mechanical specimens.

Keywords: marine silt; soybean urease-induced calcium carbonate precipitation (SICP);
unconfined compressive strength (UCS); grouting method; reinforcement uniformity

1. Introduction

The Yellow River Delta is globally recognized for its massive accumulation of terri-
genous sediments, creating an environment highly influenced by river—sea interactions.
In this estuarine and coastal zone, the extensively deposited sediment transforms into
typical marine silt, which poses significant challenges to coastal engineering stability and
land reclamation projects [1,2]. Consequently, dredging and managing these massive tidal
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flat sediments have become major tasks for coastal infrastructure development, and one
effective approach to address this challenge is to promote the resource utilization of this
marine silt. As a potential engineering filling material, marine silt has received increasing
attention because its beneficial reuse can not only alleviate dredging disposal pressures
but also contribute to environmental and resource sustainability [3,4]. However, this ma-
rine silt is characterized by fine particle size, large specific surface area, and low permea-
bility [5]. When directly utilized in subgrade filling, coastal dykes, or slope engineering, it
frequently suffers from engineering deficiencies such as substantial subgrade settlement
and slope instability, primarily due to weak interparticle interlocking, insufficient me-
chanical strength, and poor overall stability under hydraulic loading [6,7]. Therefore, the
development of an efficient and environmentally friendly reinforcement technology tai-
lored for this fine-grained marine silt is of great scientific and practical importance for its
engineering applications in coastal zones.

Traditional soil reinforcement methods, such as cement mixing and chemical grout-
ing, are widely used in engineering practice, but they suffer from inherent disadvantages,
including high energy consumption, substantial carbon emissions, and considerable en-
vironmental disturbance [8]. In contrast, biomineralization-based biogeotechnical engi-
neering has attracted increasing attention because of its low-carbon and environmentally
friendly nature [9]. Among these approaches, Microbially Induced Carbonate Precipita-
tion (MICP) has demonstrated promising performance in sand stabilization [10,11]. How-
ever, because MICP relies on living bacteria, its application is strongly constrained by fac-
tors such as soil pore size, nutrient availability, and oxygen supply. These limitations
greatly reduce its applicability in extremely fine-grained marine silt [12].

To overcome the limitations of MICP, Enzyme-Induced Carbonate Precipitation
(EICP) has emerged as a promising alternative. EICP directly utilizes free urease extracted
from plants, such as soybeans and watermelon seeds [13,14], to catalyze urea hydrolysis
and generate calcium carbonate (CaCOs) as a cementing material [15]. Compared with
MICP, EICP offers several distinct advantages, including smaller catalytic components
that facilitate better penetration, independence from microbial growth conditions, and
more controllable catalytic efficiency [16,17]. Accordingly, extensive studies have been
conducted on the stabilization mechanisms, performance enhancement, and environmen-
tal adaptability of EICP. Wang et al. [12] compared the reinforcement effects of MICP and
EICP on Yellow River silt and demonstrated that EICP is more suitable for fine-grained
soils. Joshi et al. [18] further investigated the effect of particle size on the compressive
strength of EICP-treated sand. To improve treatment performance, many studies have in-
corporated additives to alleviate the high brittleness and insufficient strength of EICP-
solidified materials [19-21]. In parallel, investigations into environmental adaptability
have examined the effects of curing temperature, relative humidity, and pH on EICP per-
formance [22-24], while its application scope has gradually expanded to areas such as
desert sand stabilization and heavy metal pollution remediation [25,26].

Although soybean urease-induced calcium carbonate precipitation (SICP) has been
widely investigated for soil improvement, its application to extremely fine marine silt is
still constrained by poor grouting uniformity. According to the fluid dynamics theory of
porous media, grout transport in low-conductivity marine sediments is jointly governed
by diffusion and convection, and is therefore susceptible to the formation of preferential
flow paths under uneven pressure gradients [27,28]. The effectiveness of SICP treatment
fundamentally depends on the coordination between urease-catalyzed urea hydrolysis
and calcium ion transport [29]. When injection parameters, such as injection rate and vol-
ume, deviate from appropriate ranges, the distribution of crystal nucleation sites may be-
come highly erratic in marine silt due to its intricate pore structure, resulting in local pore
clogging or insufficient cementation in certain zones [30]. Existing studies have mainly
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focused on improving macroscopic strength through material modification, whereas sys-
tematic quantitative research remains limited on enhancing treatment uniformity in ex-
tremely fine-grained media, such as marine silt, by regulating the spatiotemporal distri-
bution of the enzyme solution through optimization of physical grouting parameters [31].

In view of these issues, a series of stabilization tests under different grouting schemes
was carried out for marine silt characterized by a high content of fine particles and low
hydraulic conductivity. Using self-developed visual molds and standardized grouting
equipment, a comprehensive experimental program was conducted, including single-in-
jection urease distribution measurements, unconfined compressive strength (UCS) tests,
and CaCO:s content quantification. On this basis, the effects of grouting direction, injection
rate, and grouting volume on the treatment performance of SICP-stabilized marine silt
specimens were systematically investigated. The aim of this study was to identify the op-
timal grouting parameters for improving the stabilization uniformity of fine-grained ma-
rine sediments, thereby providing a theoretical basis for the practical engineering appli-
cation of this technology.

2. Materials and Methods
2.1. Experimental Soil

The marine silt used in this study was collected from the intertidal zone near the
estuary of the Yellow River. The marine silt contains a high proportion of quartz and other
siliceous minerals. Its chemical composition is dominated by silicon dioxide (5iO2), which
accounts for 79.69%, followed by alumina (Al20s) at 9.42%, indicating a typical silica—alu-
mina-based composition. In addition, it contains oxides of iron, magnesium, and calcium,
together with trace amounts of K20, Na20, and TiO, as shown in Figure 1. Overall, the
silt exhibits a typical siliceous composition accompanied by minor metal oxides. This com-
position contributes to its relatively high density, which allows the particles to settle rap-
idly in flowing water and promotes the formation of stable sediment deposits on riverbeds
or reservoir bottoms. Owing to the combined effects of aeolian deposition from the Loess
Plateau and short-distance hydraulic transport, the particles are predominantly spherical
and have relatively smooth surfaces. Such morphological characteristics lead to low in-
terparticle friction, making it difficult for the silt to form stable accumulations under static
conditions. Moreover, the particles are prone to collision and fragmentation under hy-
draulic erosion, producing even finer grains.

Si0, 9.42% Al,0;
N ALO;

MgO 3.73% MgO 2.06% Fe,0s
B Fe,0; - o

Ca0 7.16% 1.91% CaO
B K,0 79.69% SiO, B 1.41% K0

Na,O 1.33% Na,O

TiO, 0.45% TiO,

Figure 1. Chemical composition of marine silt. (colors represent different chemical components as

indicated in the figure legend).

The grain size distribution of the marine silt is shown in Figure 2. The material is
characterized by a high proportion of fine particles and a lack of coarse grains, with all
particle sizes being smaller than 0.5 mm. The dominant particle fraction is concentrated
in the range of 0.025-0.1 mm. Particles finer than 0.075 mm account for 50.89% of the total
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mass, whereas the ultra-fine fraction smaller than 0.025 mm constitutes less than 1%, and
the clay content is negligible. The characteristic particle sizes are dso = 0.081 mm, d30 = 0.061
mm, and d10 = 0.048 mm. The coefficient of uniformity Cu is 1.69 (<5), and the coefficient of
curvature Ccis 0.95. These results indicate that the marine silt is extremely poorly graded,
with particle sizes concentrated within a narrow range. Such poorly-graded characteris-
tics are typical for estuarine and marine silty sediments subjected to extensive hydrody-
namic sorting, which inherently leads to a weak skeletal structure and low inherent sta-
bility.

100 —
0
80 F \
60 + \
1

40

Percentage passing(%)

20 F

0 4 5
10 1 0.1 0.01

Particle size(mm)

Figure 2. Particle size distribution curve of the marine silt.

The basic physical properties of the marine silt used in this study are summarized in
Table 1. The basic physical properties of the soil were measured following the Standard
for Geotechnical Testing Methods (GB/T 50123-2019 [32], which generally aligns with
ASTM standards). According to these properties, the material can be classified as poorly
graded marine silt with a low liquid limit (ML). Its particle size distribution is highly con-
centrated, with a marked deficiency of intermediate-sized particles, which leads to com-
pactibility difficulties and a distinct tendency to form unstable bridging structures. In ad-
dition, the fine-grained fraction exhibits mild plasticity, making its strength more suscep-
tible to deterioration upon water exposure. The relatively wide range of void ratio further
indicates that the mechanical behavior of the silt is highly sensitive to changes in relative
density. In a loose state, the soil shows low shear strength and is prone to liquefaction or
internal erosion (piping). With a narrow gradation (Cu = 1.69), high fine-particle fraction
(50.89% < 0.075 mm), and inherently small pore throats (di0=0.048 mm), this easily suffers
localized bioclogging and uneven reinforcement strength during solution injection. There-
fore, optimizing the injection process is necessary to promote a more uniform distribution
of cementation products within the pore spaces, thereby achieving effective overall rein-
forcement. It also provides a theoretical basis for the application of SICP in practical engi-
neering.

Table 1. Basic Properties of Marine Sediment.

wL wr Pdmax Pdmin
Cu Cc Gs max 'min
%) k) (gem®)  (glemd) ¢
1.69 0.95 2.66 27.49 13.63 1.69 1.30 1.05 0.57

2.2. Soybean Urease Solution and Cementation Solution

The urease solution used in this study was a crude extract prepared in the laboratory
from commercially available fresh soybeans. The cementation solution was prepared by
mixing 1.0 mol/L anhydrous calcium chloride (CaClz, Sinopharm Analytical Pure, =
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96.0%) solution and 1.25 mol/L urea (CO(NH2)z, Sinopharm Analytical Pure, >99.0%) so-
lution at a volume ratio of 1:1 [33]. Both chemicals were obtained from Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China). The volume ratio of cementation solution to ure-
ase solution was also maintained at 1:1 throughout the experiments. The detailed extrac-
tion and preparation procedures are illustrated in Figure 3 and described as follows [34]:

(1) Fresh soybeans were rinsed 2-3 times with deionized water and then dried in an
oven at 50 °C. The dried soybeans were ground into fine powder using a grinder and
passed through a 100-mesh sieve to remove impurities.

(2) A measured amount of soybean powder was added to deionized water to prepare
a suspension with a mass concentration of 40 g/L. After preliminary mixing, the suspen-
sion was stirred with a magnetic stirrer at 1000 rpm for 15 min until a uniform mixture
was obtained.

(3) The suspension was then transferred into centrifuge tubes and centrifuged at 4000
rpm for 30 min at 25 °C. The supernatant was subsequently collected and used as the
crude soybean urease solution.

Figure 3. Preparation process of soybean urease solution: (a) Preparation of soybean powder via
grinding; (b) Weighing; (c) Dissolution in deionized water; (d) Stirring with a magnetic stirrer; (e)

Centrifugation; (f) Supernatant collection; (g) Crude soybean urease solution.

2.3. Specimen Preparation

To facilitate the standardized and repeatable preparation of SICP-solidified marine
silt specimens, a cylindrical transparent acrylic mold with simplified grouting and easy
demolding features was designed in this study, as shown in Figure 4. The mold adopts a
split structure composed of two semi-cylindrical halves. To prevent leakage, the inner
wall of the mold was tightly lined with cellophane. Acrylic screw caps were installed at
both the top and bottom ends, with a central grouting hole reserved in each cap. The spec-
imen preparation procedures were as follows:

(1) The two halves of the split mold were aligned, and PTFE tape (thread seal tape)
was wrapped around the upper and lower threads for at least two full turns. The inner
walls of the mold halves were then tightly lined with cellophane, and waterproof tape
was applied along the longitudinal joints to ensure effective sealing.

(2) A rubber O-ring was placed in the inner groove of the bottom cap, after which the
split mold was securely assembled with the bottom cap. An acrylic permeable plate and a
layer of filter paper were then placed into the mold in sequence from the top.

https://doi.org/10.3390/jmse14151380
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(3) The prepared soil sample with a moisture content of 10% was packed into the
mold in five layers. Each layer was compacted to a thickness of 2 cm, and the interface
between adjacent layers was scarified to ensure structural continuity and avoid the for-
mation of distinct weak planes. The initial water content was strictly standardized at 10%
across all specimens during preparation to maintain a constant initial dry density
(p, =1.69 g/em’ ) and uniform pore void structure.

(4) After filling was completed, another layer of filter paper and an acrylic permeable
plate were placed into the mold from the top. A rubber O-ring was then inserted into the
inner groove of the top cap, and the top cap was securely assembled with the side walls
of the split mold, thereby completing specimen preparation.

S5cm

10cm

(b) (©)

Figure 4. Preparation of solidified marine silt specimens: (a) Specimen preparation tools, (b) Mold

dimensions, (c) specimens for solidification.

After specimen preparation was completed, the SICP solidification process was ini-
tiated. The solidification process was started following the procedures by Wang et al. [4]:

(1) The tubing of the peristaltic pump was connected to the central grouting hole in
the top cap of the specimen. Subsequently, 100 mL of 0.5 mol/L anhydrous calcium chlo-
ride (CaCl:) fixing solution was injected at a constant rate of 1 mL/min, followed by a 12
h resting period to allow sufficient particle surface activation.

(2) The soybean urease solution was then injected using the peristaltic pump accord-
ing to the predefined experimental scheme, including the specified injection direction,
volume, and rate. After a 4 h retention period, the cementation solution was injected under
the same conditions. The specimen was then left to stand for another 4 h, thereby com-
pleting one treatment cycle (primary cementation).

(3) Step (2) was repeated until the target degree of cementation defined in the exper-
imental program was reached.

(4) After completion of the treatment, excess deionized water was injected to remove
residual reaction by-products. The specimens were then placed in a constant-temperature
incubator at 25 °C for 48 h for final curing. Finally, the specimens were demolded to obtain
the SICP-solidified marine silt specimens, as shown in Figure 5.

https://doi.org/10.3390/jmse14151380
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Figure 5. Solidification of marine silt specimens using SICP technology: (a) SICP grouting; (b) solid-

ified specimen.

2.4. Single-Injection Urease Distribution Test

To investigate the influence of grouting parameters on urease diffusion, an orthogo-
nal test was designed considering three factors: injection direction, injection volume, and
injection rate, and the test scheme is shown in Table 2. As shown in Figure 6, the test was
conducted in a deionized water environment, and the distribution variability of urease
was evaluated by measuring the electrical conductivity of samples collected from different
parts of the reinforced specimen. The quantification of active urease was performed based
on the electrical conductivity (EC) method proposed by Whiffin. During urease-catalyzed
hydrolysis, non-ionic urea (CO(NH?z)2) is continuously decomposed into ionic ammonium

(NH;) and carbonate (CO. ):
CO(NH,), +2H,0—=**52NH; + CO. 1

According to Whiffin [35], an EC increase rate of 1 mS/cm/min quantitatively corre-
sponds to 11.1 mM of urea hydrolysed per minute. Thus, measuring the dynamic rate of
EC variation (AEC/ At) provides a direct and reliable metric for spatial urease activity
and retention within the soil matrix.

The detailed procedure is as follows:

(1) After injection was completed, the specimens were kept at 25 °C for 4 h to ensure
sufficient diffusion and adsorption of urease within the soil matrix.

(2) After the molds were dismantled, 10 g soil samples were collected from the top,
middle, and bottom sections using a clean sampling spoon and transferred into 100 mL
beakers.

(3) Subsequently, 50 mL of deionized water was added to each beaker, and the sus-
pension was stirred using a magnetic stirrer at 300 rpm for 3 min.

(4) After the suspension was allowed to stand for 1 min, the conductivity electrode
was inserted 2 cm below the liquid surface, and the change in electrical conductivity was
recorded at 5 min intervals for three consecutive measurements (over 15 min total). The
slope of the linear EC increase was converted into the local urease activity.

https://doi.org/10.3390/jmse14151380
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Figure 6. Assessment of urease distribution in soil using the electrical conductivity method: (a) The
silt after grouting, (b) Taking silt of equal mass, (c) Determination of suspension activity by the

electrical conductivity method.

Table 2. Experimental programs for different SICP grouting methods.

Influencing Factors of Single Injection Factors
Injection direction Top-down and bottom-up
Injection volume (mL) 50, 100, 150
Injection rate (mL/min) 5,10, 15

2.5. Unconfined Compressive Strength (UCS) Test

The ENGERE-WAW-1000C universal testing machine was employed in this test, as
shown in Figure 7. This unconfined compressive strength test was performed in accord-
ance with ASTM D2166 (2016), and axial load was applied to the marine silt specimens at
a loading rate of 1 mm/min until ultimate failure occurred. Grouting direction, grouting
rate and grouting volume were selected as three major influencing factors for the uncon-
fined compressive strength test, and the detailed test scheme is presented in Table 3. To
ensure the reliability of experimental data, three parallel specimens were prepared and
tested simultaneously under each test condition. The average value of the three sets of test
results was adopted as the unconfined compressive strength of specimens under the cor-

responding working conditions.

Figure 7. Unconfined compressive strength (UCS) testing apparatus and setup.
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Table 3. Experimental program for unconfined compressive strength (UCS) tests.

Influencing Factors of Injection Factors

Number of treatment cycles 2

Top-down, Bottom-up, Alternating (Top-

Injection direction
down to Bottom-up sequence per cycle)

Full targeted volume (V) injected at each en-
try direction

Injection volume (mL) 50, 100, 150

Injection rate (mL/min) 5,10, 15

Dose per directional injection

2.6. Calcium Carbonate Content Test

The spatial distribution data of calcium carbonate can be obtained by determining
the CaCO:s content in different sections of the specimen (as shown in Figure 8). It allows
for both the quantification of overall uniformity and the localization of defective zones,
providing a precise basis for the optimization of grouting protocols. Upon completion of
the solidification according to the aforementioned experimental scheme, the split mold
was opened while keeping the specimen in situ (without demolding). The specimen was
then partitioned into three equal sections—top, middle, and bottom —based on the mark-
ings on the mold. Subsequently, the split mold was reassembled, and the sections were
dried and cured in a constant-temperature incubator at 30 °C for 7 days. Following the
curing period, the three intact solidified sections were demolded and weighed individu-
ally to obtain the mass m1. The initial mass of each corresponding section before solidifi-
cation m0 was referenced from the experimental design. The amount of CaCOs precipi-
tated in each section was then calculated as m1 — mo.

Figure 8. Determination of CaCO:s precipitation using the acid washing method.

3. Results and Discussion
3.1. Influence of Injection Methods on the Distribution Patterns of Soybean Urease

Figure 9 presents the residual urease content in different sections of the specimens 4
h after injection under various grouting methods. It can be seen that injection direction,
injection rate, and injection volume all significantly affect urease distribution, with injec-
tion direction being the dominant factor controlling the stratification pattern [36]. Top-
down injection tends to cause urease enrichment in the upper section, whereas bottom-up
injection results in accumulation in the lower section. In general, the former provides bet-
ter distribution uniformity, whereas the latter fails to deliver an advantage in overall re-
tention and exacerbates spatial polarization. The injection rate further influences the de-
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gree of stratification [37]. Under top-down injection, a higher rate intensifies urease en-
richment in the upper section while reducing its retention in the middle and lower sec-
tions. By contrast, under bottom-up injection, the injection rate has a relatively limited
effect on the enrichment in the lower section and only slightly promotes the upward mi-
gration of urease. Injection volume directly determines the total amount of retained urease.
Increasing the injection volume not only enhances overall urease retention within the
specimen, but also effectively alleviates local enrichment and distribution non-uniformity
as the adsorption sites in the entry section gradually approach saturation [38].

Under top-down injection, the residual urease exhibited a characteristic distribution
pattern of enrichment in the upper section followed by a progressive decrease toward the
lower section. At an injection volume of 50 mL and an injection rate of 5 mL/min, the
urease activity in the upper section reached 184.89 uS/cm, which was significantly higher
than that in the middle and lower sections. Because the grout was introduced from the
top, urease was more likely to be retained in the upper part of the specimen, resulting in
a stratified distribution characterized by higher activity in the upper section and lower
activity toward the bottom [39]. In contrast, the residual urease distribution under bottom-
up injection showed the opposite trend. As shown in Figure 9 b,d.f, the specimens treated
by bottom-up injection exhibited enrichment in the lower section, whereas the urease ac-
tivity in the upper and middle sections remained relatively low. In this case, when grout
was injected from the bottom, the combined effects of injection pressure and gravity pro-
moted urease accumulation in the lower part of the specimen. These results indicate that
injection direction directly governs the longitudinal enrichment pattern of urease and is
therefore the dominant factor controlling solidification stratification.
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Figure 9. Spatial distribution patterns of urease activity following a single injection: (a) 50 mL, top-
down injection; (b) 50 mL, bottom-up injection; (c) 100 mL, top-down injection; (d) 100 mL, bottom-

up injection; (e) 150 mL, top-down injection; (f) 150 mL, bottom-up injection.

As the injection rate increased, the residual urease content in the upper section under
top-down injection generally showed an upward trend. At an injection volume of 100 mL,
the urease activity in the upper section increased from 232.10 to 268.29 uS/cm with in-
creasing injection rate. A higher injection rate enhanced urease interception in the upper
part of the specimen and hindered its effective penetration into the middle and lower sec-
tions. As a result, the residual urease content in these lower sections decreased, further
aggravating the enrichment effect in the upper section. In contrast, under bottom-up in-
jection, increasing the injection rate tended to reduce urease accumulation in the lower
section. At an injection volume of 100 mL, the urease activity in the lower section de-
creased from 301.37 to 234.66 uS/cm as the injection rate increased, although this section
still remained the zone with the highest activity [40]. Overall, a higher injection rate inten-
sified localized urease enrichment in the upper section under top-down injection, whereas
it alleviated excessive accumulation in the lower section under bottom-up injection.

As the injection volume increased, the residual urease content in all sections showed
a general upward trend, regardless of injection direction. Notably, under top-down injec-
tion, a larger injection volume promoted a more uniform urease distribution. For example,
at an injection rate of 5 mL/min and an injection volume of 150 mL, the urease activities
in the upper, middle, and lower sections were 241.64, 194.91, and 206.93 uS/cm, respec-
tively, indicating a substantial improvement in homogeneity compared with lower injec-
tion volumes. From a reactive transport perspective, this phenomenon is driven by the
progressive saturation of soil adsorption sites. In the early injection stage, active urease
molecules are rapidly intercepted and adsorbed by the fine marine silt particles near the
inlet. As the injection volume increases, the adsorption capacity of the entry zone gradu-
ally approaches saturation, forcing subsequently injected enzymes to migrate deeper into
the middle and lower pore networks via advective-dispersive transport, thereby mitigat-
ing localized enzyme accumulation. In terms of total urease retention, the cumulative ure-
ase activity across all sections reached its maximum at an injection volume of 150 mL,
providing a favorable biochemical basis for the subsequent solidification process. Alt-
hough the top-heavy distribution pattern still persisted under top-down injection, the de-
gree of non-uniformity was effectively reduced at lower injection rates, which allowed
better urease adsorption and retention throughout the soil matrix [36].

To quantify the degree of uniformity in urease distribution within the specimens un-
der various grouting methods, the coefficient of variation (CV) for urease distribution was
introduced. A smaller CV value indicates a more uniform distribution and lower disper-
sion of urease within the specimen. Conversely, a larger CV value suggests higher fluctu-
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ations and greater non-uniformity in the urease distribution. The formula for calculating
CVis as follows [40]:
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cV = 2 «100% @

m
where m1, mz, and ms denote the urease activity levels in the top, middle, and bottom sec-

tions of the specimen, respectively; and m represents the mean value of these three meas-
urements.
Figure 10 presents the coefficient of variation (CV) of urease distribution in the spec-
imens under different grouting methods. Regardless of injection direction, the CV de-
creased with increasing injection volume, further confirming that a larger injection vol-
ume improves urease distribution uniformity. Under top-down injection, a lower injection
rate resulted in a smaller CV. The best uniformity was obtained at an injection rate of 5
mL/min and an injection volume of 150 mL, where the CV reached a minimum of 11.32%.
In contrast, the opposite trend was observed under bottom-up injection. Owing to the in-
fluence of the reverse flow field, the CV decreased as the injection rate increased. For this
injection mode, the minimum CV was 27.28%, achieved at an injection rate of 15 mL/min
and an injection volume of 150 mL, although the overall uniformity was still inferior to
that under top-down injection. Considering both total urease activity and distribution uni-

formity, the optimal single-injection condition was identified as top-down injection with
an injection volume of 150 mL and an injection rate of 5 mL/min.
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Figure 10. Coefficient of variation (CV) of urease distribution: (a) Top-down injection; (b) Bottom-up

3.2. Influence of Injection Methods on the Unconfined Compressive Strength (UICS) of Specimens

The unconfined compressive strength (UCS) directly reflects the macroscopic mechanical

performance of SICP-solidified marine silt and is closely related to the uniformity of internal

cementation [41]. Figure 11 presents the UCS values of the SICP-solidified specimens after two
treatment cycles under different grouting methods. Across all injection volumes, alternating
injection from the top and bottom consistently produced higher UCS values than the other
injection modes. In particular, the maximum UCS reached 93.81 kPa at an injection volume of

150 mL and an injection rate of 5 mL/min, indicating the superior effectiveness of this method
in improving both cementation uniformity and mechanical strength [42]. This can be at-

tributed to the bidirectional penetration mechanism of alternating injection, which effectively

compensates for the weakly cemented zones at the distal ends commonly formed under uni-

directional injection, thereby promoting more effective reinforcement throughout the speci-
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men. In contrast, top-down injection tends to result in insufficient cementation in the lower
section because of gravity-driven flow, whereas bottom-up injection is more likely to produce
insufficient filling in the upper section. Both conditions lead to lower strength enhancement
than that achieved by alternating injection.

The development of UCS showed a distinct threshold effect with respect to injection vol-
ume. At an injection volume of 50 mL, the grout was insufficient to fully occupy the internal
pores of the specimen, resulting in a non-uniform cementation structure characterized by en-
richment at both ends and relative deficiency in the middle [43]. Consequently, the UCS values
remained low, generally ranging from about 70 to 77 kPa. When the injection volume in-
creased to 100 mL, the grout was able to more effectively cover the internal pore space, leading
to a marked increase in UCS to 93.12 kPa. This value was very close to that obtained at 150 mL
(93.81 kPa), suggesting that 100 mL may represent the critical threshold required for effective
cementation of marine silt. Further increases in injection volume only provided limited local
supplementation, as the strength improvement had already approached a saturation state. At
a constant injection volume, the effect of injection rate on UCS was generally consistent with
the previously observed urease distribution patterns [44]. Specifically, a low injection rate was
more favorable for strength development under top-down injection, whereas a higher injec-
tion rate was more beneficial under bottom-up injection. After two treatment cycles, the grout-
ing condition that produced the highest UCS was exactly the same as that identified in the
previous analysis as having the highest urease retention and the best distribution uniformity.
This further confirms that a uniform urease distribution is a key prerequisite for achieving
favorable macroscopic mechanical performance in the solidified specimens.

The selection of two treatment cycles as the standardized solidification protocol was de-
termined by balancing mechanical gain against fluid transport resistance. Preliminary trial
tests indicated that a single treatment cycle was insufficient to establish a continuous CaCOs
crystal network across the fine silt matrix, resulting in unsatisfactory low macroscopic strength.
On the other hand, extending treatment beyond two cycles resulted in severe localized bio-
clogging near the injection ports. As CaCOs accumulated, pore throats (di0=0.048 mm) became
constricted, causing a sharp drop in hydraulic conductivity and increasing backpressure dur-
ing injection. This flow restriction induced preferential flow paths and hindered the uniform
transport of subsequent reactant solutions. Therefore, two treatment cycles were identified as
the optimal balance — providing sufficient CaCO:s precipitation to reach a functional mechan-
ical strength threshold (up to 93.81 kPa) without triggering premature fluid flow blockage.
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Figure 11. Unconfined compressive strength (UCS) of SICP-stabilized specimens under different
grouting methods: (a) Top-down injection; (b) Bottom-up injection; (c) Alternating injection
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At a constant injection rate, the unconfined compressive strength (UCS) increased
markedly as the injection volume rose from 50 mL to 100 mL, and then remained nearly
unchanged as the volume further increased to 150 mL. For alternating injection, the UCS
values at 100 mL and 150 mL were 93.12 kPa and 93.81 kPa, respectively, indicating only
a marginal increase beyond 100 mL. At 50 mL, the injected grout was insufficient to ade-
quately fill the internal pores, resulting in a non-uniform cementation structure character-
ized by stronger cementation at both ends and weaker cementation in the middle. Micro-
mechanically, the macroscopic UCS under uniaxial compression is governed by the
‘weakest-link” principle. Under loading, stress concentration preferentially occurs within
these under-cemented localized zones in the middle section, initiating premature progres-
sive micro-cracks and causing early shear failure of the specimen skeleton before the
strength of the higher-cemented ends can be fully mobilized, leading to a relatively low
UCS [45]. When the injection volume increased to 100 mL, the grout was able to more
effectively cover the internal pore space, and the diffusion range of urease was corre-
spondingly expanded. This improved the cementation of previously weak zones and led
to a substantial increase in strength [42]. When the injection volume further increased to
150 mL, the UCS remained close to that at 100 mL, indicating that the sensitivity of
strength to injection volume had become limited. This suggests that, once the pore space
is sufficiently filled and the reactants are adequately supplied, additional grout contrib-
utes only marginally to further effective cementation. Moreover, the bidirectional diffu-
sion associated with alternating injection allows relatively uniform cementation to be
achieved even at 100 mL. Therefore, 100 mL can be regarded as the critical injection vol-
ume for effective solidification under the present test conditions. Overall, alternating in-
jection promotes a more uniform distribution of urease and reactants, thereby facilitating
more homogeneous CaCOs precipitation and improved UCS, although the strengthening
effect gradually approaches saturation beyond the threshold volume.

3.3. Influence of Grouting Methods on the Calcium Carbonate Content of Specimens

Figure 12 presents the calcium carbonate (CaCOs) content in the top, middle, and
bottom sections of marine silt specimens after two treatment cycles under different injec-
tion volumes and rates for the three grouting methods. The amount and spatial distribu-
tion of CaCOs provide a microstructural basis for explaining the differences in solidifica-
tion strength. The distribution pattern of CaCOs was highly dependent on the grouting
method and closely correlated with the urease distribution characteristics. Under unidi-
rectional injection, obvious gradients in CaCOs content were observed. Top-down injec-
tion caused CaCO:s to precipitate mainly in the upper section; for example, under the con-
dition of 50 mL and 5 mL/min, the CaCOs content in the lower section was only 72% of
that in the upper section. In contrast, bottom-up injection led to the cemented zone being
concentrated in the lower part of the specimen. This non-uniform mineralization pattern
was the main factor limiting the overall mechanical performance of the specimens. By
contrast, alternating injection significantly improved the spatial distribution of CaCOs by
changing the seepage path of the grout [36]. Under alternating injection, the differences in
CaCO:s content among the top, middle, and bottom sections were minimized, resulting in
a much more uniform cementation pattern throughout the specimen [39].

Analysis of CaCOs precipitation under different grouting modes further demon-
strates the strong influence of injection pattern on its spatial distribution. Under top-down
injection, the grout infiltrates downward under the combined effect of injection pressure
and gravity. Because the upper section is in direct contact with the injection inlet, it re-
ceives a greater amount of grout and undergoes a more sufficient reaction, resulting in a
gradient distribution with higher CaCOs content in the upper section and lower content
in the lower section. As shown in Figure 12a, at an injection volume of 50 mL and an
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injection rate of 5 mL/min, the CaCOs content in the upper section reached 3.76 g, whereas
that in the lower section was only 2.72 g. Although the absolute values changed with in-
creasing injection volume, this overall gradient pattern remained essentially unchanged,
indicating that gravity-dominated seepage under top-down injection leads to relatively
poor cementation uniformity [46].

Under bottom-up injection, the grout permeates upward against the overlying soil
resistance. As a result, the lower section becomes the main enrichment zone, whereas the
upper section receives insufficient filling, forming an opposite gradient with higher
CaCQO:s content at the bottom and lower content at the top. As shown in Figure 12b, under
the condition of 50 mL and 5 mL/min, the CaCOs content reached 4.23 g in the lower sec-
tion but was only 2.14 g in the upper section. This non-uniform distribution pattern per-
sisted even when the injection volume increased, highlighting the inherent limitation of
unidirectional grouting in achieving uniform cementation [44].

By contrast, alternating injection takes advantage of bidirectional seepage and diffu-
sion, allowing the grout to be replenished from both ends of the specimen and thereby
improving pore filling and reaction uniformity. As shown in Figure 12c, at an injection
volume of 50 mL, the differences in CaCOs content among the top, middle, and bottom
sections were already relatively small, with values of 3.42, 3.15, and 3.38 g, respectively.
When the injection volume increased to 150 mL, the CaCOs content in all sections in-
creased simultaneously. At an injection rate of 15 mL/min, the CaCOs contents reached
4.65 g, 3.88 g, and 3.99 g in the top, middle, and bottom sections, respectively, as shown
in Figure 12i. These results indicate that alternating injection can markedly improve the
uniformity of cementation, confirming its superiority in promoting more homogeneous
grout distribution and overall cementation quality [38].
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Figure 12. Calcium carbonate content under different SICP grouting methods: (a) 50 mL injection
volume, Top-down; (b) 50 mL injection volume, Bottom-up; (¢) 50 mL injection volume, Alternating;
(d) 100 mL injection volume, Top-down; (e) 100 mL injection volume, Bottom-up; (f) 100 mL injec-
tion volume, Alternating; (g) 150 mL injection volume, Top-down; (h) 150 mL injection volume,

Bottom-up; (i) 150 mL injection volume, Alternating.

Figure 13 presents a schematic of grout seepage and penetration during SICP treat-
ment. It should be noted, however, that even under alternating injection, the final CaCOs
distribution still exhibited a pattern of relatively higher content at both ends and lower
content in the middle. This specific precipitation profile is dictated by the dynamic cou-
pling between fluid hydrodynamics, seepage boundary conditions, and chemical reaction
kinetics. During top-down injection, the grout spreads downward and outward from the
inlet, and the downward penetration velocity is relatively high, resulting in a funnel-
shaped distribution within the specimen, as illustrated in Figure 13b. As injection contin-
ues, the grout is gradually discharged through the bottom outlet. However, because the
gravity-driven discharge rate is lower than the injection rate imposed by the peristaltic
pump, the residence time of the grout in the lower section becomes longer than that in
other regions, corresponding to the conditions illustrated in Figure 13c,d [47]. During this
process, the SICP reaction proceeds simultaneously, promoting the rapid formation and
accumulation of CaCOs in both the upper section near the inlet and the lower section
where grout tends to stagnate. As a result, the final CaCOs distribution shows enrichment
at both ends of the specimen and relatively lower cementation in the middle section [48,49].
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Figure 13. Schematic of grout seepage and penetration during SICP treatment: (a) Initial stage of

injection; (b) Middle stage of injection; (c) Final stage of injection; (d) CaCOs enriched zone. The red
arrows indicate the fluid flow direction; the light blue region represents the injected solution, and

the pink/orange shaded areas represent the CaCO:s precipitation/enriched zones.
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Because urea hydrolysis catalyzed by soybean urease occurs continuously during
fluid transport, this localized fluid stagnation substantially prolongs the reaction resi-
dence time in both the top entrance zone (due to continuous fresh chemical supply) and
the bottom boundary layer (due to slow drainage accumulation). Consequently, supersat-
uration of CaCOs is preferentially achieved at both specimen ends, accelerating crystal
nucleation and pore-throat precipitation. In contrast, the middle transitional zone experi-
ences continuous fluid displacement with a relatively shorter retention window, yielding
lower localized precipitation. The alternating injection mode effectively mitigates this ef-
fect compared to unidirectional grouting, yet the fundamental fluid stagnation near
boundary outlets remains the primary physical driver of the residual end-enrichment pat-
tern [50].

Based on a comprehensive evaluation of both cementation quality (uniformity) and
reaction efficiency (yield), alternating injection with an injection volume of 150 mL and an
injection rate of 5-10 mL/min was identified as the optimal grouting condition. This grout-
ing mode makes effective use of bidirectional supplementation, thereby mitigating the
inherent non-uniformity associated with unidirectional injection and ensuring a more suf-
ficient and sustained supply of reactants throughout the soil matrix. As a result, it pro-
motes more uniform CaCQO: filling and interparticle bridging at the microscale, while also
providing superior mechanical performance at the macroscale. Therefore, this parameter
combination can be regarded as the optimal process condition for the SICP solidification
of marine silt.

4. Conclusions

This study systematically investigated specimen preparation and grouting uni-
formity for the solidification of marine silt using soybean urease-induced calcium car-
bonate precipitation (SICP) technology. The basic physical properties of marine silt were
characterized, and specialized molds and grouting devices were developed to ensure
standardized specimen preparation. A multi-parameter experimental program was then
designed for comparative analysis. Based on single-injection urease distribution measure-
ments, unconfined compressive strength (UCS) tests, and calcium carbonate (CaCOs) con-
tent analysis, the effects of grouting parameters on solidification uniformity and overall
treatment performance were clarified. The main conclusions are as follows:

(1) Injection direction governs the stratification characteristics of urease distribution.
Top-down injection led to enrichment in the upper section, whereas bottom-up injection
caused accumulation in the lower section. Increasing the injection volume significantly
enhanced total urease retention and improved distribution uniformity, with the lowest
coefficient of variation (CV) obtained at an injection volume of 150 mL. In addition, the
effect of injection rate depended on injection direction: under top-down injection, a low
rate (5 mL/min) produced the best uniformity (CV = 11.32%), whereas under bottom-up
injection, a high rate (15 mL/min) was more effective in alleviating stratification.

(2) The unconfined compressive strength (UCS) of the solidified marine silt was
closely related to the uniformity of urease distribution. Among the tested grouting meth-
ods, alternating injection from the top and bottom provided the best overall mechanical
performance. The maximum UCS reached 93.81 kPa at an injection volume of 150 mL and
an injection rate of 5 mL/min. In addition, the UCS at 100 mL was already close to that at
150 mL, indicating that 100 mL may represent the critical injection volume required for
effective solidification under the present test conditions.

(3) Alternating injection showed a clear advantage in improving the uniformity of
calcium carbonate precipitation within the marine silt specimens. This mode reduced the
differences in CaCOs content among different sections, while the overall mineral content
increased with injection volume. At an injection volume of 150 mL, the CaCOs contents in
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the top, middle, and bottom sections reached 4.65, 3.88, and 3.99 g, respectively, indicating
favorable distribution uniformity together with relatively high precipitation yield. These
results confirm that alternating injection is the most effective grouting strategy among
those tested for improving the overall cementation quality of marine silt.

(4) Through a series of urease activity distribution tests, mechanical property tests,
and calcium carbonate content measurements, the effects of injection rate and injection
volume on the uniformity of SICP-treated marine silt were analyzed from a macroscopic
perspective. The optimal injection rate and injection volume were characterized by the
unconfined compressive strength and calcium carbonate content of the treated specimens
under different working conditions. To better understand the reinforcement mechanism
of SICP-treated marine silt, further research should be conducted from microscopic as-
pects, including experimental studies and numerical simulations on calcium carbonate
crystal morphology, precipitation location, and precipitation kinetics. The combination of
macroscopic and microscopic analyses will help optimize the reinforcement technology
and clarify the reinforcement mechanism, and a theoretical basis can be provided for the
application of SICP in marine silt improvement.
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