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1. Introduction 
 

Due to concentrated rainfall, the Yellow River Basin in 
China frequently experiences flood disasters, leading to 
repeated breaches and changes in the river course, forming 
large flood prone and silt deposition areas, known as the 
Yellow River floodplain. The Yellow River carries large 
amounts of silt from the upstream to the downstream, 
depositing it to form silt with unique characteristics in the 
floodplain area. Compared to regular silt, the silt in the 
Yellow River floodplain exhibits higher silt content, poor 
gradation, high particle roundness, and is difficult to 
compact. These characteristics contribute to frequent issues 
in road engineering within the region, severely affecting the 
construction and maintenance of roadbeds (Jin et al. 2020). 

Traditional silt reinforcement methods can be broadly 
categorized into physical reinforcement and chemical 
reinforcement (DeJong et al. 2010, Tao et al. 2015, Wang et 
al. 2016). Physical reinforcement typically involves 
mechanical means such as compaction or dynamic 
compaction (Li et al. 2011), or the incorporation of fiber 
reinforcement materials into the soil (Khattak and Alrashidi 
2006, Harianto et al. 2008). While these methods do not  
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alter the fundamental physical and chemical properties of 
the soil or produce new chemical reaction products, they 
have limitations such as high costs and unstable 
reinforcement effects (Huang 2020). In contrast, chemical 
reinforcement involves the addition of additives (such as 
cement or polymers) that react with the soil minerals 
(Rodriguez-Navarro et al. 2002, Morales et al. 2019, Terzis 
and Laloui 2019), thereby improving the engineering 
properties of the soil. Chemical reinforcement has been 
widely adopted due to its relatively low cost, simple 
construction, and significant strength enhancement. 
However, for silts with high fine particle content and low 
clay content, traditional inorganic stabilizers often result in 
issues such as low early strength, high shrinkage, cracking, 
and poor long term stability. Moreover, traditional 
stabilizers may disrupt the soil's pH balance, leading to 
mineral loss, damage to vegetation, and contamination of 
groundwater systems, which contradict the principles of 
sustainable development (Achal and Mukherjee 2015). 
Therefore, there is an urgent need for an environmentally 
friendly and economical silt improvement technology. 

Enzyme-induced calcium carbonate precipitation (EICP) 
technology is an emerging, eco-friendly soil stabilization 
technique that has been extensively studied in recent years 
in various fields, including pollutant immobilization, 
ground improvement, soil improvement, sealing of rock 
fissures, and dust suppression (Kavazanjian Jr et al. 2017, 
He et al. 2021, Liu et al. 2021, Zhu et al. 2022, Payan et al. 
2024). In the standard EICP process, urea is hydrolyzed by 
urease to generate carbonate ions, which then react with 
Ca²⁺ from CaCl₂ to precipitate CaCO₃. Compared to 
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microbially induced calcium carbonate precipitation 
(MICP) technology (DeJong et al. 2006), EICP offers 
distinct advantages (Khoshdel Sangdeh et al. 2024). First, 
urease derived from plant sources can be directly extracted 
from plants, providing a stable source of highly active 
urease without the need for complex bacterial cultivation, 
thus resolving the issue of uncontrollable enzyme activity 
(Ran et al. 2015, Wu et al. 2020). Second, the nano-scale 
size of urease makes it more suitable for reinforcing fine-
grained soils, such as silt from the Yellow River floodplain 
(Yin et al. 2019). Additionally, free urease is easily 
degradable and does not pose long-term environmental 
impacts (Kavazanjian and Hamdan 2015). However, when 
reinforcing soil using EICP, most of the urease exists in a 
free state and lacks nucleation sites necessary for calcium 
carbonate precipitation, resulting in smaller and more 
dispersed calcium carbonate crystals, which limits the 
overall reinforcement effect. Consequently, the 
effectiveness of EICP is slightly weaker compared to MICP 
(Nafisi et al. 2019, Song et al. 2020). To improve the 
reinforcement effect of EICP, researchers have attempted to 
combine it with other materials such as slag powder (Qi et 
al. 2022), Magnesium chloride (Putra et al. 2017), basalt 
fibers (Xiao et al. 2019), lignin (Zhang et al. 2022), 
skimmed milk powder (Almajed et al. 2019), and sodium-
based montmorillonite (Yuan et al. 2022). Among the 
various additives investigated to enhance EICP 
performance, active MgO carbonation technology has 
gained particular attention because of its remarkable soil 
improvement capacity and environmental benefits (Yang et 
al. 2021). This technology leverages the carbonation 
process of MgO to reinforce soil, with the carbonation 
products not only filling voids but also exhibiting high 
strength and stiffness, while also facilitating the fixation of 
CO2, offering significant ecological benefits (Vandeperre et 
al. 2008a, Unluer and Al-Tabbaa 2013, Liu and Chen 2015). 

However, the primary limitation of using MgO for soil 
stabilization lies in the supply of carbon sources during the 
carbonation process (Dung et al. 2022). Although gaseous 
CO2 can accelerate the carbonation reaction, it is 
challenging to obtain gaseous CO₂ for large-scale 
applications at construction sites. As a solution, some 
researchers have proposed combining microbially induced 
urea hydrolysis with MgO carbonation, using urea 
hydrolysis to provide the carbon source and promote the 
carbonation of MgO. Studies have shown that this 
combined technique offers advantages such as high curing 
strength, one-time formation, and wide adaptability (Yi et 
al. 2013; Huang et al. 2020; Chen et al. 2021; Yang et al. 
2021; Wang et al. 2022). Another method for obtaining a 
carbon source involves utilizing plant-derived urease to 
catalyze urea hydrolysis, with the generated CO3

2- being 
used for MgO carbonation. In this process, urease catalyzes 
the hydrolysis of urea, producing CO3

2-, which infiltrate 
Mg(OH)2 under certain pressure conditions and react to 
form different types of magnesium carbonate hydroxides. 
The carbonation products include hydromagnesite, fibrous 
magnesium carbonate, artinite, and nesquehonite 
(Vandeperre et al. 2008b). The reaction equation is shown 
as follows 

MgO(s)+H2O(l)→Mg2+(aq)+2OH-(aq) (1)

CO(NH2)2(aq)+2H2O(l)→2NH4+(aq)+CO3
2-(aq) (2)

Ca2+(aq)+CO3
2-(aq)→CaCO3(s) (3)

Mg2+(aq)+CO3
2-(aq)+3H2O(l)→MgCO3•3H2O(s) (4)

5Mg2+(aq)+4CO3
2-(aq)+4OH⁻(aq)·4H2O(l) 

→(Mg5(CO3)4(OH)2•4H2O)(s)   
(5)

5Mg2+(aq)+4CO3
2-(aq)+2OH⁻(aq)·5H2O(l) 

→(Mg5(CO3)4(OH)2•5H2O)(s) 
(6)

2Mg2+(aq)+CO3
2-(aq)+2OH⁻(aq)·3H2O 

→(Mg2(CO3)(OH)2•3H2O)(s) 
(7)

However, few studies have systematically investigated 
the combined use of EICP and MgO for reinforcing silt, 
particularly in the context of the Yellow River floodplain 
where high silt content and low cohesion pose major 
challenges. The lack of research on the synergistic 
mechanisms and practical applicability of this method 
constitutes the primary gap that the present study aims to 
address. This study employed the combined EICP and MgO 
technique to reinforce silt from the Yellow River floodplain. 
Through unconfined compressive strength tests, the effects 
of this combined reinforcement technique on the 
mechanical properties of silt were analyzed. In addition, by 
observing the reaction processes of EICP and EICP-MgO in 
both solution and silt, and utilizing tests such as scanning 
electron microscopy (SEM) and X-ray diffraction (XRD), 
the micro-mechanisms of reinforcement failure were 
thoroughly investigated. The results provide a novel eco-
friendly approach for improving the silt in the Yellow River 
floodplain, demonstrating the potential of this method to 
enhance the mechanical properties of the silt. 

 
 
2. Materials and methods 

 
2.1 Materials 
 
2.1.1 Silt from the Yellow River floodplain 
The silt used in this study was collected from an ancient 

course of the Yellow River in Anyang, Henan Province, 
China, which is a typical silt from the Yellow River 
floodplain (Figs. 1(a) and (b)). Fig. 1(c) shows the particle 
size distribution curve of the Yellow River alluvial silt, 
based on experimental results. This silt has a relatively 
loose structure and low clay content. The coefficient of 
uniformity (Cu) of the silt is 3.33, and the coefficient of 
curvature (Cc) is 1.2, indicating that it is poorly graded silt. 
Laboratory tests further determined the basic physical 
properties of the silt (Table 1), and according to the soil 
classification standard GB/T 50145-2007 (Standard for 
Engineering Classification of Soil, China), this silt is 
classified as low liquid limit silt. 
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2.1.2 Active MgO, Urease, and cementation solution 
In this section, the activity of the MgO used in the tests 

is determined. A high-activity magnesium oxide produced 
by Israel’s ICL company was employed, and its reactivity 
was evaluated using the standard hydration method (WB/T 
1019–2002). First, the magnesium oxide sample was dried 
at 105°C for 24 hours, and the weight was recorded as M1. 
Then, 2 grams of the sample were placed in a beaker 
containing 20 milliliters of deionized water, covered with 
plastic wrap with small holes, and left in a constant 
temperature and humidity chamber at 20°C and 70% 
relative humidity for 24 hours. After the reaction, the 
sample was dried again to a constant weight and weighed, 
recorded as M2. The activity index of magnesium oxide, A, 
was calculated using the following formula 𝐴 = 𝑀ଶ −𝑀ଵ0.45𝑀ଵ × 100% (8)

Where A represents the activity index of MgO, M1 is the  
mass of the active MgO before hydration, and M2 is the 
mass of the active MgO after hydration. The factor 0.45 
corresponds to the theoretical mass gain ratio between MgO 
and H₂O in the hydration reaction. Based on the 
calculations, the activity of the MgO used in this  

 

 
 
experiment is 67.5%, indicating that this MgO has a high 
reactive activity.  

For this study, soybeans were chosen as the source for 
urease extraction, with the specific process shown in Fig. 2. 
Soybeans were ground into powder, sieved, and mixed with 
distilled water at a ratio of 100 g/L, which has been shown 
in previous studies to provide stable urease activity (Yuan et 
al. 2022). After stirring and centrifugation, the supernatant 
(urease) was collected and mixed with the cementation 
solution (urease and CaCl2) for soil reinforcement tests 
(Meng et al. 2021). Before use, the urease was mixed with 
urea at a 1:9 ratio to measure its average conductivity, 
resulting in an activity level of 8.3 m mol/L/min (Whiffin 
2004, Whiffin et al. 2007, Gao et al. 2019, Shu et al. 2022). 
The cementation solution is a mixture of urea and calcium 
chloride, containing the reactants nitrogen and calcium for 
the EICP reaction. In this experiment, cementation solutions 
with concentrations of 1.0, 2.0, and 3.0 mol/L urea and 
equimolar CaCl₂ (1:1 molar ratio) were used. 

 
2.2 Specimen preparation 

 
Cylindrical specimens with a diameter of 40 mm and a 

length of 80 mm were prepared, consistent with standard  

Fig. 1 Silt sample collection and characteristics: (a) Geographical location of silt sample collection, (b) Field sampling site 
for silt and (c) Silt particle size distribution 

Table 1 Basic physical properties of silt in yellow plain area 

Specific gravity  
Gs 

Maximum dry 
density 
ρdmax

Natural water 
content 

% 

Optimal water 
content 

%

Liquid limit 
WL/% 

Plastic  
limit 

WP/% 

Plasticity index
IP 

2.91 1.68 15.43 16.07 25.11 18.00 7.11 
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UCS testing practice (ASTM D2166) and previous bio-
cementation studies (Chen et al. 2023). The specimens for 
mechanical testing were prepared using polyvinyl chloride 
(PVC) cylindrical molds. The inner walls of the molds were 
coated with petroleum jelly, and a PVC soft film was 
inserted to facilitate specimen removal. A rubber plug, 
geotextile, and permeable stone were placed sequentially at 
the base of each mold to provide a flat bottom surface and 
prevent leakage of soybean urease and cementation solution 
during curing. The detailed preparation process is illustrated 
in Fig. 3. 

To ensure specimen uniformity, a layered compaction 
method was employed (Ibraim et al. 2012). The Yellow 
River floodplain silt was first mixed thoroughly with MgO, 
after which urease and cementation solution were blended 
into the mixture. The mixture was divided into four equal 
portions by weight, each placed into the mold sequentially 
and compacted. The surface of each layer was roughened 
prior to adding the next to minimize interlayer 
discontinuities, the specimens were placed in a controlled 
chamber at 30°C for 24 h to allow stabilization before 
grouting. Grouting was then performed, followed by curing 
at 30°C for 7 days. After curing, the specimens were oven-
dried at 105°C for 24 h until constant weight was achieved, 
yielding the final samples for UCS testing. 

In this experiment, three groups of specimens were 
prepared, with a total of 16 samples. The specific grouping 
and grouting experiment plan are shown in Table 2. The 
experimental variables were the concentration of the 
cementation solution and the amount of MgO added. 
Specifically, one group consisted of untreated silt from the 
Yellow River floodplain, serving as the control group; the 
second group used different concentrations of the 
cementation solution for EICP reinforcement; and the third 
group combined various MgO dosages (6%, 12%, and 18%  

 
Table 2 Grouting test plan and sample grouping 

Test 
group

Cementation solution 
concentration (mol/L) 

Urease dosage
(ml) 

MgO dosage 
(%)

C1 1 28.75 

0 
6 

10 
14 
18 

C2 2 28.75 

0 
6 

10 
14 
18 

C3 3 28.75 

0 
6 

10 
14 
18 

 
 

by dry soil mass) with the EICP treatment. The aim of the 
experiment was to explore and compare the differences in 
reinforcement effects between using only EICP and using 
the combined EICP-MgO treatment on silt. To ensure the 
comparability of the experiment, the relative density of all 
specimens was kept consistent, with the mass of the silt 
from the Yellow River floodplain used in each specimen 
being 167.5 g, and the specimen height controlled at 8 cm. 
The volume of cementation solution was controlled at 1.1 
times the pore volume of the specimen to ensure full 
saturation. 
 

Fig. 2 The extraction procedure of crude enzyme (adapted from Gao et al. 2019, Shu et al. 2022) 
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2.3 Tests 
 
In this study, a series of laboratory tests were conducted 

to comprehensively evaluate the reinforcement mechanism 
of combining MgO with EICP. Unconfined compressive 
strength (UCS) tests were first performed to assess the 
influence of MgO dosage and cementation solution 
concentration on specimen strength and failure modes. To 
further clarify the reaction process, test tube experiments 
quantified the conversion efficiency of calcium carbonate 
and the additional carbonate formed with MgO. A 
flocculation test was then designed to measure flocculation 
time under different cementation solution concentrations 
and to evaluate the effect of MgO on precipitation behavior. 
Microscopic observations compared EICP products with 
and without MgO, while scanning electron microscopy 
(SEM) and X-ray diffraction (XRD) analyses characterized 
the microstructure and mineral composition. Together, these 
tests provide a systematic understanding of the macroscopic 
reinforcement effects and microscopic mechanisms of the 
combined EICP–MgO treatment. 

 
2.3.1 Unconfined compression test 
The unconfined compression test is a fundamental 

method for analyzing the mechanical properties of silt 
reinforced by EICP-MgO. In this study, the YYW-2 
unconfined compression testing machine was used to 
conduct the unconfined compression tests. Before testing, 
the cured samples were carefully polished to a standard 
height of 8 cm, ensuring that both ends of the samples were 
flat to minimize experimental errors. During the test, the  

 
 

samples were compressed at a uniform loading rate of 0.6 
mm/min until failure occurred. Throughout the process, the 
dial readings were continuously recorded, and the load was 
immediately removed after the sample failure. By analyzing 
the recorded stress-strain curves, the mechanical response 
of the reinforced silt can be thoroughly evaluated. 

 
2.3.2 Carbonate content test 
This study investigated the effects of reaction solution 

concentration and MgO incorporation on the EICP reaction 
through a series of carbonate content tests. The carbonate 
content tests were conducted on soil samples selected from 
portions of the specimens after the unconfined compression 
tests. The concentrations of the cementation solution were 1 
mol/L, 2 mol/L, and 3 mol/L, respectively. To evaluate the 
impact of MgO on the EICP reaction, 2.01 g of MgO was 
selected for the experiment. The cementation solution 
concentrations used were 1 mol/L, 2 mol/L, and 3 mol/L, 
and the measured MgO was placed into three separate test 
tubes. The cementation solution and urease solution were 
then added dropwise into the test tubes, and the mixture was 
stirred with a glass rod to ensure a thorough reaction. After 
24 hours, the amount of carbonate produced in the solutions 
under different cementation solution concentrations was 
measured. These tests will help in understanding the effects 
of reaction solution concentration and MgO on the EICP 
reaction. 

(1) Calcium Carbonate Content Test 
Weigh an untreated soil sample of the same mass and place 
it in a dried beaker. The soil sample is fully immersed in 0.1 
mol/L hydrochloric acid (HCl) and left to react for one day 

Fig. 3 Flow chart of experimental sample preparation
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until the reaction is complete. Afterward, the sample is 
thoroughly rinsed with deionized water, and the beaker 
along with the sample is dried and weighed. The mass 
difference before and after the reaction represents the 
amount of calcium carbonate originally present in the soil 
sample. For the treated samples, a portion of the sample is 
weighed and placed in a dried beaker. The sample is fully 
immersed in 0.1 mol/L hydrochloric acid (HCl) and left to 
react for one day until the reaction is complete. Afterward, 
the sample is thoroughly rinsed with deionized water, and 
the beaker along with the sample is dried and weighed. The 
mass difference before and after the reaction represents the 
current amount of calcium carbonatein the sample. The 
increase in calcium carbonate mass in the treated sample 
compared to the original untreated sample represents the 
amount of calcium carbonate produced through EICP 
reinforcement. The calculation formula is as follows 

M3=M4-M5 (9)

M6=M7-M8 (10)

M9=M6-M3 (11)

Where M3 is the amount of calcium carbonate in the 
original soil sample; M4 is the total mass of the original soil 
sample and the beaker; M5 is the total mass of the soil 
sample and beaker after the reaction; M6 is the current 
amount of calcium carbonate; M7 is the total mass of the 
treated soil sample and the beaker; M8 is the total mass of 
the treated soil sample and beaker after the reaction; and M9 
is the amount of calcium carbonate produced in the EICP 
reinforced sample. 

(2) Chemical Conversion Efficiency 
The chemical conversion efficiency is the ratio of the 

actual amount of calcium carbonate produced to the 
theoretically expected amount of calcium carbonate. The 
actual amount of calcium carbonate produced is the amount 
obtained from acid washing, denoted as M9. The 
theoretically expected amount of calcium carbonate is the 
amount that would be produced if all the CaCl₂ in the 
injected cementation solution during the EICP process were 
completely converted into calcium carbonate. The 
calculation formula is as follows: 

W=
M9

M10
×100% (12)

Where W is the chemical conversion efficiency; M9 is 
the actual amount of calcium carbonate produced; and M10 
is the theoretically expected amount of calcium carbonate 
produced. 

(3) Carbonate Content Test 
Since in the EICP-MgO reinforced silt samples, not only 

calcium carbonate precipitates are generated, but there is 
also unreacted MgO, as well as partially reacted Mg(OH)2 
and magnesium carbonate hydroxide that react with 
hydrochloric acid, the carbonate content in the samples 
cannot be directly measured using the acid-washing 
method. To test the carbonate content, the characteristic that 
both carbonates and hydrochloric acid produce CO2 is 
utilized. Excess dilute hydrochloric acid is added to the  

Table 3 Test tube groups and required materials 

Experimental 
grouping 

MgO 
dosage 

(g)

Urease dosage 
(ml) 

Cementation 
concentration 

(mol/L)

T0 0 5.75 
1
2
3

T1 2.01 5.75 
1
2
3

 
 
reacted samples, and after acid-washing for one day, the 
mass is measured. The difference in mass between the 
sample before and after the reaction represents the lost CO2, 
which corresponds to the carbonate content in the products. 
The fully reacted solution is poured into a pre-dried beaker, 
and the test tube is rinsed with a small amount of deionized 
water to ensure that all the carbonate adhering to the tube 
walls enters the beaker. The total mass of the solution and 
the beaker is then measured. Excess dilute hydrochloric 
acid is added to the beaker to ensure a complete reaction 
with the solution, and the mixture is slowly stirred with a 
glass rod to ensure thorough reaction. When no bubbles are 
generated in the solution, indicating that all the CO2 has 
been released, the total mass of the solution and the beaker 
is measured again. The mass of the lost CO₂ can then be 
calculated. The calculation formula is as follows 

M11=M12+M13-M14 (13)

Where M11 is the mass of CO₂; M12 is the total mass of 
the beaker and the solution before the addition of dilute 
hydrochloric acid; M13 is the mass of the dilute 
hydrochloric acid used; and M14 is the total mass of the 
beaker and the solution after acid washing. 

 
2.3.3 Test tube experiments 
The test tube experiments allow for the exploration of 

the effects of different cementation solution concentrations 
and MgO addition on the flocculation time of the mixed 
solution. The experiments were conducted at a temperature 
of 30°C, with the solution mixtures in the test tubes 
prepared according to the ratios shown in Table 3. The ratio 
of urease solution to cementation solution was 1:1, and the 
test tubes were sealed with parafilm to prevent evaporation 
and external contamination. Images of the test tubes were 
taken at different time points after mixing the solutions to 
record the flocculation and sedimentation process. These 
recorded images allow for the analysis and comparison of 
the flocculation times under different conditions, providing 
further insights into the role of MgO in the EICP process. 
This method supports the understanding of the EICP 
reaction mechanism and helps to optimize experimental 
conditions. 
 

2.3.4 Glass slide experiments 
This study conducted three sets of glass slide 

experiments to observe the microscopic reactions of EICP 
and MgO in both solution and silt (Fig. 4). In the first set, 
silt was placed on a glass slide, and EICP solution was 
added dropwise until the silt was completely covered,  
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Fig. 4 Slide tests of EICP and EICP-MgO reinforced silt
 
 

allowing the EICP reaction process in the silt to be observed 
under a microscope. In the second set, EICP solution was 
added to a glass slide containing MgO, and the reaction 
between MgO and the EICP solution was observed. In the 
third set, a mixture of MgO and silt was evenly placed on a 
glass slide, and EICP solution was added dropwise until the 
solid particles were fully covered, with the microscope 
recording the reaction of EICP-MgO in the silt. It is 
important to note that, before the experiment begins, both 
the cementation solution and urease solution need to be 
vacuum-treated to prevent bubbles during microscopic 
observation, which could affect the experimental results and 
analysis. 

 
2.3.5 Scanning electron microscope (SEM) test 
The fractured specimens from the unconfined 

compression tests were selected for microscopic structural 
observation using a Quanta FEI 250 scanning electron 
microscope (SEM) produced by FEI, USA. Before the test, 
the surface of the samples was carefully polished, and the 
samples were mounted onto a sample tray. Then, the 
samples were subjected to metal coating treatment in a 
vacuum environment to enhance the quality of the electron 
microscope imaging. Through the SEM images, the 
microstructure of the silt reinforced by the combined MgO 
and EICP technology could be directly observed. 

 
2.3.6 XRD test 
In the X-ray diffraction (XRD) experiment, the samples 

were precisely positioned on a rotating sample stage, and as 
the detector rotated to specific angles, the device 
synchronously recorded the intensity peaks of the X-rays, 
generating waveform charts that visually display the 
crystalline structure characteristics of the samples. XRD 
analysis was conducted using a D8 ADVANCE 
diffractometer (Bruker, Germany), scanning from 10° to 90° 
(2θ) at a rate of 10°/min. This analysis not only involves 
phase identification but also focuses on the carbonate 
content produced under different treatment conditions and 
the structural differences. By analyzing the carbonate 
content in different samples, this study explores the 
correlation between the amount of carbonate produced and 
the reinforcement effect on the silt, thereby evaluating the 
effectiveness of each reinforcement technique. 

3. Results and discussion 
 
3.1 Mechanical properties analysis 
 
To visually demonstrate the effect of the EICP and 

EICP-MgO systems on the reinforcement of silt, the 
mechanical properties of the reinforced silt were first 
analyzed. Fig. 5 shows the stress-strain curves and failure 
modes under three typical conditions: untreated samples, 
EICP treatment with a 3 mol/L cementation solution, and 
the combined treatment of 18% MgO and 3 mol/L 
cementation solution. The stress-strain curve of the 
untreated silt sample shows a rapid decline after reaching 
the peak, with a low peak stress (around 200 kPa), 
indicating weak resistance to failure. The failure mode of 
the untreated silt sample shows early crack formation with 
pronounced through-cracks. After EICP treatment, the peak 
stress of the sample was significantly higher than the 
untreated sample, reaching approximately 1200 kPa, 
indicating that EICP significantly improved the 
compressive strength of the silt. Compared to the untreated 
sample, the stress-strain curve of the EICP-treated sample 
declines more steeply after the peak, indicating increased 
brittleness. The failure mode shows that the EICP-treated 
sample developed cracks along multiple failure planes, with 
improved cohesion and integrity, although through-cracks 
still appeared. Under the combined treatment of 18% MgO 
and 3 mol/L cementation solution, the peak stress of the 
sample was significantly higher than the other treatments, 
reaching approximately 5137 kPa, indicating that the 
combination of MgO and EICP yielded the best strength 
enhancement in the silt. The stress-strain curve for this 
treatment showed a steeper decline after the peak, 
indicating greater brittleness. The failure mode revealed that 
the combined treatment resulted in cracks that penetrated 
the entire sample, showing typical splitting failure 
characteristics. 

Figs. 6(a)-6(d) illustrates the effect of three different 
cementation solution concentrations (1 mol/L, 2 mol/L, 3 
mol/L) combined with varying MgO contents (0%, 6%, 

 
 

Fig. 5 Stress-strain curves and failure modes of samples 
with pure soil, EICP and MgO combined with EICP
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10%, 14%, 18%) on four mechanical properties of the silt 
samples: failure strain, residual strength, elastic modulus at 
50% UCS, and peak strength. Fig. 6(a) shows the trend in 
failure strain of the reinforced samples under different MgO 
contents and cementation solution concentrations. The 
failure strain of all reinforced soil samples reached a 
maximum at 6% MgO content. Low concentration 
cementation solution at medium MgO content (6%) 
significantly increased the failure strain. Fig. 6(b) shows the 
effect of different cementation solution concentrations and 
MgO contents on the residual strength of the samples. 
Residual strength increased with increasing MgO content 
under all treatment conditions. Higher concentrations of 
cementation solution, particularly 3 mol/L, combined with 
MgO, significantly improved the residual strength, 
indicating that the interaction between MgO and calcium 
carbonate effectively enhances residual strength. Fig. 6(c) 
displays the changes in the elastic modulus at 50% UCS 
under different combinations of cementation solution 
concentrations and MgO contents. Overall, the elastic 
modulus increased with rising MgO content, particularly in 
the combinations of high cementation solution 
concentration and high MgO content. This is because the 
magnesium carbonate hydroxide generated from the 
reaction of MgO with CO₃²⁻ increased the bonding between 
particles, reduced porosity, and enhanced the elastic 
modulus and deformation resistance of the samples. Fig. 
6(d) shows the effect of different cementation solution 
concentrations and MgO contents on the peak strength of 
the samples. In general, the peak strength significantly 
increased with the rising MgO content, reaching a 
maximum of 5137 kPa under the combination of 3 mol/L 
cementation solution and 18% MgO, indicating that the 
synergistic effect of high cementation solution 
concentration and MgO markedly enhances strength. 

It is noteworthy that at 6% MgO content, the unconfined 
compressive strength of the sample was lower than that of 
the EICP reinforced sample without MgO. This is because 
the amount of calcium carbonate and magnesium carbonate 
hydroxide generated was insufficient, and although 
Mg(OH)2 provided some bonding and filling, it was not 
enough to compensate for the strength loss. However, when 
the MgO content increased to 10%, the strength 
significantly exceeded that of the EICP treated sample. At 
this point, the effects of Mg(OH)₂ and magnesium 
carbonate hydroxide compensated for the reduction in 
calcium carbonate. The Mg(OH)₂ produced from the 
hydration of MgO provided weak bonding, and the 
hydration process increased the volume by absorbing water, 
filling the voids in the silt (Liang et al. 2018). At a 
relatively low dosage (6%), the hydration of MgO is limited 
and only a small amount of Mg(OH)₂ is formed, whereas 
higher dosages provide sufficient MgO to undergo 
hydration and participate in subsequent carbonation, leading 
to a more pronounced reinforcement effect. 

 
3.2 Carbonate content analysis 
 
To better understand the differences in silt reinforcement 

effects under various conditions, it is crucial to study the  

Fig. 6 Mechanical properties of silt reinforced with 
varying cementation solution concentrations and MgO 
content: (a) Failure strain, (b) Residual stress, (c) Elastic 
modulus at 50% unconfined strength and (d) Unconfined 
peak strength
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Fig. 7 Carbonate test results: (a) CaCO3 production and 
conversion efficiency and (b) CO2 production 

 
 

contribution of carbonate production to the reinforcement 
effect. In the EICP process, the concentration of the 
cementation solution is a key factor influencing the soil 
reinforcement effect. Fig. 7(a) shows the trends in calcium 
carbonate conversion efficiency and total production under 
different cementation solution concentrations. As the 
cementation solution concentration increases, the 
conversion efficiency of calcium carbonate first rises and 
then falls, while the total amount of calcium carbonate 
produced continues to increase. At lower cementation 
solution concentrations, the increase in concentration 
provides more urea and calcium ions to the solution, 
accelerating the EICP reaction and promoting calcium 
carbonate precipitation (Yang and Zhao 2019). However, at 
higher concentrations, the excess calcium chloride inhibits 
urease activity, leading to a decrease in calcium carbonate 
conversion efficiency. Despite this, the higher concentration 
reactions still produced more calcium carbonate 
precipitates. The trend in calcium carbonate production is 
consistent with the changes in sample strength, further 
validating the correlation between calcium carbonate 
production and strength enhancement (Mujah et al. 2017). 

Since the addition of MgO leads to the formation of 
magnesium carbonate hydroxide and basic magnesium 
carbonates, focusing only on calcium carbonate 
precipitation underestimates the total carbonate production 

and its contribution to soil reinforcement. In this case, CO₂ 
production is used to measure the overall carbonate 
production. Fig. 7(b) shows the CO₂ production in solution 
under pure EICP and combined EICP-MgO conditions. The 
results indicate that although the total calcium carbonate 
production in the EICP–MgO system is lower than in the 
EICP-only system, the formation of Mg(OH)₂ and basic 
magnesium carbonates provides additional bonding and 
pore-filling effects. These products contribute significantly 
to strength enhancement, explaining why the EICP–MgO 
method achieves superior reinforcement performance 
despite reduced CaCO₃ precipitation. This suggests that the 
addition of MgO causes some CO₃²⁻ to combine with 
magnesium ions, forming magnesium carbonate hydroxide. 
These additional magnesium carbonate hydrates, together 
with Mg(OH)₂, act as effective binders that fill pores and 
provide structural reinforcement. The addition of MgO not 
only enhances the bonding effect of the soil by generating 
Mg(OH)₂ but also fills the pores, improving the overall 
structural stability. Therefore, although the amount of 
calcium carbonate produced decreases, the contribution of 
Mg(OH)₂ may result in a reinforcement effect that is 
comparable to, or even superior to, using EICP alone. This 
highlights that the improvement mechanism in the 
combined system relies more on the synergistic action of 
multiple carbonate phases rather than on carbonate mass 
alone. This demonstrates that in the combined EICP-MgO 
application, it is necessary to consider the combined effects 
of Mg(OH)₂ and basic carbonates on the microstructure of 
the soil when evaluating the reinforcement effect, rather 
than focusing solely on the total carbonate production. 

 
3.3 Calcium-induced flocculation process analysis 
 
The improvement in mechanical properties is closely 

related to the formation of carbonates during the 
reinforcement process, making it necessary to further 
investigate the calcification and flocculation processes in 
both the EICP and EICP-MgO systems. Fig. 8 shows a 
comparison of the flocculation and sedimentation times 
between the two systems during the reaction. In the first 5 
minutes of the reaction, the EICP system exhibited rapid 
flocculation, while the EICP-MgO system only began to 
show signs of flocculation at around 30 minutes, indicating 
that the presence of MgO delayed the onset of flocculation. 
This delay may be due to the slower dissolution rate of 
MgO, which initially did not significantly alter the chemical 
properties of the solution. By 30 minutes, flocculation in the 
EICP system had significantly intensified, while the EICP-
MgO system only showed noticeable flocculation effects at 
around 60 minutes. Although the flocculation process in the 
EICP-MgO system was slower, the formation of 
magnesium carbonate hydroxide and Mg(OH)2 contributed 
to improved density and stability of the later-stage 
sediment. 

As the reaction progressed, the EICP system showed a 
significant increase in sedimentation at 180 minutes, with 
the solution gradually becoming clear. In contrast, the 
EICP-MgO system did not achieve a similar sedimentation 
effect until 360 minutes. Despite the slower reaction rate,  
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the sedimentation in the EICP-MgO system was more 
stable, and the reinforcement effect was more pronounced. 
At the final observation time point, the EICP system had 
completely settled by 360 minutes, with the solution 
becoming fully transparent. The EICP-MgO system, 
however, required up to 1440 minutes to achieve complete 
sedimentation, with a sedimentation volume that was 
significantly greater than that of the EICP system. Although 
the addition of MgO slowed the reaction rate, it 
significantly increased flocculation and sedimentation, 
thereby enhancing the apparent precipitation and pore-
filling effect. This is attributed to the formation of Mg(OH)₂ 
and basic magnesium carbonates, which contribute to soil 
stabilization even though the total CaCO₃ precipitation is 
reduced. This is because MgO generated Mg(OH)₂ and 
basic carbonates in the EICP solution. Additionally, the 
different concentrations of cementation solution had a 
minimal impact on the flocculation and sedimentation 
process, indicating that the sedimentation process was 
primarily controlled by the reaction time of MgO, rather 
than the concentration of the cementation solution. 

 
3.4 Microstructure analysis 
 
SEM microstructure analysis can reveal the distribution 

of reinforcing components within the soil and their role in 
enhancing the reinforcement effect. Figs. 9(a), 9(c), and 
9(e) show the microstructure of silt reinforced by EICP after 
uniaxial compression failure under cementation solution 
concentrations of 1 mol/L, 2 mol/L, and 3 mol/L, 
respectively. Under the low concentration of 1 mol/L 
cementation solution, the reaction was incomplete, and the 
resulting vaterite (spherical) particles were small, with 
multiple cracks visible. Due to the low concentration, 
calcium carbonate was unable to effectively bridge the 
particles, leading to a higher porosity and poorer strength 
and mechanical performance of the sample. As the  

 
 

cementation solution concentration increased (2 mol/L and 
3 mol/L), the amount of calcite (rhombohedral) gradually 
increased, and the inter-particle porosity was significantly 
reduced, showing tighter particle bonding and bridging, 
which improved the mechanical strength of the sample. 
This change in microstructure is consistent with the trend 
observed in unconfined compressive strength, further 
validating the significant influence of cementation solution 
concentration on the EICP reinforcement effect. 

Figs. 9(b), 9(d), and 9(f) show the microstructure of 
reinforced silt with MgO contents of 6%, 10%, and 18%, 
respectively. When the MgO content was 6%, a significant 
amount of Mg(OH)2 formed on the sample surface, partially 
filling the pores and reducing fracture phenomena. 
However, due to the low strength of Mg(OH)2, the overall 
reinforcement effect was not significant. As the MgO 
content increased to 10% and 18%, the amount of 
magnesium carbonate hydroxide in the sample increased, 
forming a large number of carbonation products. The 
identification of nesquehonite and hydromagnesite was 
based on characteristic diffraction peaks in the XRD spectra 
(Fig. 10(b)), which matched standard reference patterns, 
and was further supported by SEM morphology. Previous 
studies have also shown that nesquehonite can transform 
into hydromagnesite under changing external conditions, 
with both phases exhibiting strong cementing properties 
(Unluer and Al-Tabbaa 2014). These carbonation products 
effectively filled the inter-particle pores and bridged the 
particles, significantly improving the density and 
mechanical performance of the samples. This finding is 
consistent with Cai et al. (2017), who demonstrated that 
carbonation products can encapsulate and bond particles, 
filling voids in the soil during active MgO carbonation 
reinforcement. This also aligns with the results of the 
unconfined compressive strength tests, showing that the 
higher the MgO content, the greater the strength and the 
more pronounced the reinforcement effect. 

 
Fig. 8 EICP and EICP-MgO flocculation process
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3.5 Mineral composition analysis 
 
To clarify the mineral composition of the reinforced silt 

under different reinforcement conditions, XRD analysis was 
conducted on the resulting mineral components to better 
understand the contribution of various minerals to the soil 
structure. Figs. 10(a) and 10(b) present the XRD results of 
silt reinforced by EICP and EICP-MgO at different 
cementation solution concentrations. The XRD spectra 
show that quartz remains the primary component in the silt 
after all reinforcement treatments. In the samples reinforced 
with only EICP, the peak intensity of calcium carbonate 
increases with the concentration of the cementation 
solution, and significant calcium carbonate crystals were 
observed through SEM. 

When MgO was added, the calcium carbonate content at 
low MgO levels was lower than in samples reinforced with 
only EICP. This is because MgO initially inhibited urease 
activity, reducing calcium carbonate formation. As the MgO 
content increased, peaks for Mg(OH)2 and basic magnesium 
carbonates (such as hydromagnesite and nesquehonite) 
appeared in the XRD spectra, enriching the mineral 
composition. However, since the Mg(OH)2 was not fully  

 
 

carbonated, its peak intensity increased with higher MgO 
content, while the peaks for nesquehonite and 
hydromagnesite remained relatively weak. This indicates 
that at higher MgO contents, both calcium carbonate and 
Mg(OH)2 contribute to the reinforcement. These results are 
consistent with the trends observed in unconfined 
compressive strength and microstructure, further validating 
the critical role of MgO in the EICP reinforcement process. 
It not only increases the diversity of precipitates but also 
significantly improves the mechanical properties of the soil. 

 
3.6 EICP cementation process of silt particles 
 
To understand the EICP reinforcement process at the 

microscale, it is necessary to observe and document the 
evolution of cementation between soil particles. Fig. 11 
illustrates the progressive development of EICP 
cementation between silt particles from the Yellow River 
floodplain. Within the first 0 to 10 minutes, the reaction 
between the cementation solution and urease generates a 
small amount of calcium carbonate precipitate, causing an 
initial shift in particle positions. However, the amount of 
precipitate is limited, mainly due to the gradual release of  

 
Fig. 9 SEM results of different cementing fluid concentrations and MgO content: (a) 1 mol/L solution, 0% MgO, (b) 3 
mol/L solution, 6% MgO, (c) 2 mol/L solution, 0% MgO, (d) 3 mol/L solution, 10% MgO, (e) 3 mol/L solution, 0% 
MgO and (f) 3 mol/L solution, 18% MgO 
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Fig. 10 XRD Results Analysis: (a) EICP XRD Results 
Analysis (b) EICP-MgO XRD Results Analysis 

 
 

urease activity and the short reaction time. By 30 minutes, 
the calcium carbonate content increases, enhancing the 
interaction between particles, and the bridging effect begins 
to appear, resulting in closer contact between particles. At 
60 minutes, the pores between particles are significantly 
reduced, and the arrangement becomes denser as more 
calcium carbonate precipitates, further promoting particle 
bonding. By 90 minutes, the calcium carbonate precipitates 
effectively fill the pores, with particle gaps narrowing 
significantly, exhibiting pore-filling cementation, where 
calcium carbonate fills the micro-pores. At 180 minutes, the 
calcium carbonate gradually encapsulates the soil particles, 
enhancing overall stability. By 600 minutes, the 
encapsulation effect becomes more pronounced, forming a 
stronger cementation. At 720 minutes, the cementation 
process is nearly complete, and by 1440 minutes, the 
cementation reaches a fully stabilized state, with no 
significant changes observed in the images, indicating 
maximum particle structural stability. 

 
3.7 EICP-MgO cementation process of silt particles 
 
After understanding the reinforcement process of EICP 

on silt particles, it is necessary to further study the micro-
evolution of the combined EICP-MgO reinforcement 
process to reveal the mechanism of MgO. Fig. 12 illustrates 
the cementation process of the combined EICP-MgO in the 
silt from the Yellow River floodplain. At 10 minutes into 

the experiment, a small amount of calcium carbonate 
precipitate begins to form, consistent with the early trend 
observed in the EICP only process, indicating that the 
cementation at this stage mainly relies on urease-catalyzed 
calcium carbonate precipitation, with the effect of MgO not 
yet evident. By 30 minutes, calcium carbonate precipitation 
gradually increases and begins to bond the soil particles. At 
60 minutes, MgO gradually dissolves and expands, reacting 
with the solution to form Mg(OH)2 and magnesium 
carbonate hydroxide, significantly increasing the amount of 
carbonate precipitates. These precipitates encapsulate and 
fill the pores between the particles, and the reinforcement 
effect of MgO starts to become apparent. 

By 90 minutes, the produced carbonates further cement 
the particles, strengthening the inter-particle connections. At 
120 minutes, the amount of carbonate precipitates continues 
to increase, and the connections between particles become 
tighter, demonstrating an enhanced effect of both calcium 
carbonate and magnesium carbonate, which is more 
pronounced compared to EICP reinforcement alone. By 180 
minutes, the pores are significantly reduced, and the 
cementing effect of the carbonates is further strengthened. 
At 720 minutes, the reaction between MgO and the 
cementation solution is nearly complete, with minimal 
changes in pore size, and the cementation effect of the 
precipitates stabilizes. By 1440 minutes, the carbonate 
precipitates, together with the increased Mg(OH)₂ and 
magnesium carbonate hydroxides formed at higher MgO 
dosages, fully filled the pores and bonded the particles, 
significantly enhancing the structural stability of the soil. 
The cementation process is essentially complete, and the 
mechanical connections reach their maximum strength. This 
result indicates that the combined EICP-MgO reinforcement 
technique significantly improves the mechanical 
performance of the silt from the Yellow River floodplain. 
Compared to EICP reinforcement alone, the addition of 
MgO increases the amount of precipitates and enhances the 
cementation effect, offering a notable reinforcement 
advantage. 

 
3.8 EICP-MgO combined reinforcement mechanism 
 
Based on the above experimental results, the mechanism 

of MgO-EICP reinforcement can be summarized and 
systematically analyzed to reveal the intrinsic mechanisms 
that enhance the reinforcement effect. Figs. 13(a) and 13(b) 
illustrate the mechanistic process of EICP reinforcement 
and the synergistic reinforcement of EICP-MgO in the silt 
from the Yellow River floodplain. During the EICP 
reinforcement process, CO₃²- ions produced by urease-
catalyzed urea hydrolysis react with Ca²+ to form calcium 
carbonate precipitates, which cement the soil particles, 
reduce porosity, and enhance inter-particle connections, 
thereby increasing the soil's strength. 

The combined reinforcement process of MgO and EICP 
involves several key reactions. First, after MgO is evenly 
mixed with the silt, water in the EICP solution reacts with 
MgO to produce Mg(OH)2. Simultaneously, CO₃²⁻ ions 
from urea hydrolysis react with Ca²⁺ to form calcium 
carbonate precipitates, further cementing the soil particles. 
Mg(OH)2 then reacts with CO₃²⁻ to produce magnesium  
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Figs. 13 Reinforcement mechanism of silt: (a) EICP 
reinforcement mechanism; (b) EICP-MgO combined 

reinforcement mechanism 

 
 
carbonate hydroxide. Both of these carbonates are 
expansive and have strong cementing properties, effectively 
filling the inter-particle pores and enhancing particle 
bonding. The synergistic action of calcium carbonate and 
magnesium carbonate hydroxide not only improves the 
structural stability of the silt but also exhibits a stronger 
cementation effect compared to calcium carbonate alone. 
Therefore, samples reinforced with EICP-MgO demonstrate 
significantly enhanced unconfined compressive strength, 
validating the effectiveness of this technique in improving 
the mechanical properties of the soil. 
 
 

 
Fig. 11 Mesoscopic process diagram of EICP reinforced silt particles 

 
Fig. 12 Particle–pore scale process diagram of EICP-MgO reinforcement of silt particles 
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4. Conclusions 
 
This study investigated the mechanical properties of silt 

from the Yellow River floodplain reinforced with the 
combined use of EICP and MgO, analyzing the 
reinforcement effects under different cementation solution 
concentrations and MgO contents. Through microscopy 
experiments, flocculation tests, and SEM analysis, the study 
explored the evolution process and reinforcement 
mechanism of EICP and EICP-MgO in reinforcing silt from 
the Yellow River floodplain, providing a new approach for 
reinforcing silt in this region. The main conclusions are as 
follows: 

(1) In the EICP process, the conversion efficiency of 
calcium carbonate first increased to about 65% and then 
declined at higher concentrations, while the total 
precipitation mass rose steadily from approximately 2.5% to 
6.8%. With the addition of MgO, part of the carbonate 
combined with magnesium to form carbonate hydrates, and 
together with Mg(OH)₂, these phases enhanced soil strength 
even though the yield of calcium carbonate was reduced. 

(2) The unconfined compressive strength of untreated 
silt was only about 200 kPa. After reinforcement by the 
combined EICP–MgO method, the strength reached nearly 
5000 kPa, which is about three times higher than samples 
treated with EICP alone. This demonstrates a strong 
synergistic effect, accompanied by improvements in 
residual strength and stiffness. 

(3) In the flocculation and sedimentation tests, the 
EICP–MgO system flocculated more slowly but ultimately 
produced 20 to 30 percent more sediment than the EICP 
system. This shows that MgO addition delays the early 
reaction but increases the final amount of precipitation. 

(4) Scanning electron microscopy revealed that the 
porosity of the samples decreased from roughly 35 percent 
to 22 percent as the concentration of the cementation 
solution increased. When the MgO dosage was in the range 
of 12 to 18 percent, additional bonding phases such as 
Mg(OH)₂ and magnesium carbonate hydrates appeared, 
producing a much denser soil structure. 

(5) X-ray diffraction confirmed that calcium carbonate 
in the EICP system gradually transformed from vaterite to 
calcite, which improved mechanical stability. In the 
combined system, magnesium carbonate hydrates became 
the dominant phase, further tightening the interparticle 
bonding and reinforcing the soil structure. 

Overall, the combined EICP and MgO reinforcement 
method is a highly promising green soil reinforcement 
technology that can effectively improve the mechanical 
properties of silt. It offers a practical and efficient 
alternative to traditional soil reinforcement techniques. 
Nevertheless, this study was limited to laboratory-scale tests 
on reconstituted silt specimens with a fixed soybean urease 
concentration. Future research should evaluate long-term 
durability, field-scale applicability, and the effects of 
varying urease concentrations and curing conditions. 
Furthermore, systematic investigation of the coupled 
precipitation–carbonation mechanisms will provide deeper 
insights into the synergy between EICP and MgO. 
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