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1. Introduction 
 

Seepage induced internal erosion of soil may take place 

in earth dams, dikes, and their underlying soil strata. The 

internal erosion can cause disastrous consequences such as 

reservoir leakage, destruction of dams or dikes, and 

flooding of lowland areas. It has been reported that around 

50% of failures or damages of these earthen structures are 

related to internal erosion (Bendahmane et al. 2008, Flores-

Berrones et al. 2011, Adams et al. 2013). Therefore,  
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seepage induced internal erosion is of great interests for 

geotechnical researchers and practitioners. Studies related 

to the internal erosion involve the initiation conditions of 

internal erosion, the progressions and consequences of 

internal erosion, and countermeasures against internal 

erosion, etc. The occurrence of internal erosion is 

considered to be affected by several complicated and 

coupled factors including soil particle gradations, soil 

minerals and compositions, hydraulic conditions, and stress 

states, etc. (Khilar et al. 1985, Bendahmane et al. 2008, 

Adams et al. 2013, Chang and Zhang 2013a, b, Bian et al. 

2020). However, it appears to be a consensus in the 

literature that gap-graded soils and coarse soils with a flat 

tail of fines are often susceptible to the internal erosion 

(Chang and Zhang 2013b, Fannin and Slangen 2014). 

Under water seepage, fine particles can be eroded and 

transported by the seepage flow in the interconnected large 

pores formed by coarse particles. The loss or migration of 

fine particles due to seepage water may lead to adverse 

changes in soil physical and mechanical properties, such as 

reduction in shear strength, volumetric deformation, and the 

variation in hydraulic conductivity (Moffat et al. 2011, Xiao 

and Shwiyhat 2012, Ke and Takahashi 2012, 2014). 

Countermeasures against internal erosion involve the 

modification of soil properties, use of filter materials to 

relieve water pressure without causing erosion, reducing the 

hydraulic gradient by installing horizontal or vertical 

impervious curtains such as blankets, slurry trenches and 

diaphragm walls, increasing overburden pressure with 
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Abstract.  Seepage induced internal erosion in earth dams, dikes, and their underlying soil strata may cause destruction of 

earthen structures and flooding of lowland regions. In this study, efforts were made to evaluate the use of the enzyme induced 

carbonate precipitation (EICP) method for the control of internal erosion under water seepage. Gap-graded soils with 15% fine 

particles were improved by the EICP method for 1 to 5 passes. In each pass of treatment, 1.5 pore volume treatment liquid 

containing soybean-derived urease and 0.5 mol/L equimolar urea-calcium chloride was applied to the soil sample. After the 

EICP improvement, the soil samples underwent seepage erosion of stepwise-increased flow rates. In addition to the EICP-

treated soil samples, an untreated soil sample and a soil sample treated by the microbially induced carbonate precipitation 

(MICP) method were also tested for comparison. The results showed that, in terms of the amount and rate of eroded fine 

particles, the EICP soil samples had stronger resistance against seepage erosion as compared with the MICP sample and the 

untreated soil sample. The erosion control effects also improved with treatment passes. The EICP improvement was also 

effective in reducing the axial deformation of soil. The level of axial deformation was roughly consistent with the amount of fine 

particles eroded. The calcium carbonate distribution was relatively uniform in the EICP samples compared with the MICP 

sample. The results presented in the paper show that the EICP method is a promising solution for the control of seepage induced 

internal erosion in soils. 
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weighing berms on downstream toes (Indraratna et al. 2008, 

Adams et al. 2013, Jiang and Soga 2017). As for the 

chemical modification of soils, various inorganic and 

organic materials such as lime, cement, fly ash, milled slag, 

and lignosulfonate can be used as stabilizers (Indraratna et 

al. 2008). These stabilizers can immobilize fine particle 

from being eroded, enhance the shear strength and stiffness 

of soils, and reduce the hydraulic conductivity of soils. 

In recent years, alternative soil modification 

technologies using biological processes have also gained 

increasing interests in soil leakage control and rehabilitation 

of dams and dikes (Blauw et al. 2009, Jiang and Soga 2017, 

Jiang et al. 2017, Saracho and Haigh 2018, Naufila and 

Sreevidhya 2019, Haouzi et al. 2018, Wu et al. 2019). 

Using these biological methods can potentially bring more 

technical and environmental benefits to the construction 

projects. Several microbial processes have been 

experimentally studied for related applications. Bio-

mineralization in soil can produce cementitious mineral 

crystals in soil pores, and in turn greatly enhance the shear 

strength and reduce the permeability of soils (Al Qabany 

and Soga 2013, Chu et al. 2012, DeJong et al. 2010, van 

Paassen et al. 2010). Extracellular polymeric substances 

(EPS), which is a slime-type material excreted by some soil 

microbial species, can reduce the soil permeability by 

around 2 orders-of-magnitude or even higher (Ivanov and 

Chu 2008, Proto et al. 2016, Thullner 2010, Kim et al. 

2017, 2019). It has been reported that the leakage in earth 

dikes can be effectively controlled by facilitating the in-situ 

growth of bacteria for EPS production (Blauw et al. 2009). 

In addition, microbial excreted polymer can also increase 

the shear strength and mechanical behavior of sands and 

clays (Lee et al. 2019, Kwon et al. 2019). In sandy and silty 

soil grounds that are susceptible to liquefaction, large 

movement of grounds and destruction of the structures on 

the grounds may take place during earthquake events. It has 

recently been found that slight reduction in the soil degree 

of saturation by the in-situ production of biogenic gas 

bubbles can change the undrained responses of soils and 

improve the liquefaction resistance of soil grounds (He et 

al. 2013, He and Chu 2014, He et al. 2014). It can 

potentially be adopted as a simple and cost-effective 

method for liquefaction control. Among these microbial 

processes and methods, bio-mineralization based on the 

enzyme- or microbially-induced carbonate precipitation 

(EICP or MICP) by the ureolytic process has received most 

of the research focuses. The reaction involves the 

hydrolyzation of urea into ammonia and carbonate 

catalyzed by urease or ureolytic bacteria. With the aqueous 

calcium in the system, calcium carbonate can be 

precipitated in soil, as, 

NH2-CO-NH2 + 2H2O 

Urease Enzyme or 

ureolytic bacteria 
→             2NH4

+ + CO3
2− 

(1) 

Ca
2+ + CO3

2−  
  
→   CaCO3 ↓ (2) 

Calcium carbonate can form crystals, and bring strong 

and persistent cementation effects between soil particles. 

The mechanical properties of soils can thus be greatly 

improved. It was demonstrated in many previous studies 

that the MICP method could successfully enhance the 

strength and reduce the permeability of sand (Ivanov and 

Chu 2008, DeJong et al. 2010, Van Paassen et al. 2010, 

DeJong et al. 2013, Dhami et al. 2013, Choi et al. 2019, 

Gao et al. 2019a, Hang et al. 2019, Xiao et al. 2018, Xiao et 

al. 2019). Recent studies also showed that the EICP method 

was also effective in enhancing the strength and mechanical 

properties of sand (Neupane 2013, Zhao et al. 2014, 

Neupane et al. 2015, Jiang et al. 2016, Hamdan and 

Kavazanjian 2016). But, most of these studies dealt with 

clean sand. In natural conditions, most of the sandy soils 

contain some fine particles. In addition, one of the major 

engineering problems related to silty sand is internal erosion 

under water seepage. Therefore, it is of practical interests to 

explore how to apply EICP or MICP method to the 

improvement of silty sand. However, limitations of the 

MICP method for the improvement of silty sand can be 

resulted from factors including relatively large sizes of 

bacterial cells and strong adherence of bacterial cells to 

solid surfaces. The MICP treatment uniformity of the silty 

sand can thus be affected. Typical bacterial cells are 

micrometers in size, and typical urease enzyme molecules 

are nanometers in size (Krajewska 2009, Erickson 2009). 

Recent experimental studies also showed that using the 

EICP method based on crude urease was a promising way 

for the improvement of silt or silty sand (Gao et al. 2019b, 

He et al. 2020). Therefore, in this study, we concentrated on 

the EICP method for the improvement of silty sand to 

control internal erosion under water seepage. 

For the soil erosion control with the biological soil 

improvement technologies, several forms of erosions have 

been investigated in research studies, including wind 

erosion (Hamdan and Kavazanjian 2016, Zomorodian et al. 

2019, Almajed et al. 2020, Fattahi et al. 2020, Nikseresht et 

al. 2020), surficial erosion by rainfall or waves (Salifu et al. 

2016, Amin et al. 2017, Wang et al. 2018, Imran et al. 2019, 

Jiang et al. 2019, Shahin et al. 2020), soil desiccation 

(Cheng et al. 2020, Liu et al. 2020), and soil internal 

erosion under water seepage (Jiang and Soga 2017, Jiang et 

al. 2017). As for the internal erosion in soils, laboratory 

experimental studies were made to use the MICP method 

for the control of erosion. It was found that the MICP 

treatment was effective in controlling the piping- or 

suffusion-type erosion (Jiang and Soga 2017, Jiang et al. 

2017, Naufila and Sreevidhya 2019, Haouzi et al. 2018). 

The amount of fine particles eroded and soil volume change 

were lower than those in the untreated soil. The critical 

hydraulic gradient was increased by the MICP treatment. 

The MICP method was also tested for the control of contact 

erosion, which was another form of internal erosion 

initiated by water seepage along the interface between two 

materials (Saracho and Haigh 2018). In addition to the 

laboratory studies, a field experiment conducted by Blauw 

et al (2009) showed that, by stimulating the in-situ bacterial 

growth for EPS production, the leakage in a dike was 

successfully sealed. 
In this paper, experimental studies were made to 

evaluate the use of the EICP method for the control of 
internal erosion under water seepage. A specially designed 
apparatus was made which allowed to carry out both soil 
treatments and seepage erosion experiments. The treatment  
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effects were evaluated from several aspects including the 
amount of fine particles eroded, axial deformation of soil 
sample, change in hydraulic conductivity, and calcium 
carbonate content and distribution in soil. In addition to the 
EICP soil samples, the untreated and MICP samples were 
also tested for comparison purposes. To the authors’ 
knowledge, the EICP method for soil internal erosion 
control has not been studied in the past. 
 

 

2. Materials and methods 
 

2.1 Materials 
 

Testing soil used in the study was prepared by 

artificially mixing Fujian Sand and quartz powder at 85:15 

ratio. Fujian Sand is a Chinese standard sand with angular 

particle shape and more than 96% quartz content. The 

specific gravity is 2.65. The quartz powder was supplied by 

Shengli Quartz Sand Co. Ltd. China. The specific gravity is 

2.64. The particle size distribution curves of these two 

materials were given in Fig. 1. According previous studies 

regarding soil internal erosion, such a soil was highly 

susceptible to internal erosion under seepage flow (Chang 

and Zhang 2013b). In the experiment, the soil was 

compacted to achieve 1.82 g/cm3 dry density before 

treatment. 

 

 

 

As for the soil improvement with the EICP method, 

calcium salt, urea, and urease enzyme were required. 

Calcium chloride and urea used in the experiments were 

laboratory-grade reagents. Soybean purchased from the 

market was used for the extraction of crude urease. The 

soybeans were dried in a 40˚C oven for six hours. The 

soybeans were then ground into powder using a kitchen 

grinder. The soybean powders were stored in a 4˚C 

refrigerator before use. The soybean powders were added 

into deionized water at 25 g/L concentration and mixed in 

water using a magnetic stirrer to obtain a homogeneous 

suspension. The suspension was left for 3 hours. Then, the 

suspension was filtered with double-layer cotton gauze. The 

filtered liquid was further centrifuged at 3000 rpm and 4˚C 

for 15 minutes. After the centrifugation, the clean 

supernatant liquid containing crude urease was used for the 

soil treatment. The urease liquid prepared in this way had a 

urea-hydrolyzing activity of 4.2 – 4.5 mmol/L/min. 

For the comparison purpose, the microbially induced 

carbonate precipitation (MICP) with ureolytic bacteria were 

also investigated in the experiment. Sporosarcina pasteurii 

(No. CGMCC1.3687 from China General Microbiological 

Culture Collection Center) was used in this study. It was a 

ureolytic species which was widely used in the MICP and 

biocement studies. The bacterial cultivation medium 

consisted of: 20g/L yeast extract, 10g/L NH4Cl, 24 mg/L 

NiCl2•6H2O, 12 mg/L MnSO4•H2O, and NaOH for the  

 

Fig. 1 Particle size distribution of testing soils 

 

 

(a) Schematic diagram (b) Photograph of the test chamber 

Fig. 2 Testing apparatus 
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adjustment of pH to 8.0. The cultivation medium was 

autoclaved and inoculated aseptically. The liquid medium 

was incubated aerobically at 30˚C and 100 rpm shaking 

condition for 24 hours. The harvested bacteria suspension 

was diluted to a level with 4.5 mmol/L/min urea 

hydrolyzing activity, which was similar to that of the urease 

derived from soybeans. 

 

2.2 Testing apparatus 
 

The apparatus for the internal erosion tests is 

schematically shown in Fig. 2. The chamber for the soil 

sample had 100 mm inner diameter and 200 mm inner 

height. There were openings at the top and bottom of the 

chamber for water flow during the EICP soil improvement 

and the seepage erosion experiment. The bottom outlet the 

of chamber was funnel-shaped to prevent the clogging by 

fine particles. Overburden pressure could be applied to the 

top of the soil sample by a pneumatic pressure-driven 

piston. Two perforated plates were placed on the top and 

bottom of the soil sample to hold the sample and allow the 

water seepage at the same time. Water pressure difference 

acting on the soil sample could be measured using a 

differential pressure gauge. The test chamber was fixed in a 

metal frame to allow the easy conduction of the 

experiments. During the soil treatment and the seepage 

erosion experiment, treatment liquid or water was pumped 

into the soil chamber through the top opening at constant 

flow rates using a peristaltic pump. Effluent could also be 

collected from the bottom of the chamber. 

  

 
 
2.3 Soil preparation 
 

Testing soil used was prepared by artificially mixing 

Fujian Sand and quartz powder at 85:15 ratio as stated in 

Section 2.1. Testing soil was placed into the chamber by 

five equal portions. The final height of the sample was 16 

cm. Woven geotextile was placed at the top and bottom of 

the soil sample. A coarse sand cushion was also placed on 

top of the soil sample. 

After the formation of a soil sample, the sample was 

saturated using a vacuum pumping method. The top 

opening valve was closed, and a vacuum pressure was 

applied to the soil sample through the bottom opening for 3 

hours. Then, the bottom opening valve was then closed, and 

the top opening valve was open to suck water into the soil 

sample. The water saturation process maintained for 3 

hours. 

 

2.4 Soil treatment 
 

The soil treatment liquid contained 1/4 urease enzyme 

liquid (or bacterial suspension) and 3/4 equimolar calcium 

chloride-urea solution. The two liquid was mixed together 

right before injecting into the soil sample. After mixing, the 

concentration of calcium chloride and urea was 0.5 mol/L, 

and the pH was from 7-8. In each treatment pass, 1.5 pore-

volume treatment liquid was injected into the sample at a 

rate of 5.3×10-6 m/s. This injection rate could not trigger 

any internal erosion in the soil. After completing the 

injection, the treatment liquid retained in the soil sample for  

 

Fig. 3 Flow rate and volume of water seepage during the internal erosion test 

 

Fig. 4 Relationship between fine particle concentration and optical absorbance 
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Table 1 Test programme 

Test No. 
Treatment 

method 

Concentration of CaCl2 and urea 

(mol/L) 

Treatment 

passes 

TW-1 - 0 
1 (de-ionized 

water) 

TE-1 EICP 0.5 1 

TE-3 EICP 0.5 3 

TE-5 EICP 0.5 5 

TB-3 MICP 0.5 3 

 

 

24 h before the next pass of treatment. 

There were totally five tests as listed in Table 1. Three 

soil samples, TE-1, TE-3, and TE-5, were treated by the 

EICP method with 1, 3, and 5 treatment passes, 

respectively. One soil sample, TB-3, was treated by the 

MICP method with 3 treatment passes. For the control 

sample TW-1 without any treatment, 1.5 pore-volume de-

ionized water was injected into the soil as one treatment 

pass. 

 

2.5 Internal erosion test 
 

Internal erosion tests under water seepage were carried 

out after the soil improvement. An overburden pressure of 

40 kPa was applied to the soil sample during the internal 

erosion tests. For each soil sample, water seepage was 

applied to the soil from the top down with stepwise 

increasing flow rates, as shown in Fig. 3. The incremental 

flow rates consisted of five steps: 1.4×10-5, 3.4×10-5, 

6.7×10-5, 9.4×10-5,1.4×10-4 m/s, respectively. At each step 

of flow rate, 1.5 L water was injected, and totally 7.5 L 

water was injected for each internal erosion test on one soil 

sample.  

At each step of flow rate, fine particle concentration in 

the effluent, axial deformation, and the water pressure 

difference to maintain the flow rate were measured. The 

fine particle concentration in the effluent was measured 

using an optical absorbance method. The particle 

concentration in relation to the optical absorbance under 

460 nm wavelength showed a linear relationship, as could 

be seen in Fig. 4. The optical absorbance was measured 

using Type-723 UV-vis spectrophotometer, Jinghua 

Instruments Corporation. Such a relationship was used for 

the determination of particle concentration in the effluent. 

The axial deformation was obtained by measuring the 

relative displacement of the piston to the soil chamber 

during the erosion tests. The water pressure difference 

acting on the soil sample was measured using a differential 

pressure gauge. It should be also mentioned that, in each 

step, the initial flow rate was regulated by adjusting the 

water pressure difference. During each step of internal 

erosion, the fine particles in the soil body redistributed, 

causing the change (mostly decrease in this study) in the 

soil permeability. At a constant pressure difference, the flow 

rate also changed accordingly. 

After the internal erosion test, small pieces of soils were 

taken from the top, middle, and bottom part of the soil 

sample for the determination of calcium carbonate content 

and distribution. The soil pieces were rinsed in deionized 

water and dried to remove soluble salts. Then, each piece of 

soil was placed in hydrochloric acid to dissolve all the 

CaCO3. The concentration of aqueous calcium in the 

hydrochloric acid was measured using the EDTA titrimetric 

method (ISO, 1984). This concentration of aqueous calcium 

was consistent with the calcium carbonate content in the 

soil. It should be clarified that there was around 20% 

calcium carbonate loss during the seepage erosion tests, 

according to the preliminary test. The calcium carbonate 

contents given in the paper were those after the erosion 

tests. 
 

 

3. Results and discussions 
 

3.1 Soil particle loss 
 

Soil particle concentrations in the effluents at different 

steps of flow rates are presented in Fig. 5. In the tests with 

large amount of soil particle outflow, the particle 

concentration rapidly increased to the peak value, followed 

by a gradual decrease to a stable value until the end the test 

step. This might be due to the redistribution of fine particles 

and the decrease in the soil permeability, as could be seen in 

Section 3.3. Compared with the EICP or MICP treated 

samples, the untreated sample TW-1 was more susceptible 

to seepage erosion. The particle concentration in the 

effluent was the largest among the five soil samples at each 

step of flow rates. The EICP sample had a relatively strong 

ability to resist seepage erosion. The treatment effect also 

improved with the number of treatment passes. When the 

flow rate was low (1.4×10-5 and 3.4×10-5 m/s), there was no 

obvious soil particle outflow in the three EICP samples. 

When the flow rate increased to 6.7×10-5 and 9.4×10-5 m/s, 

small amounts of solid particles flowed out at the early 

stages in Tests TE-1 and TE-3. These part of soil particles 

could be weakly cemented, and the resistances to seepage 

erosion was not very strong. When the flow rate increased 

to 1.4×10-4 m/s, Tests TE-1 and TE-3 showed evident soil 

particle outflow. However, Test TE-5, which was treated by 

the EICP method for 5 passes, showed almost no soil 

particles in the effluents at all levels of flow rates, 

indicating strong resistance to seepage erosion. The strong 

resistances to internal erosion was mainly due to the 

calcium carbonate cementation inside the soil after the 

EICP improvement. Calcium carbonate effectively brought 

cementation between soil particles, so that the silt particles 

were not easily taken away by water seepage erosion. The 

figures also showed that the MICP sample TB-3 had higher 

soil particle concentrations in the effluents compared with 

the three EICP soil samples. However, the particle 

concentrations in the TB-3 were lower than those in the 

untreated sample TW-1. These comparative results showed 

that the MICP treatment had some effect for seepage 

erosion control. But it was not as effective as the EICP 

method. This might be due to the size of the bacterial cells 

as compared with the size of enzyme molecules. Detailed 

discussions will be made in Section 3.4. 

The results of erosion rates at different levels of flow 

rates are presented in Fig. 6. The erosion rate here was 

defined as the average amount of soil particles flowed out  
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Fig. 6 Erosion rates at different levels of flow rates 

 

 

of the soil sample per second over the unit cross-sectional 

area. The overall trend was that the erosion rate increased  

 

 

Fig. 7 cumulative erosion quantity in relation to flow 

volume 
 
 

with the increase in the flow rate. The flow rate was directly 

related to the seepage force and the hydraulic shear stress  

  

(a) 1.4×10-5 m/s (b) 3.4×10-5 m/s 

  

(c) 6.7×10-5 m/s (d) 9.4×10-5 m/s; 

 

(e) 1.4×10-4 m/s 

Fig. 5 Soil particle concentrations in the effluents at different steps of flow rates 
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Fig. 8 Axial deformation in relation to flow volume 

 

 

Fig. 9 Overall soil porosity of host soil in relation to flow 

volume 

 

 

Fig. 10 Variation of hydraulic conductivities during 

seepage erosion 

 

 

acting on the soil skeleton (Jiang et al. 2017). Thus, when 

the seepage-induced shear stress exceeded the shear 

resistance of the fine particles in the soil, the erosion of this 

portion of particles took place. The soil samples with 

different treatment methods and levels also differed in the 

performance of the erosion resistance. Test TW-1 without 

any cementation treatment had the highest erosion rate each 

level of flow rates. The soil samples treated by the EICP 

method had stronger resistance to seepage erosion as 

compared with the MICP sample. And as for the 

comparison among the three EICP samples, the resistance to 

the seepage erosion increased with treatment levels. For 

example, at the flow rate of 9.4×10-5 m/s, the erosion rates 

were 0, 0.5, 1.1, 2.1, and 4.3 (×10-7 g/m2/s) for TE-1, TE-3, 

TE-5, TB-3, and TW-1, respectively. The cumulative 

erosion quantity in relation to the flow volume is presented 

in Fig. 7. It was clearly seen that, at the same level of 

treatment, the EICP soil sample had a resistance against 

seepage erosion several times higher than the MICP soil 

sample in terms of the erosion rate and the cumulative 

erosion quantity. The erosion resistance also improved 

significantly with the treatment passes when using the EICP 

method. 
 

3.2 Deformation 
 

The axial deformation in relation to the flow volume is 

presented in Fig. 8. The EICP treated sample TE-5 did not 

have any evident axial deformation during the seepage 

process. The untreated sample TW-1 had the highest axial 

deformation 3.5%. Both the EICP and the MICP method 

could reduce the seepage-induced deformation in soil. 

However, the EICP method had better performance than the 

MICP method in the deformation control by showing 

smaller axial deformation and initiation of deformation at 

larger flow volume (or higher flow rate). The overall trend 

of the axial deformation was similar to that of the 

cumulative erosion quantity as shown in Fig. 7. The 

mechanisms of the EICP method for the deformation 

control under water seepage could be explained in three 

aspects. First, the cementation effect could fix fine particles 

in soil and improve the shear resistance against water 

seepage erosion. The less soil particle loss led to small axial 

deformation. This could be evidenced by the less fine 

particles flowed out in the EICP treated soil shown in Figs. 

6 and 7. Second, the EICP improvement led to the 

cementation of sand matrix in the soil. The sand matrix 

could sustain its structure in spite of some level of fine 

particle loss within the sand matrix. Fig. 9 shows the 

variations of the overall soil porosity of host soil under 

seepage erosion. For the untreated sample TW-1, there was 

an increase in the porosity at the early stage of the seepage 

erosion, followed by a drop in the porosity. These results 

might imply that there was a collapse of the soil skeleton 

due to the loss of fine particle within the soil. For the EICP 

treated soils, there were slight increasing trends in the 

porosity. This could be due to the loss the fine particles 

without any radical change in the soil skeleton. Last, the 

cementation material calcium carbonate could occupy pore 

spaces, which might help reducing the deformation of the 

soils. 

 

3.3 hydraulic conductivity 
 

The variations of hydraulic conductivities during the 

seepage erosion experiments are presented in Fig. 10. In the 

soil samples TW-1, TB-3, TE-1, and TE-3, there were 

gradual decreases in the hydraulic conductivities. In the 

sample TE-5, the hydraulic conductivity showed a slightly 

increasing trend. For the samples TW-1, TB-3, TE-1, and 

TE-3, the movement of fine particles could accumulate 

within the soil and clog soil pores, leading to the decrease in 

the hydraulic conductivities. In TE-5, a small amount of 

fine particles along the seepage paths flowed out of the 

sample without causing any clogging. As a result, the  
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Fig. 11 Calcium carbonate content in the soil samples 

 

 

hydraulic conductivity slightly increased. It was interesting 

to note that in Tests TW-1 and TB-3, hydraulic 

conductivities decreased to a rather low level, implying that 

the movement of particles and pore clogging could be 

radical. In the three EICP treated samples, the hydraulic 

conductivities were relatively high at the end of the tests. It 

was reported in Khilar et al (1984) that, in a gap-graded soil 

under water seepage, whether eroded fine particles flowed 

out or plugged the pore throats was related to the 

concentration of eroded particles. This concentration in turn 

depended upon the rate at which fine particles were eroded 

from the pore walls. This may explain why hydraulic 

conductivities decreased in TW-1, TB-3, TE-1, and TE-3, 

but increased in TE-5. 

 

3.4 Calcium carbonate content 
 

The calcium carbonate contents and distributions along 

the depths in the soil samples are presented in Fig. 11. It 

should be noted that the EICP or MICP treatments were 

applied from the top down. So, there were more calcium 

carbonate at the top than that at the bottom in the samples. 

In the three EICP treated samples, calcium carbonate 

content increased with the treatment passes. In Test TB-3, 

the calcium carbonate distribution was rather uneven along 

the depth of the sample. The calcium carbonate contents 

were 4.3%, 1.1%, and 0.7% at the top, middle and bottom 

parts, respectively. In comparison, in Test TE-3, The 

calcium carbonate contents were 2.3%, 1.5%, and 1.3% at 

the top, middle and bottom parts, respectively. In Test TE-5, 

calcium carbonate was produced mostly at the top part. This 

could be because of the reduction in the hydraulic 

conductivity after 3 passes of treatments. Nevertheless, it 

could clearly be found that the treatment by the EICP 

method could provide relatively uniform calcium carbonate 

distribution within the soil. It was also of interest to see 

that, although TE-1 had lower calcium carbonate content 

than TB-3, its resistance against seepage erosion was 

stronger. This was possibly because that calcium carbonate 

produced by the EICP method was more uniform at not 

only macroscale, but also soil particle scale. It was also 

possible to determine the calcium source conversion rates 

from CaCl2 to CaCO3 in the treatment processes. Based on 

the data given in Fig. 11 and those used in the treatment 

liquid, it was found that the calcium source conversion rates 

were 59-65% in the EICP treatment process, and 71% in the 

MICP treatment process. Such results were in agreement 

with Gao et al. (2019b) and He et al. (2020), which proved 

that intact bacterial cells had more stable ureolytic activity 

and higher reaction conversion rate than crude urease 

enzyme during urea hydrolyzing process. However, in the 

tested conditions adopted in this study, the calcium source 

conversion rates of the EICP treatment were still high 

enough to be used in practice.   

These comparative results of calcium carbonate 

distribution shown in Fig. 11 are likely to be due to that 

enzyme molecules are smaller than the bacterial cells, and 

enzyme molecules have weaker tendency to adhere to solid 

surfaces. Typical bacterial cells are micrometers in size. The 

molecular weights of plant urease are 480 – 545 kDa 

(Krajewska and Barbara 2009). So, the sizes of urease 

molecules are several nanometers, according to the 

calculation given by Erickson (2009). Compared with 

enzyme molecules, some bacterial cells have particular 

surface organs or materials, such as flagella, pili and 

extracellular polysaccharides which lead to stronger surface 

adherence (Peng et al. 2001, Dan et al. 2014). It was also 

reported in (Gao et al. 2019b, He et al. 2020) that, for the 

treatment of silty sand or silt, the use of EICP method could 

produce better treatment uniformity as compared with the 

MICP method. As for the control of seepage-induced 

internal erosion, another advantage of the EICP method was 

that the treatment materials could flow together the seepage 

water to a larger extent, so that the cementation effect could 

be formed along the flow path. As a result, fine soil 

particles along the flow path could also be fixed. For the 

field application of internal erosion control, treatment liquid 

can be conveyed to the required location by injection or 

grouting. It is also worth taking note that conventional 

cement grout may have high viscosity, so that the treatment 

range for internal erosion control could be limited.  
 

 

4. Conclusions 
 

In this paper, experimental studies were made to 

evaluate the use of the EICP method for the control of 

internal erosion under water seepage. The following 

conclusions can be made, 

•  In terms of the amount and rate of eroded fine 

particles, the EICP soil samples had stronger resistance 

against seepage erosion as compared with the MICP sample 

and the untreated soil sample. The erosion control effects 

improved with treatment passes. In the soil sample with 5 

treatment passes, the amount of eroded particles were 

negligible. 

•  The EICP method had better performance than the 

MICP in deformation control by showing smaller axial 

deformation and initiation of deformation at larger flow 

volume (higher flow rate). The level of axial deformation 

was roughly consistent with the amount of fine particles 

eroded. 

•  The variations of the hydraulic conductivity were 

dependent on whether eroded soil particles clogged in or 

flowed out of the soil sample. The hydraulic conductivities 

of soil samples with relatively large amount of eroded 
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particles decreased during the seepage erosion processes. 

However, in the soil sample with 5 EICP treatment passes, 

the hydraulic conductivity slightly increased compared with 

the initial condition. 

• In the EICP samples, calcium carbonate content 

increased with the treatment passes. The calcium carbonate 

distribution was relatively uniform in the EICP samples 

compared with the MICP sample. 
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