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1 Introduction 

Developed coastal areas frequently encounter erosion hazards, resulting in damage to 

property and loss of human life (Dawson et al., 2009). Coastal storms are a combination of multiple 

disasters that can affect a coastline. Among these, coastal erosion can result in a significant 

economic loss by damaging buildings, roads, infrastructure, natural resources, and wildlife 

habitats. This erosion is caused by factors such as rising local sea levels, strong wave action, and 

floods, leading to the removal of rocks and soils from the coastline. The resulting damage to coastal 

infrastructure and land loss due to erosion in the USA costs over $500 million annually (Coastal 

Erosion | U.S. Climate Resilience Toolkit, n.d.; K. W. Liu et al., 2021). Therefore, it is essential to 

address the issue of coastal erosion, given the aging infrastructure and the increasing occurrence 

of severe weather. 

In the past few decades, various methods have been developed to advance fundamental 

understanding and improve the coastal erosion resistance of sandy soil (Y.-J. Cheng et al., 2021; 

Jain & Kothyari, 2009a; Kou et al., 2020; Miftah et al., 2022). Geosynthetics are crucial in 

reinforcing earth structures and can be effectively used to protect slopes from erosion and improve 

stability (Ghiassian et al., 1997; Kim et al., 2019). Liu et al. (2019) used a water-based 

polyurethane soil stabilizer to reinforce the topsoil for sandy slope erosion control purposes (J. Liu 

et al., 2019). Utilizing vegetation is a common approach for slope protection, as it reduces water 

infiltration, retards erosion, and extracts moisture from the soil, ultimately contributing to slope 

stabilization (Bordoloi & Ng, 2020; Chirico et al., 2013; Kokutse et al., 2016). Yet, the extended 

duration of plant growth poses a challenge to the efficient application of the vegetation cover 

method (Bullock & King, 2011; Fattet et al., 2011). At the field scale, optimizing the mixture of 

geosynthetic materials and soil, as well as achieving a homogeneous state, is difficult (Steinberg, 

1998). Various types of fibers have also been investigated as potential surface protection (Falamaki 

et al., 2023; Miller & Rifai, 2004; Tang et al., 2012). However, it should be highlighted that fiber 

distribution is critical to their effectiveness in soil strengthening (Chaduvula et al., 2017). When 

homogeneity is not preserved, cracks may initiate along the routes that offer the least resistance 

(Izzo & Miletić, 2022). Excessive utilization of chemical substances adversely affects the 

ecosystem (B. H. W. Cochrane et al., 2005). Hence, there is a pressing need for the development 

of a novel methodology to address the issue of erosion on shoreline slopes.  

Enzyme-Induced Carbonate Precipitation (EICP) is a promising biocementation technique 
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that harnesses the power of enzymatic reactions to enhance soil quality and address various 

geotechnical challenges (A. Almajed et al., 2018; Dilrukshi et al., 2018; Hamdan, 2014; Javadi et 

al., 2021; Natarajan, 1995). EICP offers an eco-friendly approach for soil improvement and 

remediation by utilizing the hydrolysis of urea catalyzed by plant-derived urease enzymes. This 

technique involves the precipitation of calcium carbonate within the soil matrix, resulting in 

improved mechanical properties and environmental performance. Equations (i)–(v) summarize the 

main chemical reactions during biocementation (Saif et al., 2022). Equation (i) shows the 

hydrolysis of urea, which produces ammonia and carbamic acid, thus increasing pH. Carbamic 

acid is further hydrolyzed into ammonia plus carbonic acid. According to Equations (iii) and (iv), 

the reactions then generate ammonium and carbonate ions alongside hydroxide ions, further 

increasing the reaction medium's pH. Finally, equation (v) indicates that the reaction between 

carbonate ions and calcium ions leads to the precipitation of calcium carbonate once 

supersaturation is attained.  

CO(NH2)2 + H2O              NH2COOH + NH3  (i) 

 NH2COOH + H2O              NH3 + H2CO3  (ii) 

2NH3 + 2H2O              2NH4
+ + 2OH-  (iii) 

2OH- + H2CO3              CO3 
-2

 + 2H2O  (iv) 

Ca+2 + CO3 
-2              CaCO3  (v) 

This study seeks to create a bio-mediated approach employing enzyme-induced calcite 

precipitation (EICP) to enhance the physical characteristics of coastal sand. Additionally, model-

scale laboratory tests will be conducted to assess the effectiveness of this technique in mitigating 

coastal erosion. 

2 Methodology 

2.1 Beach Sand  

In this study, the soil sample was collected from the subsurface along the coast of New 

Jersey (39°20'53.3''N 74°27'20.2''W) to design and assess the bio-mediated method for N.J. coastal 

embankment protection. Soil samples were put in the oven at 110°C for 24 hours to dry completely. 

Subsequently, the dry soil samples were subjected to sieving, wherein any particulate matter 

exceeding the retention threshold of a No. 4 sieve was removed. The laboratory analysis of these 
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soil samples was then conducted to obtain various physical properties, encompassing specific 

gravity, particle size distribution, bulk density, and permeability. The particle size distribution is 

shown in Figure 1.  

 

Figure 1. Particle size distribution of coastal sand sample 

According to the USCS, this soil can be identified as poorly graded sand (SP). Table 1 

presents the physical properties of soil. 

Table 1. Physical properties of experimental soil 

Physical properties Values 

Specific gravity 2.619 

Soil classification SP 

Maximum bulk density (kN /m3) 17.15 

Minimum bulk density (kN /m3) 15.58 

Hydraulic conductivity (cm/s) 0.0103 
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2.2 EICP Solution 

The enzyme-induced carbonate precipitation was prepared using cementation and an 

enzyme solution mixed at a 1:1 ratio. Deionized (DI) water, nonfat milk powder (4 g/L), and 0.675 

M calcium chloride were used to create the cementation solutions (A. A. Almajed, 2017). To obtain 

the enzyme solution, soybean seeds were initially pulverized and filtered using a #100 sieve to 

extract the soybean powder. Before utilization, the soybean powder was stored in a refrigeration 

unit maintained at a temperature of 4°C. The powder was combined with deionized water at 

various concentrations and agitated using a magnetic stirrer to achieve a uniform suspension 

solution. Subsequently, the solution was transferred into centrifuge tubes and subjected to 

centrifugation at 3000 revolutions per minute (rpm) for 15 minutes. 

2.3 Urease Activity 

The urease activity was determined by the electrical conductivity method following 

procedures provided in previous studies (Pandey, 2018; Whiffin, 2004). The enzymatic activity 

was determined by converting the slope of the conductivity change over time using an appropriate 

conversion factor at 250 C and pH 7 at standard conditions. To conduct this analysis, urea solutions 

of varying concentrations (150mM, 300mM, and 375mM) were prepared in separate beakers. The 

urease enzyme solution was added to achieve the desired urea concentration and a total volume 

containing 0.5gm/L of urease. After allowing sufficient time for complete urea hydrolysis, 

conductivity readings were recorded, including intermittent measurements to monitor changes 

over time. Electrical conductivity measurements were conducted on a solution contained within a 

glass vial. In this experiment, 5 ml of urease solution was added to a vial containing 15 ml of urea 

solution, resulting in an overall concentration of 1.5M for urea and 0.5 gm/L for urease (Pandey, 

2018). Conductivity readings were recorded at intervals of 0, 1, 2, 3, 4, 5, 6, 7, and 8 minutes. 

These conductivity test results were graphed against time, and the slope obtained from the graph 

was converted to enzyme activity by multiplication with an appropriate conversion factor. 

2.4 Test Tube Experiment 

A series of precipitation studies were conducted using test tubes to assess the impact of 

initial chemical conditions on the enzyme-induced chemical precipitation (EICP) process and its 

reactivity. Several parameters influenced the precipitation, and its relationship with precipitation 

was examined by influencing variables such as pH, temperature, and enzyme concentrations. The 
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impact of pH on precipitation was examined by manipulating pH levels using varying quantities 

of 0.1M NaOH or 0.1 M HCl in the cementation solution. The cementation and enzyme solutions 

were made individually to carry out the test tube experiment. The solutions were mixed in a 1:1 

ratio and allowed to undergo a precipitation process in a test tube at a predetermined temperature 

for 6 days. According to prior literature, the estimated duration for the completion of the reaction 

is 48 hours (Albenayyan et al., 2023). However, it is often observed that lower temperatures tend 

to decrease the rate of chemical reactions. Following the completion of the curing period, the 

resultant fluid was subjected to filtration. Calcium carbonate precipitation was measured in two 

ways. After the filtration, 5ml liquid was collected to measure the Ca ion concentration using an 

Atomic Absorption Spectrophotometer (AAS). After completion of the experiment, both pH and 

electrical conductivity were measured at room temperature.  

2.5 Design of Experiments 

A complete factorial design was utilized for the experimental design, incorporating three 

factors with three levels for each factor. Full factorial designs systematically investigate all 

potential combinations of factor levels to observe their effects on the outcomes (Colette et al., 

2023; Kumar et al., 2015; Zhang et al., 2022). Each unique combination is known as a treatment 

combination (Buragohain & Mahanta, 2008). This approach will help understand how these factors 

and their interactions impact the experimental results. In our case, we focused on three independent 

factors: pH, temperature, and enzyme concentration. These factors were studied at three levels, as 

shown in Table 2.  

Table 2. Factors and their levels for Design of Experiments (DOE) 

 Factors Levels Values 

pH 3 6, 7, 8 

Enzyme Concentration (g/L) 3 60, 90, 120 

Temperature (0C) 3 10, 30, 50 

 

The software suggested 33= 27 experimental runs to analyze the influence of each factor 

and their interactions. An example of a statistical test run is shown in Table 3. Here, run order is 

the order of experimental runs, and std order stands for the typical order of the experimental runs. 
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To analyze the results and optimize conditions for setting the control factors, Minitab 17 statistical 

software was used. 

Table 3. Example of test run from Minitab software 

 

 

 

 

 

 

 

 

 

 

2.6 Permeability Test 

To measure the hydraulic properties of the samples, the specimens were prepared in a 

permeability cell with an internal diameter of 84 mm and a height of 278 mm to measure the 

hydraulic conductivity changes based on the EICP treatment. The dry density of 1.47 g/cm3 was 

achieved by layering sand in the cell and softly compacting it in 3 layers for specimens to be used 

for EICP treatment. After that, the specimen was saturated with a predetermined amount of EICP 

solution from the bottom up for the first cycle of treatment. After six days of curing, the next cycle 

begins. Figure 2 shows the test setup for hydraulic conductivity. 

 

Test run Variables 

Std 

Order 

Run 

Order 

Temperature 

(0 C) 
pH 

Enzyme 

Conc. (g/L) 

14 1 30 7 90 

2 2 10 6 90 

21 3 50 6 120 

16 4 30 8 60 

20 23 50 6 90 

1 24 10 6 60 

12 25 30 6 120 

26 26 50 8 90 

15 27 30 7 120 
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Figure 2. Test setup for hydraulic conductivity 

2.7 Direct Shear Test 

In this study, a direct shear apparatus with a circular mold with an internal diameter of 63 

mm was utilized. The beach sand was subjected to one cycle or two cycles of treatment. Untreated 

beach sand specimens were also tested as controls. All tests were conducted in triplicate and dry 

conditions in accordance with ASTM 3080. The inner side of the mold was covered with 

petrolatum and a thin plastic sheet in order to extract the resulting specimen smoothly without 

breaking the sand column. The sand was poured freely to achieve 1.9 g/cm3 dry density. Each 

cycle of treatment was applied by percolating one pore volume of EICP cementation solution 

(i.e., 35 mL of EICP solution). Figure 3 shows the molded sample for the direct shear test. Each 

specimen was cured for six days per treatment cycle at room temperature.  

https://www.sciencedirect.com/topics/engineering/direct-shear-test
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/cementation
https://www.sciencedirect.com/science/article/pii/S2352380822000247#fig3
https://www.sciencedirect.com/topics/engineering/specimen-preparation
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Figure 3. Direct shear stress test sample (a) treated soil column; (b) after shear failure 

2.8 Soil Erosion Model Tank 

Model-scale laboratory tests were often conducted by researchers to study the erosion 

mechanism of sandy slopes (Kou et al., 2020; K. W. Liu et al., 2021). In this study, similar 

principles were followed to perform wave erosion tests. The testing system consists of a 

rectangular cuboid container that is 30-in in length, 12-in in width, and 18-in in height, a high-

resolution camera, and a propeller-based wave-maker. The wave-maker was installed at one side 

of the container to generate regular sinusoidal waves using a periodic propeller pump. This 

experimental investigation was not aimed at completely replicating the sandy slope erosion process 

in the laboratory. The main focus was to assess the efficacy of EICP treatment in a sandy slope 

exposed to wave conditions while considering the scaling laws associated with beach sandy slope 

erosion processes. The sand was maintained with 8% moisture content as the original condition 

and compacted in the tank at 1.44 gm/cm3. The slope will follow a planar cross-shore sandy slope 

profile with slope angles of 30°. The spraying treatment method (Q. Cheng et al., 2021; Roksana 

et al., 2023) was employed in this investigation to stabilize the surface of the sandy slope. Firstly, 

the cementation and enzyme solution were mixed in a 1:1 ratio and sprayed uniformly on the 

surface of the sandy slope at a rate of 50ml/min using a spray bottle. A total of 1 L of cementation 

and enzyme was used to treat the slope surface. A control sample without any treatment was also 

prepared to compare the coastal erosion outcome before and after the EICP treatment. A high-

resolution camera continuously monitored the erosion process indicated by the change in the cross-

shore profile. Further image analysis of erosion volume and degree of slope reduction under wave 

(b) (a) 
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action was done based on the captured images of the cross-shore profile. Figure 4 represents the 

schematic diagram of the model tank.  

 

Figure 4. Schematic diagram of model tank 

3 Results and Discussion 

3.1 Urease Activity of Soybean 

The assessment of soybean crude urease solutions generated from soybean powder was 

conducted. Initially, standard curves were established for soybean crude urease, as illustrated in 

Figure 5.  

                

Figure 5. (a) Standard  curve for soybean crude extract urease; (b) Electrical conductivity vs. 

time for 60 g/L concentration 

(a) (b) 
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The electrical conductivity (EC) changes in Figure 5(a) exhibited a nearly linear trend with 

an R2 value close to 1 and a slope of 0.0986. From the graph, the relationship between urea 

hydrolysis and conductivity is given in equation (vi) 

Urea hydrolyzed (mM)= Conductivity (μS/cm)* 10.14           (vi) 

The value of the conversion factor is consistent with some previous studies. For example, 

Whiffin (2004) got a factor of 11.11, while Pandey (2018) got a factor of 10.24 (Pandey, 2018; 

Whiffin, 2004). 

Urease activity = slope*1000*10.14                                         (vii) 

The results for 60g/L soybean crude urease enzyme concentrations are 438 μM urea/min, 

as illustrated in Figure 5 (b). 

3.2 CaCO3 Optimization 

The study aims to determine the ideal pH, temperature, and enzyme concentration that will 

result in the highest level of carbonate precipitation. The tube test results were examined based on 

the smallest amount of Ca ion in the solution to determine the optimal EICP solution.  

 

Figure 6. Pareto chart of the standardized effect 
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A total of 27 test samples were run by varying temperature, pH, and enzyme concentration. 

After 6 days of curing, a 5 ml solution is collected from each tube, and the calcium ion 

concentration is measured with a 230 ATS Atomic Absorption Spectrophotometer.  

Figure 6 illustrates the standardized effects of temperature, pH, and enzyme concentration 

in response to the Ca concentration at alpha=0.05. This chart explains the interaction of various 

combinations of the parameters in the production of Ca. Based on the reference line (green dotted 

line), only temperature and enzyme concentration significantly affect Ca production in the range 

tested. Neither of the combinations of the two parameters was found to impact the production of 

Ca significantly. The chart also reveals that temperature has a higher impact on Ca production, 

followed by enzyme concentration. Based on the chart, it can be inferred that temperature and 

enzyme concentration significantly impact Ca production.   

 

Figure 7. Main effect plot for Ca ion  concentration 

Figure 7 illustrates the main effects of the parameters (temperature, pH, enzyme 

concentration) for Ca ion concentration. As seen in the figure, an increase in temperature decreases 

the Ca production until 300C, and it increases again. Hence, a temperature of 300C is optimum for 

optimal Ca value. An increase in enzyme concentration increases Ca production. Hence, an 

optimal concentration of 60 g/L is obtained for the Ca production. It is worth mentioning that pH 

has little impact on Ca production, with a pH of 7 having the optimal Ca concentration. Based on 
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the results, the optimal solution could be obtained at a pH of 6, with 300C and an enzyme 

concentration of 60 g/L. The lowest Ca ion concentration under this condition becomes 0.41 ppm.  

3.3 Permeability Test Results 

We investigated the effect of Enzyme-Induced Carbonate Precipitation (EICP) on the 

permeability of coastal soil. Since calcite precipitation is known to reduce the soil's permeability, 

constant head permeability tests were conducted to determine the extent of the reduction. The 

result showed that the coefficient of permeability decreased effectively with the increasing number 

of EICP treatment cycles. Since biocementation occurs in pores within soil particles, reducing the 

pore throats and subsequently preventing water flow (Whiffin et al., 2007). Figure 8 represents the 

control sample permeability constant along with 1, 2, and 3 cycles of treatment. The control 

sample's permeability was 0.01 cm/s, whereas it was reduced to 0.005, 0.002, and 0.001 cm/s with 

treatment cycles one, two, and three, respectively.  

 

Figure 8. Effect of EICP treatment cycles on the permeability constant of coastal sand 

3.4 Direct Shear Test Result 

Figure 9 shows the relationship between normal stress and maximum shear stress under 

different treatment conditions. Maximum shear stress increases with the increasing treatment cycle 

for a given normal stress. For the natural sand samples, the cohesion is 0 kPa, and the internal 

friction angle is equal to 34.21 degrees. The cohesion for bio-cemented sand with one cycle 
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increases to 17 kPa, and the internal friction angle increases to 32.21 degrees. After two cycle 

treatments, cohesion increases to 30 kPa, and friction angle decreases to 31.78 degrees.  

The increase in shear strength can be attributed to the increase in cohesion. However, the 

angle of friction remained fairly stable throughout the treatment cycle. An inverse relationship 

between soil cohesion and soil particle detachment has been confirmed. At lower confining 

pressures, a significant increase in cohesion dominates the reduction in internal frictional angle, 

directly affecting erosion (Jain & Kothyari, 2009b, 2009a; Torri et al., 1987). Induced cohesion at 

lower confining pressures helps to mitigate coastal erosion, which is predominantly a surface 

phenomenon. Even at low confining pressures, the development of cohesion will decrease the 

erosion rate as well as the magnitude (Miftah et al., 2022). Hence, biocementation has been proven 

to enhance the qualities of sandy soil in terms of cohesiveness and internal friction angle. 

 

Figure 9. Relationship between normal stress and shear stress of treated and untreated sand 

3.5 Erosion Characteristics of Sandy Slope Under wave Action 

This laboratory-scale soil erosion test was conducted on untreated and EICP-treated soil. As 

illustrated in Figure 10, the initial slope was straight at time=0, and upon the application of waves, 

the slope gradually began to break. From the beginning, the slope begins to collapse, manifesting 

as a break at the point impacted by the water's surface. Given that the wave was generated at the 

water's surface, the maximum force was exerted on the slope near this region. By t=5 minutes, the 
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bottom of the slope exhibited increased erosion compared to its initial state, and this trend 

persisted. At t=9 minutes, the lower part of the slope had undergone substantial reduction. 

Examining the rate of slope change under wave over time provides valuable insights into how 

untreated normal soil reacts to wave action in shoreline areas. 

   

Figure 10. Cross-section profile of untreated sandy slope as a function of time 

In contrast, EICP-treated soil underwent the same wave experiment as the untreated soil to 

assess its efficacy in slope resistance, as depicted in Figure 11. At time=0, the slope was initially 

straight. Unlike untreated soil, the EICP-treated slope took longer to exhibit any signs of breaking, 

and visible changes were not immediately apparent. No visible breaks were observed at the point 

of impact with the water's surface, and this structural integrity persisted throughout the observation 

period. 

 

Figure 11. Cross-section profile of EICP treated sandy slope as a function of time 

While these changes may not be readily apparent to the naked eye, computer vision analysis 

captured subtle variations in volume above the still water level. Examining the rate of slope change 

over time provides valuable information on how EICP-treated soil reacts to wave impact in 
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shoreline areas. Both figures unequivocally indicate that the performance of EICP-treated soil 

surpasses that of untreated soil in maintaining slope stability. 

The erosion process of the sandy slope with and without the implementation of EICP 

treatment has been systematically investigated, and some observations are depicted in Figure 10 

and Figure 11. It was found that for the slope without EICP treatment, as the wave struck the slope 

surface, a large amount of sand was eroded away. On the contrary, the slope surface experienced 

minor erosion during EICP treatment. The cementation effect can lead to an increase in shear 

strength, as well as a higher erosion resistance. Figure 10 illustrates the impact of wave action on 

an untreated sandy slope, revealing significant sand erosion upon wave contact. In contrast, the 

slope subject to EICP treatment exhibited minimal erosion due to the cementation effect, resulting 

in increased shear strength and heightened resistance to erosion. To quantitatively evaluate the 

erosion process, the degree of erosion (De) was computed by measuring the decrease in slope 

angle. 

 

Figure 12. Change of erosion degree of submerged slope as a function of time 

Figure 11 highlights that the eroded slope surface displays a bilinear profile characterized 

by a slope inclination influenced by wave action and a submerged slope angle. These two angles 

distinctly differ due to varying erosion impacts. The erosion degree (De) was determined by the 

ratio of the eroded degree and the initial degree. According to this definition, the erosion degrees 

for the untreated slope were calculated as 0.44, 0.32, 0.28, and 0.24 at 3, 5, 7, and 9 minutes, 

respectively. Conversely, for the EICP-treated sand, the erosion degree remained relatively 
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constant over time, nearly reaching 1 after an extended period. The change of erosion degree of 

submerged slope is shown in Figure 12. 

Figure 13 depicts the temporal evolution of erosion volume above the still water level in 

response to wave action. The erosion volume above the still water level was determined by 

computing the difference between the initial bed profile above the water level and the measured 

profile after a specified duration. Bio-mediated treatments demonstrated a noteworthy reduction 

in erosion volume. Specifically, the untreated soil sample resulted in erosion volumes of 7%, 8%, 

10%, and 11% at 3, 5, 7, and 9 minutes, respectively. Compared to the EICP treatment, the erosion 

rate exhibited decreases of 1%, 1%, 2%, and 6% at 3, 5, 7, and 9 minutes, respectively. 

 

Figure 13. Rate of erosion volume above water level as a function of time 

3.6 Microscopic characteristics 

The scanning electron microscope (SEM) was used to observe the changes in the 

microscale structure of untreated and treated beach sand and to identify the morphology of 

CaCO3 precipitates. Figure 14 (a) and (b) show the SEM images of the treated and untreated sand. 

The spherical crystals in the treated specimens demonstrate the presence of calcite. The 

precipitates were observed at inter-particle contacts and on the surface of the particles. This finding 

may also be important for explaining the mechanism of improving the cohesion and reducing the 

permeability of treated sand, where the cohesion was increased, and permeability was decreased 

with the increase of CaCO3 content.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electron-microscope
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Figure 14. Scanning Electronic Microscope (SEM) image (a) untreated sand; (b) treated sand 

coated with calcium carbonate crystal 

 

Figure 15 (a) illustrates the surface characteristics of the topsoil subsequent to undergoing EICP 

treatment. This treatment results in the formation of a distinct layer atop the soil surface.  
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Figure 15. Scanning Electronic Microscope (SEM) image (a) hard layer of crystals in soil 

surface; (b) cluster of calcium carbonate (vaterite) 

This top layer reduced the rate of water absorption compared to soil treated solely with water, as 

observed during the wetting process (Roksana et al., 2023). It has also been found that the existence 
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of a top hard layer impedes the infiltration of water into the soil, leading to an extended period of 

time required for water absorption and evaporation by the soil (Y.-J. Cheng et al., 2021). Based on 

the SEM image in Figure 15 (b), it can be observed that the precipitates in the soil consist primarily 

of spherical calcium carbonate crystal vaterite, with some amorphous aragonites present as well. 

These minerals are known to be less stable than calcite crystals. When precipitation occurs rapidly 

at high levels of supersaturation, these forms, which are the least thermodynamically stable, appear 

and rapidly convert to a more stable anhydrous phase. This may happen due to the presence of 

impurities in the raw materials. 

4 Conclusions 

The study focused on the innovative enzymatic-induced carbonate precipitation (EICP) 

method as a bio-mediated solution for mitigating coastal erosion problems. The research 

demonstrated a substantial reduction of sandy slope erosion under wave conditions through 

comprehensive assessments of soil properties and small-scale laboratory model tests on EICP-

treated and untreated sandy slopes. Experimental results showed that EICP-treated coastal sand 

improved the shear strength and permeability characteristics. The permeability decreases as the 

number of EICP treatment cycles increases due to the filling of soil pores with calcium carbonate 

precipitation. A significant increase in shear strength was also observed due to increasing 

CaCO3 content at a given confining pressure. The increase in strength was majorly attributed to an 

increase in cohesion. Meanwhile, a decrease in the internal frictional angle was observed in the 

treated specimens. Small-scale laboratory erosion tests prove that EICP effectively mitigates the 

erosion of sandy slopes. The  SEM results of the treated beach sand showed the presence of vaterite 

as the predominant crystal phase of the enzyme-induced carbonate precipitates in all treated 

specimens. The outcomes of this study showed strong evidence of the applicability of using 

enzyme-induced carbonate precipitation (EICP) treatment for beach sand strengthening against 

soil erosion. 
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