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Abstract 
 

Bio-cementation, namely Microbially Induced Calcite Precipitation (MICP) and Enzyme-Induced Calcite 

Precipitation (EICP), are innovative bio-mediated soil improvement techniques that utilise biochemical processes 

to precipitate calcium carbonate (CaCO3) for soil stabilisation. MICP relies on ureolytic microorganisms to 

hydrolyse urea, whereas EICP employs free urease enzymes, eliminating the need for microbial growth and 

offering faster treatment. This article presents a simple method of culturing ureolytic bacteria and the extraction of 

crude enzymes from plants. It also presents optimise concentration of substrate [S0], enzyme [E0], and enzyme 

activity for maximum CaCO3 precipitation. While the improvement of strength for bio-cemented soil depends on 

soil physical properties, a predictive expression for CaCO3 was developed for AI sand, irrespective of MICP or 

EICP. EICP-treated soils using urease extracted from paddy melon seeds formed strong surface crusts (~5 mm 

thick) after a single treatment cycle, achieving crust strengths exceeding 1300 kPa. Such crusts can significantly 

impede seedling emergence (a sustainable approach for weed control on uncultivated lands) and soil erosion due 

to rain and wind. These findings highlight bio-cementation, particularly EICP’s potential for rapid, eco-friendly 

soil stabilisation and vegetation management, offering practical applications in geotechnical engineering and 

roadside maintenance.  
 

Keywords: Bio-cementation; Microbially Induced Calcite Precipitation (MICP); Enzyme-Induced Calcite 

Precipitation (EICP), Unconfined Compressive Strength (UCS).  

 
 

1 Introduction 

 

Bio-cementation is a nature-inspired greener carbonation process of combining carbonate ions with calcium ions 

at inter-particle spaces in discrete materials (soil, tailings, concrete) and precipitating calcium carbonate that binds 

particles together and stabilises them (Figure 1). This has significant potential for many scientific and engineering 

applications, such as improving soil strength, reducing soil liquefaction potential, surface erosion control, reducing 

permeability, heavy metal contaminant remediation and so forth. The expected life of bio-cemented soil is more 

than 50 years, which is compatible with the expected service life of many geotechnical structures (DeJong et al. 

2013). The common calcium-based stabilisers, such as lime and cement, have been extensively used due to their 

engineered properties and extensive knowledge as soil stabilisers. However, their production is an energy-intensive 

process where CO2 emissions are also very high. CO2 emissions for quick lime and cement production are 0.8 

kg/kg and 0.9 kg/kg, respectively (COP26 2021). By harnessing the power of a natural process, bio-cementation 

can be a sustainable alternative to the use of cementitious and pore-throat clogging materials. An aqueous solution 

of calcium chloride can be used as a source of calcium ions for construction as it is naturally occurring, inexpensive 

and readily available. Urea hydrolysis, catalysed by urease enzymes, is one of the most common approaches for 

sourcing carbonate ions. In bio-cementation, urea hydrolysis has been commonly done by microbial-induced 

carbonate precipitation (MICP) and enzyme-induced carbonate precipitation (EICP), where urease enzymes are 

sourced from bacterial cells and plants, respectively. A state-of-the-art of these two approaches, including in-house 

methodological development at the University of South Australia (UniSA), is presented in this article. 

 

Arguably, MICP was first applied for geotechnical applications by Gollapudi et al. (1995) for controlling the 

leaching of groundwater contaminants in highly permeable channels by packing a mixture of bacteria (Bacillus 

pasteurii) with sand. A maximum of 75% reduction in permeability was achieved after 95 hours. Stocks-Fischer 

et al. (1999) further investigated the physical and biochemical properties of CaCO3 precipitation via MICP using 

Bacillus pasteurii. Since then, a significant research effort has been reported in the literature. The effectiveness of 

MICP in cementing soil depends on the types of bacteria used, methods of growing them to a desire concentration, 

pH and temperature during urea hydrolysis, cementation solutions concentration and flow rate (e.g. calcium 

concentration and input flow rate), soil properties (e.g. the availability of nucleation sites, degree of saturation, soil 
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gradation, particle size, pore throat size) and so forth (Hammes et al. 2003; DeJong et al. 2006; Harkes et al. 2010; 

Montoya et al. 2019). 

 

 
Figure 1: A schematic diagram of CaCO3 precipitation at the pore space of the soil matrix via bio-cementation. 

 

Arguably, the term EICP was first introduced by Knorr Sondi and Matijević (2001); however, the application of 

the EICP techniques in modifying the engineering properties of soils was first studied by Nemati and Voordouw 

(2003). Since EICP uses plant-derived urease enzymes directly in treatment, it offers the potential to extract crude 

enzymes in bulk from unwanted plants (weeds) and optimise substrate concentrations through catalytic 

mechanisms (Ahenkorah et al. 2021b; Ahenkorah et al. 2021a; Ahenkorah et al. 2021c; Rahman et al. 2024).  

 

Recent advances in MICP and EICP are promising as an alternative to conventional cement-based stabilisation, 

while offering potential environmental benefits. This article presents part of the development of MICP and EICP 

processes at the University of South Australia (UniSA), including simple, repeatable techniques for resource 

preparation/collection.  While significant laboratory progress on bio-cementation has been made at UniSA and 

presented in this article, it also discusses some of the challenges that remain in scaling these methods for field 

applications, optimising treatment efficiency, and minimising carbon footprint. This article also covers 

mechanisms, optimisation strategies, performance in terms of strength gain, erosion resistance, weed control, and 

sustainability, while identifying research gaps and future directions for large-scale geotechnical implementation. 

 

 

2 Microbial-Induced Calcite Precipitation (MICP) 

 

The application of MICP in the improvement of strength and stiffness for soils was first studied in 2002 by Ismail 

et al. (2002). They found an increase in unconfined compressive strength (UCS) of MICP-treated soil after 5 hours 

of treatment. The MICP process could be achieved through many processes, including urea hydrolysis, 

denitrification, iron reduction, sulphate reduction, and other pathways (Van Paassen et al. 2010a; Cheng and Cord-

Ruwisch 2012; Hamdan et al. 2017). Among these, urea hydrolysis has been most widely used due to its high 

CaCO3 precipitation efficiency. The most commonly used urease bacteria in the past studies are Bacillus pasteurii, 

Sporosarcina pasteurii, Spolactobacillus, Clostridium and Desulfotomaculum. Among them, Sporosarcina 

pasteurii, an alkalophilic non-pathogenic bacterium with high active urease enzyme, has been found to be one of 

the most effective and efficient and has been widely used (DeJong et al. 2010; van Paassen et al. 2010b; Cheng 

and Cord-Ruwisch 2012; Montoya and DeJong 2015) even though contradictory evidence can be found in the 

literature. 

 

2.1 Sourcing Bacteria Strains 

In 2013, MICP research at the University of South Australia originated as an Honours student project aimed at 

utilising Sporosarcina pasteurii to induce effective calcium carbonate (CaCO3) precipitation (Abdulkhalek and 

AlKhamri 2014). The study began by collecting eight soil samples from the Mawson Lakes campus, which were 

enriched in liquid media.  From these samples, 22 distinct bacterial colonies were isolated. Harvested bacteria were 

then applied to the MICP-treatment of fine sand, where chemical concentration, temperature, pH, and treatment 

duration were systematically varied. Figure 2a shows trays labelled with colony numbers, while Figure 2b 

illustrates the identified strains stored in liquid media.  

 

Among the tested samples, strains 6.1 and 7 demonstrated the highest calcite precipitation and strength compared 

to other isolates. These strains, along with selected random samples, were sent to the Australian Genome Research 

Facility (AGRF) for genomic identification. AGRF confirmed strains 6.1 and 7 as urease-producing Bacillus 

species, specifically Sporosarcina pasteurii strain fwzy14. Subsequent studies by Argent (2015) and Hora (2020) 

employed this strain in MICP-treatment on silty sand from South Australia’s Mt Compass region. 

Soil particles Pore spaces Precipitated CaCO3

Biogeochemical process

Untreated soil MICP-treated soil
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Figure 2. Bacteria strain isolated in the initial study: (a) soil samples in a tray with strain numbers on the cover 

and (b) bacteria strains in liquid media. 

 

In addition to fwzy14, two other Sporosarcina pasteurii strains were used in related studies: ATCC 11859 

(American Type Culture Collection) and NCIMB 8841 (UK). Across these investigations, multiple strains of 

Sporosarcina pasteurii consistently provided sufficient cementation for soil stabilisation, confirming their 

potential for geotechnical applications. 

 

2.2 Bacteria culture and MICP treatment 

To culture the bacteria, all components were sterilised individually by autoclaving and then combined under aseptic 

conditions. Agar plates were prepared using ATCC 1376 medium supplemented with 20 g/L agar. After 

sterilisation and mixing, the medium was poured into plates and cooled to room temperature before storage. These 

plates were inoculated with live bacterial cultures and incubated at 30 °C for 24 hours. Figure 3.a illustrates an 

agar plate inoculated with bacteria. Plates containing bacterial growth were stored at 4 °C for up to 14 days for 

subsequent use in liquid culture preparation. 

 

 
 

Figure 3.  (a) Inoculated with bacteria on an agar plate, (b) Bacteria solution (BS) and (c) Cementation solution 

(CS). 

 

 

The liquid growth medium consisted of 1 L of ATCC 1376 formulation containing 0.13 M Tris buffer (pH 9.0), 

20 g yeast extract, and 10 g ammonium sulphate. Each ingredient was sterilised separately and then mixed under 

sterile conditions. A 100 mL aliquot of this medium was inoculated in glass flasks with bacteria from agar plates 

and incubated aerobically for 12 hours in a shaking water bath at 200 rpm. The culture was then transferred to 50 

mL centrifuge tubes for harvesting at an optical density (OD) of 0.8–1.0, measured at 600 nm using a Helios 

UV/VIS spectrophotometer. The suspension was centrifuged twice at 400 rpm for 20 minutes to remove metabolic 

waste. After each cycle, the supernatant was replaced with fresh phosphate-buffered saline (PBS). The harvested 

cells were stored in centrifuge tubes at 4 °C for up to 14 days. 

 

The MICP treatment was conducted in two steps: first, a bacterial solution (BS) is injected or percolated into soil 

to introduce bacteria; second, a cementation solution (CS) is applied multiple times to induce CaCO3 precipitation. 

The chemical compositions of BS and CS are summarised in Table 1 and shown in Figure 3.b and Figure 3.c, 

respectively. 

  

Table 1.  List of chemicals used for BS and CS. 

 

(a) (b)

(a) (b)a) b) c)
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Chemicals (BS) Mass per litre  

(g/L) 

Chemical (CS) Mass per litre  

(g/L) 

Urea (CH4N2O) 20 Urea (CH4N2O) 20 

Ammonium Chloride (NH4Cl) 20 Yeast 0.2 

Sodium Bicarbonate (NaHCO3) 2.1 Calcium Chloride (CaCl2) 44.1 

Yeast 3   
 

2.2 Unconfined Compressive Strength (UCS) of MICP Treated AI Sand 

Three different variants of a locally sourced Adelaide Industrial (AI) clean sand were used: AI16/30, AI30/60, and 

AI18/40, as shown in Figure 4.a. AI sand is a high-quality silica sand. AI16/30, AI30/60, and AI18/40 sands had 

d10 (particle diameter at 10% finer) of 0.60, 0.42 and 0.50 mm, respectively. Figure 4.b presents the distribution of 

UCS with CaCO3 content (CC) for seven different sands, including three AI sands. A wide scatter of UCS values 

was observed for the AI sand samples treated with MICP treatments. The UCS values ranged between 0.40 MPa 

to 3.26 MPa, with CC values ranging between 5.8% and 26.5%. However, the highest UCS value of 3.26 MPa did 

not correspond to the highest CC for AI sands, indicating that soil particle size and their distribution play a role in 

their strength improvement. 

 

 
 

Figure 4.  (a) AI sands’ particle size distribution, (b) UCS vs CaCO3 

 

 

2.3 UCS of MICP Treated Sands 

Previous studies have explored correlations between CaCO3 content (CC) and unconfined compressive strength 

(UCS), as well as other relevant soil properties (Harkes et al. 2008; Qabany et al. 2011; Li et al. 2018). Table 2 

summarises some of these relationships reported in the literature. Building on this, Hora et al. (2024) examined the 

influence of particle size and its distribution on UCS and CC, performing regression analysis on 89 selected data 

points. Among various gradation parameters, d10 was chosen as it provided a reasonable correlation and effectively 

captured soil type variability. Their analysis revealed a clear trend in UCS and CC variation with respect to d10, 

as illustrated in Figure 5 and expressed by the following equation, normalised against UCS values corresponding 

to 10% CC: 

 

UCS/UCS10% = 0.705 − 3.85d10 + 0.0855CaCO3 + 3.20d10
2 − 0.035d10CaCO3 − 0.0004(CaCO3)2 

                   (1) 

The 10% CC value was selected for normalisation as it approximated the median and provided better correlation 

with the dataset. However, theoretically, any reference value (e.g., a maximum CC) could be used, and may yield 

improved fits for different soil types. 

 

2.4 Undrained Triaxial Tests on MICP Treated Sands 

Triaxial tests were performed on specimens measuring 100 mm in diameter and 100 mm in height. A reduced 

height-to-diameter ratio, combined with lubricated extended platens, was adopted to accommodate large strains. 

The triaxial cell was filled with de-aired water, and cell pressure was applied using a pneumatic controller with an 

air–water interface. Secondary pressure transducers were incorporated to verify accuracy. Pore water pressure 

within the specimen was controlled and monitored using a Digital Pressure Volume Controller (DPVC. Axial 

AI16/30 AI30/60

AI18/40

(b)(a)

a) b)

(a) (b)
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loading was applied via a microprocessor-controlled drive system, and an internal submersible load cell (15 kN 

capacity, ±0.05% accuracy) measured the applied force. 

 

Table 2.  UCS and CC correlation in previous studies. 

 

Study Equations 

Harkes et al. (2008) UCS = 128.11 ×  exp0.0112 ×CC 

Qabany et al. (2011) CC =  (𝑉𝑠 − 152)/97 

Liu et al. (2019) UCS = 41.1 exp(0.807 𝑅𝐶);    𝑅𝐶 =  
𝑉𝑐 (𝐶

𝐶𝑎
⁄ )

𝑉
 

Li et al. (2018) UCS =  (a × CC + b)2 − c ≥ 0;   𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  
√c − b

a
 

Xiao et al. (2019) UCS = 8.80 × 105[𝜂 (𝐶𝑖𝑣)0.28⁄ ]−4.03 

Choi et al. (2020) UCS =  𝛼 (𝐶𝐶
1%⁄ )

𝛽

, when CC < 30% 

Ahenkorah et al. (2023) UCS = 0.22𝐴𝐶
1.8 

 

 

 
 

Figure 5.  Relation between UCS, CaCO3 content (CC) and particle size at d10 

 

Figure 6 illustrates the undrained shear response of two MICP-treated specimens with the same initial as-placed 

void ratios (eap) of 0.85 ± 0.03. Both specimens (BTCIU02 and BTCIU07) were isotropically consolidated to an 

effective confining pressure (p′₀) of 200 kPa and contained CaCO3 contents of 10.1% and 15.4%, respectively. 

Here. p′ is (′1+′2+′3)/3 and deviatoric stress, q is (′1-′3), where ′1, ′2, ′3 are effective major principal 

stresses. Specimen BTCIU02 exhibited a peak deviatoric stress (qpeak) of approximately 1240 kPa, followed by a 

sharp reduction at ~10% axial strain due to sudden cementation break, after which partial strength recovery 

occurred. Testing of BTCIU07 was terminated at ~8% axial strain due to equipment load limitations, with a 

recorded qpeak of ~1700 kPa. Subsequent unconfined compression testing yielded a strength of 540 kPa. 

 

Despite similar consolidation conditions, differences in cementation content resulted in significantly different 

initial void ratios, e0, from the same as placed void ratio, eap and qpeak values. Higher cementation produced a 

pronounced dilative response, as evidenced by the substantial negative pore pressure u) development shown in 

Figure 7b. The sudden increase in u at ~10% axial strain for BTCIU02 coincides with the sudden cementation 

break. A detail of this study on triaxial and simple shear behaviour of bio-cemented soil under undrained, drained 

conditions within the critical state soil mechanics framework can be found in Hora et al. (2025), Ahenkorah et al. 

(2024a), Ahenkorah et al. (2024b). 

 

Equation (1)
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Figure 6.  Undrained behaviour of MICP-treated AI sand with a similar void ratio and consolidated to a similar 

𝑝𝑜
′  (a) q plotted against axial strain, (b) development of pore water pressure with axial strain. 

 

3 Enzyme-Induced Calcite Precipitation (EICP) 

 

One advantage of EICP over MICP is the smaller size of the urease enzyme (typically 0.012µm), rendering the 

process effective for a wider range of soils, including fine-grained soils (Andrews et al. 1984; Hamdan 2015; 

Dilrukshi and Kawasaki 2016) and the production of dry powdered enzymes (Tran et al. 2024; Tran 2025). 

However, the cost of EICP treatment can be high. Pure urease enzyme is the most expensive component (~70 to 

80% of the total cost) of the chemical constituents used. Although some studies have used crude urease extract as 

a cost-effective source of enzyme, some extraction techniques may require additional processes or chemicals and 

may sometimes yield only a small quantity of urease enzymes (Nam et al. 2015; Khodadadi et al. 2020; Song et 

al. 2020). A plan screening process for the extraction of crude enzymes has been developed at UniSA (Rahman et 

al. 2023; Rahman et al. 2024; Tran et al. 2024) and explained below. 

 
3.1 Crude Urease enzyme from Australian plants 

 

3.1.1Plant Screening and Selection 

Over 50 preliminary trials were conducted on Australian native plants, weeds, and local species based on their 

protein content. Crude extracts from plant parts (≈ 0.25 g/mL DI water) were tested for CaCO₃ precipitation in test 

tubes. Species showing high precipitation were selected for further analysis. Selected native plants included Halls 

Creek Wattle (Acacia cowleana), Elegant Wattle (A. victoriae), Coastal Wattle (A. sophorea), Witchetty Bush (A. 

kempeana), Quandong (Santalum acuminatum), Kurrajong (Brachychiton populneus), Saltbush (Atriplex), and 

Weeping Grass (Microlaena stipoides). Seeds from Paddy Melon (Cucumis myriocarpus), Soybean (Glycine max), 

and Loquat (Eriobotrya japonica) were also included. All species were purchased except Paddy Melon, which is 

a very invasive weed and distributed across Australia, with notable infestations observed in Native Title lands, 

National Parks and mining active areas, as shown in Figure 7.a. This self-pollinating plant has a long fruiting 

period from December to May. Each plant can yield 50 to 450 melons, and each fruit can contain up to 200 viable 

seeds (Shaik et al. 2017). A study revealed that an average of 1.5 tons of Paddy melon seeds/ha can be collected 

from wild weed colonies (Buhary 2021). Collecting Paddy melon for crude enzyme production will reduce its 

spreading, control expenditure and crop yield loss, and preserve the native flora and fauna deep-rooted in 

Aboriginal communities.  

 

3.1.2 Crude Extraction Process 

Plant parts were air-dried, deshelled if necessary, and soaked (50 g in 200 mL DI water) overnight. The mixture 

was blended (5 min), filtered, and centrifuged twice at ~4400 rpm for 15 min. The supernatant served as the crude 

extract. The urease activity of some selected crude extracts is shown in Figure 7.b and mature Paddy melon seeds 

(M-PMS) were selected for their high urease activity. 

 

3.1.3 CaCO3 Precipitation Tests 

Crude extracts were tested in 50 mL tubes with 20 mL EICP solution (10 mL enzyme + 10 mL cementation solution 

of 0.5 M urea and CaCl2). For comparison, tests with purified Jack Bean urease (0.25 g/L, 40.15 kU/g) were 

included. Samples were cured at 30 °C for 24 h, then filtered, oven-dried (60 °C), and digested in 1 M acid to 

determine the actual CaCO3 mass. 

(a)
(b)

(c) (d)

(a)
(b)

(c) (d)
a) b)
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Figure 7. (a) Distribution of Paddy melon in Australia, (b) Urease activity and specific activity of crude extracts 

(Rahman et al. 2024). 

 

3.2 Producing dry powdered crude enzymes 

Lyophilisation, commonly known as freeze-drying, is a technique used to remove water from a substance—

typically a liquid or solution—by first freezing it and then applying a vacuum under low temperatures. In this 

process, the material is frozen, and water is eliminated through sublimation, where ice transitions directly into 

water vapour without passing through the liquid phase, as shown in Figure 7.a. This is achieved by placing the 

frozen substance in a vacuum chamber and applying gentle heat, allowing the ice to evaporate as vapour without 

melting, as illustrated in Figure 7.b. The details of this process can be found in Tran et al. (2024). The concentration 

of enzymes can be controlled in solution by mixing dry powdered crude enzymes. 

 

 

Figure 7. (a) Phase diagram, (b) ModulyoD Freeze Dryer for producing dry powdered crude enzymes 

 

3.3 Optimising the EICP process 

Most studies on optimising EICP solution components have been performed in test tubes under standard conditions 

(pH 8.0, 25–30 °C) (Neupane et al. 2013; Hamdan 2015; Almajed et al. 2018; Ahenkorah et al. 2020). Reported 

optimal concentrations vary, with some contradictory findings. Based on over 100 test-tube experiments 

(Figure 8a), this study explores the relationships among substrate concentration [S0], enzyme concentration [E0], 

enzyme activity, and their effect on CaCO3 precipitation. From these datasets, an expression for estimating CaCO3 

was derived, aligning with literature data: [S0] and [E0], and shown below.  

 

CaCO3/Mt = [1 − ex p( − 0.2035 × [Es] [S0]⁄ )]  (2) 

 

where Mt is the maximum theoretical mass of precipitated CaCO3 for a given substrate concentration. It gives a 

very high accuracy prediction on CaCO3 precipitation, irrespective of data sources, as shown in Figure 8.b. 

 

4. Applications of Bio-cementation 

 

4.1 UCS with precipitated CaCO3 

For MICP, 50 mL of bacterial solution (BS) was injected from the top of the sand specimen at 10 mL/min using a 

peristaltic pump, followed by a 6–8 h detention period for bacterial attachment (nucleation). In the second phase, 

Paddy melon and seeds (M-PMS)

Spread of Paddy melon
Native title
Native title
National park
Mining area

Olympic Dam

a)
b)

Melting

Vaporisatio
n

Sublimation
a)
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80 mL of cementation solution (CS), equivalent to the pore volume, was injected three times with 12 h curing 

intervals. In contrast, EICP involved gravity percolation of a mixed enzyme and CS solution, with treatment cycles 

spaced 40–48 h apart for both methods. Figure 9.a shows CaCO3 precipitation (Cc) at six locations along the 

specimen height for different treatment cycles (NTC), i.e. illustrates uniformity of Cc along specimen height. Cc 

increased with NTC, correlating with strength gains. However, MICP produced higher Cc (solid symbols) than 

EICP (hollow symbols) (Figure 9b), likely due to three times more CS in MICP for the same NTC. Figure 9.b shows 

that UCS (qu) increased with increasing average Cc (Ac), irrespective of treatment methods, and their relation can 

be presented by a linear function for AI sand with a very high coefficient of determination (R2) of 0.93.  

 

UCS (qu) = 0.29 × 𝐴𝑐 − 1.42       for 5 < 𝐴𝑐 < 26  (3) 

 

 
Figure 8. EICP optimisation and prediction of CaCO3 precipitation: (a) parametric study in test-tubes, (b) CaCO3 

precipitation modelling. 

 

 
Figure 9. EICP- and MICP-treated AI sand: (a) Distribution of CaCO3 along the height and failure pattern, (b) 

relation between UCS strength with average CaCO3. 

 

 

4.2 Surface Crust for Weed Control 

Preventing weed seedling emergence through soil crusting is a potentially sustainable weed control method, though 

it remains largely unexplored. Studies show that seedling emergence from crusted soils depends on the seedling’s 

emergence force and the crust’s strength, with mechanical resistance often preventing emergence. If the seedling’s 

force is lower than the crust resistance, it fails to break through, as shown in Figure 10.a. Crusts also reduce 

porosity, limiting moisture, temperature regulation, and oxygen supply. Research indicates a negative correlation 

between emergence and crust strength, with 40–700 kPa typically required to fully inhibit emergence, though 

thresholds vary by crop and testing methods (Richards 1953; Bennett et al. 1964; Parker Jr and Taylor 1965; Joshi 

1987; Massingue 2002).  

 

In this study, Karoonda silty sand (KSS) and Adelaide industrial sand (AIS) were treated with one cycle of EICP 

using urease from Paddy melon seeds. The EICP treatment consisted of spraying 7.5 mL of crude urease enzyme 

a) b)
CaCO3

a) b)
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extract from paddy melon seeds and 7.5 mL of cementation solution on top of the specimens from opposite 

directions at the same time, as shown in Figure 10.b. The sample was then cured at 30°C for 40-48 hours. The 

treatment formed a ~5 mm thick crust, tested using a Mecmesin AFG500 force gauge. Results showed significantly 

higher crust strength at sample centres, reaching 1307 kPa (KSS) and 1050 kPa (AIS), as shown in Figure 10.c. 

These findings suggest EICP-treated crusts can effectively suppress weed emergence, offering a sustainable 

solution for areas like roadside shoulders and embankments. 

 

 
 

Figure 10. (a) Mechanism of soil crust for weed control, (b) application of EICP for soil crust, (c) Crust strength 

at different locations. 

 

4.2 Soil Erosion Control  

Figure 11.a shows the mass loss per unit area and unit time during the wind erosion resistance tests. As expected, 

the mass loss of the untreated AIS increased rapidly with increasing wind speed and reached nearly 42,000 g m -2 

h-1 at a speed of 40 km h-1. The EICP-treated AIS crust showed significantly higher resistance with almost 0 g m-2 

h-1 mass loss up to a speed of 30 km h-1. A relatively small increase in mass loss (~ 4.5 g m-2 h-1) was observed at 

a speed of 40 km h-1. The results show that the EICP-treated AIS crust exhibited high resistance against wind 

erosion. A detail can be found in Tran et al. (2024). 

 

Figure 11.b shows the erosion cavity radius plotted against the flow rate of rain droplets for untreated and EICP-

treated AIS crusts. Overall, the erosion cavity radius increased with an increased flow rate of rain droplets. The 

untreated AIS showed the largest cavity radius compared to the EICP-treated AIS crust. The high resistance to 

raindrop erosion exhibited by the EICP-treated AIS crust can be attributed to the presence of CaCO3 bonding within 

the crust. Concerning the crust’s erodibility, the EICP-treated AIS crust exhibited higher durability than the 

untreated AIS crust, and its erosion was less progressive under all conditions (Ahenkorah et al. 2023). 

 

 
 

Figure 11. (a) Soil mass loss against wind speed, (b) Erosion cavity radius against flow rate of rain droplets. 

 

 

6 Future and challenges 

 

6.1  Carbon Footprint of EICP vs Cement 

The carbon impact of soil treatment depends on material emissions and quantities needed for the target strength. 

Cement production emits about 0.8–1.06 kg CO2 per kg of cement, while urea and calcium chloride used in EICP 

a) b)
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emit roughly 1.5–1.8 kg and 1.5 kg CO2 per kg, respectively. Although EICP involves ammonia volatilisation, 

indirect N2O emissions are relatively small (Alotaibi et al. 2022). For low-strength applications (<1 MPa), EICP 

requires far less material than cement, resulting in up to 50% lower emissions (Tran 2025). However, at higher 

strengths (>2 MPa), EICP’s footprint approaches or exceeds that of cement. Despite this, EICP remains a 

sustainable option for low-strength treatments, and its carbon impact can be further reduced by using industrial by-

products for CaCl2 and green urea from renewable sources, positioning EICP as a climate-conscious alternative to 

traditional cement. 

 

6.2 Large-scale projects 

Bio-cementation shows strong potential for sustainable soil improvement, but its large-scale implementation 

remains in the early stages. Current research has focused primarily on laboratory-scale studies, leaving critical 

gaps in understanding field performance, scalability and cost optimisation under diverse conditions (van Paassen 

et al. 2010b; Nassar et al. 2018). Future work must address enzyme sourcing (bacteria and plants), reaction 

efficiency, and integration with industrial by-products to reduce carbon footprint. Pilot projects and long-term field 

trials are emerging in Australia, e.g. ARC DP250104314 on "Stabilising tailings dam capping with plant-based 

enzymes". Advancing these areas will position bio-cementation as a viable alternative to traditional cement-based 

methods for infrastructure and geotechnical applications. 

 

 

5. Conclusions 

Microbially Induced Carbonate Precipitation (MICP) and Enzyme-Induced Carbonate Precipitation (EICP) 

represent innovative, bio-inspired techniques for soil stabilisation and improvement. Both methods offer 

significant environmental advantages over traditional cement-based approaches, particularly in reducing carbon 

emissions and enabling sustainable ground improvement. While MICP relies on microbial activity, EICP uses free 

enzymes, providing greater control and flexibility in application. Despite promising laboratory results, challenges 

remain in scaling these technologies for field use, including cost optimisation, uniformity of treatment, and long-

term durability. Continued research into reaction kinetics, material sourcing, and integration with green supply 

chains will be critical to unlocking their full potential. With advancements in these areas, MICP and EICP can 

become viable, climate-conscious alternatives for geotechnical engineering and infrastructure development. 
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