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Abstract 

The scarcity of competent soils in the desired locations has forced geotechnical engineers to look for soil stabilization that 

is sustainable and environment-friendly. In this regard, bio-cementation technology has received a lot of interest in this 

area because of its benefits over traditional soil stabilization techniques. The present study aims to examine the influence 

of the bio-cementation technique with and without Rice Husk Ash (RHA) on the permeability property of silty sand. 

Biocemented soil samples were prepared with various combinations of the bacterial solution (0.5, 1.0, and 1.5 optical 

density (OD)) and cementation solution (0.5, 1.0, and 1.5 molarity) at 0, 3, 7, 14, and 28 curing days. The RHA, an 

agricultural waste with good pozzolanic qualities, was added to the control soil and the biocemented soil samples at 5, 10, 

and 15% by weight. A falling head permeability test was employed in this study. The test results showed that the 

permeability of the soil decreased when the bio-cementation technique, with or without RHA, was applied. The 

permeability of the soil decreased with increasing BS and CS concentrations in all curing days. A greater decrease in the 

permeability value was seen when the RHA additive was added to the bio-cemented soil. The results of the micro-analysis 

tests were also in support of this reduction. Overall, the addition of RHA up to 10% with 1.0 OD BS and 1.0M CS at a 14-

day curing period was noted to optimally reduce the permeability property of the soil. 
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1. Introduction 

Due to population growth and the rapid expansion of infrastructure, the availability of competent soils (typically 

characterized by high load-bearing capacity and low compressibility) in the desired location becomes limited. The 

scarcity of such soils in the desired locations has forced civil engineers to look for economical soil improvement 

techniques. Conventional soil stabilization techniques such as chemical grouting, stone columns, the blending of natural 

and manmade materials, and other soil improvement techniques are being used all over the world [1–3]. Nevertheless, 

the majority of these methods rely on artificial or mechanical components, which require a lot of energy to produce or 

install. Therefore, looking for innovative, cost-effective, environment-friendly, and overall, more sustainable soil 

improvement techniques become necessary. The most recent and environmentally friendly soil improvement technique 

now considered in geotechnical engineering is the bio-cementation process [4]. 

Bio-cementation is a recent technique for improving soil properties that uses bacteria to create calcium carbonate 

(CaCO3) crystals between soil particles [5–7]. The fundamental idea behind the bio-cementation process is that the 

microbial enzyme urease breaks down urea into ammonia and carbon dioxide. The ammonia released into the 

environment raises the pH, resulting in an accumulation of insoluble CaCO3. The process through which CaCO3 is 

precipitated by urea hydrolysis involves two steps: (i) Urea hydrolysis and (ii) CaCO3 precipitation [8]. 
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Urease from microorganisms hydrolyzes urea to create ammonium and carbonate ions: 

CO(NH2)2 + H2O → CO3
2- + 2NH4

+ (1) 

When a calcium source is present, the generated carbonate ions mix with the calcium ions to create calcium carbonate 

precipitates. 

Ca2+ + CO32- →CaCO3 (s) (2) 

Several previously published investigations have shown that the bio-cementation process is viable for a larger variety 

of soils, including sandy soils, clayey, silty sand, organic soil, rocks, and concrete and mortar [8–11]. 

Ivanov et al. (2012) [12] developed two new microbial-based grouting materials: calcium-based biogrouts and iron-

based biogrouts. The authors found that these materials reduced permeability and increased the UCS values of the 

biocemented sandy soil samples. Zhao et al. (2014) [13] examined the influence of urease and bacteria concentration, 

curing conditions, and type of sand on the properties of biocemented-sandy soil. They found that the effectiveness of 

the bacteria concentration for the enhancement of the MICP process was greater than that of the urease concentration. 

The curing periods on the properties of biocemented soil had a small effect. Similarly, Chen et al. (2023) [14] examined 

the effects of relative density, CS concentration, and frequency of consolidation on the mechanical properties of 

biocemented-sandy soil. The study findings showed that consolidation frequency was the most influential factor on the 

properties of the soil, with a 5–15 times as effective range. Khaleghi & Rowshanzamir (2019) [15] studied single and 

mixed cultures by using urease-positive bacteria and non-ureolytic bacteria. The authors observed that the permeability 

value of the mixed medium was reduced by more than 34% compared to the single culture. In another study, Li et al. 

(2023) [16] observed that only 35.19% of the initial UCS strength of the biocemented calcareous sand sample remained 

after 30 days of field marine environment erosion. Jain & Das (2023) [17] found that the amount of biomineral 

precipitation influenced the permeability of the biocemented sandy soil. The permeability value was reduced sharply 

initially when the biomineral percentage varied from 0 to 2. There was minimal variation in permeability reduction 

beyond 10% biomineral dosage. Tabrizi et al. (2023) [18] investigated the strain accumulation pattern in the sandy soil 

under cyclic traffic loads. They found that accumulated plastic strains were reduced by 95% under the same cyclic 

loading conditions when the amount of precipitated calcite was increased from 0.38% to 0.83%. 

Some studies have investigated the efficiency of adding fiber to the bio-cemented sandy soil [19, 20]. Li et al. (2016) 

[21] evaluated the influence of randomly dispersed discontinuous fiber on the mechanical properties of the biocemented 

soil. The study outcomes revealed that the addition of 0.2-0.3% fiber increased the shear strength, ductility, and failure 

strain of the biocemented soil. In another study, Xiao et al. (2019) [20] observed that the tensile strength and UCS values 

of basalt fiber-biocemented sandy soil increased with increasing calcite content. 

Sharma & Ramkrishnan (2016) [22] evaluated the influence of micro-organisms, CS, and curing times on the 

properties of the clay. The study findings demonstrated that the UCS value of intermediate and highly compressible 

clayey soils noticeably improved (1.5 to 2.9 times) with the addition and duration of MICP treatment. Morales et al. 

(2019) [23] found in their study that the content of CaCO3 in the soil was enhanced because of the addition of bacteria 

to clay phyllites. The increment in plasticity values and specific surface area was also noticed. This finding is similar to 

the findings of Bindu et al. (2017) [24]. They observed a decrease in the liquid limit value for the biocemented clayey 

soil. 

Sidik et al. (2014) [25] investigated the effect of the bio-cementation process on the permeability property of organic 

soil. They confirmed that the permeability reduction could be effectively achieved through the application of bio-

cementation. Canakci et al. (2015) [26] concluded that the bio-cementation technique was feasible for organic soil. The 

authors found that the bio-cementation technique decreased the compressibility properties and hence enhanced the shear 

strength of the soil. 

In the bio-cementation process, some researchers experimented with calcium from alternative sources than the 

calcium chloride (Cacl2) that is commercially available. Cheng & Shahin (2017) [27] studied the viability of employing 

seawater as the source of calcium rather than Cacl2. The study findings revealed that the repeated treatment of seawater 

could considerably enhance sand column strength. Similarly, Choi et al. (2016) [28] and Dayakar et al. (2019) [29] 

evaluated the UCS and permeability of the sandy soil mixed with eggshell. Calcium from eggshells was shown to be 

just as effective as calcium from Cacl2. 

Some researchers have looked into the impacts of RHA on neat soil and biocemented soil. Rathan Raj et al. (2016) 

[30] mixed the soil in various proportions (5%, 10%, 20%, 30%, 40%, 50% and 80%) and observed improvement in the 

soil properties. Adhikary & Jana (2016) [31] stabilized the soil with 5%, 10%, 15%, and 20% of RHA by weight. They 

observed a considerable enhancement in CBR and UCS with the addition of RHA. Roy (2014) [32] stabilized the soil 

with different dosages of RHA and a small amount of cement. The findings showed UCS and CBR improved 
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considerably and optimum value was observed at 10% RHA and 6% cement. Oyediran & Ayeni (2020) [33] examined 

the influences of RHA, cement, and MICP on the geotechnical properties of soils. The study findings revealed that the 

addition of 15% of cement and bio-cementation, and 10% of RHA increased the soil properties in optimum level. The 

workability improved, UCS value increased, and the permeability value get reduced.  

Based on the above literature, it was found that many studies have been carried out using bio-cementation techniques 

on different types of soil, but limited research was done on silty sand soil. Although many research has been conducted 

on the effect of bio-cementation techniques on various geotechnical engineering (such as consistency limits, 

permeability, UCS, and shear strength), the effect of bacterial solution (BS), cementation solution (CS), and curing 

period on bio-cementation process was not completely investigated. Also, the effect of RHA on biocemented soil 

samples with these parameters was not explored properly. This motivated the authors to investigate the effect of the 

various concentrations of BS and CS along with RHA on the permeability property of the silty sand soil. 

The rest of this manuscript is outlined as follows. Different materials used and methods adopted in the study are 

presented in section 2. The results and discussion of different laboratory tests are described in section 3. The last section 

of the manuscript presents the main conclusions drawn from the study. Future recommendation is also presented in this 

section. 

2. Materials and Methods 

2.1. Soil 

The soil used in the current study was gathered from Lekhi village along National Highway 415, Arunachal Pradesh, 

India (Figure 1). It was gathered by open excavation. After drying in an oven for 24 hours, the soil was sieved using an 

IS sieve size of 425 µm. The category of the soil used in the current study is poorly graded silty sand as per IS 

classification system (as shown in Figure 2). The basic properties of the soil are illustrated in Table 1. 

 

Figure 1. Image of the soil sample 

 

Figure 2. Particle size distribution curve for silty sand 
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Table 1. Basic properties of the soil 

Sl. No. Description Values 

1. 

 

 

Sieve Analysis: 

Gravel (>4.75 mm) 

Coarse sand (2-4.75 mm) 

Medium sand (0.425-2 mm) 

Fine sand (0.075-0.425 mm) 

Silt + Clay (<0.75 mm) 

CU 

CC 

 

11.3 % 

5% 

27.8% 

46.5% 

9.4% 

5.04 

1.78 

2. Specific Gravity 2.67 

3. Plastic Limit Non-plastic 

4. Liquid Limit 22.9 

5. MDD 18.4 kN/m3 

6. OMC 14.61% 

7. Coeff. of permeability 4.16×10-4 cm/s 

8. Classification SP-SM 

2.2. Bacteria 

Bacillus Sp (MTCC No. 4445) bacteria was used in the present study and was obtained in powder form in a glass 

ampule from the Microbial Type Culture Collection and Gene Bank in Chandigarh, India. All chemicals used in the 

study were ordered from Krishna Enterprise, Guwahati, India. 

2.3. Culture Media 

Nutrient broth was used to cultivate the bacteria. The composition of nutrient broth is presented in Table 2. The 

growth medium, i.e., the nutrient broth solution, was prepared by maintaining the pH at 7.0 ± 0.2. It was sterilized for 

15 minutes at 15 psi in an autoclave. After sterilization, it was again given ultraviolet rays for 15 minutes to prevent 

contamination with bacterial growth. Then only the purchased powder-formed bacteria were injected into the growth 

medium under the laminar flow cabinet. The bacteria and growth medium were incubated at 30°C in an incubator. The 

optical densities (0.5, 1.0, and 1.5) of the cultivated bacterial solution were determined using a spectrophotometer (at λ 

= 600nm) on different days (Figure 3). The bacterial solution of these 3 different ODs was stored at 4°C until used. 

Table 2. Composition of nutrient broth 

Sl.no. Composition Quantity 

1. Peptone 5 g 

2. NaCl 3 g 

3. Yeast extract 1 g 

4. Beef extract 3 g 

5. Distilled water 1000 ml 

 

Figure 3. Image of bacterial solution 
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2.4. Cementation Solution 

Distilled water was mixed with urea having molar mass of 60 g/mol and calcium chloride with 111 g/mol to create 

cementation solutions (CS) with different concentrations of molarity (0.5M, 1.0M, and 1.5M). The quantity of 

urea/CaCl2 is calculated as per the below formula. 

Quantity of urea/CaCl2 = Strength(w) = MM´V/1000(g) (3) 

where, M is molar mass of urea or CaCl2, M´is molar concentration of cementation solution, and V is volume of distilled 

water. 

2.5. Rice Husk Ash 

Rice Husk Ash (RHA) is an agricultural waste with high silica content that is produced by burning rice husks. [30, 

31]. Pozzolana is a siliceous or siliceous and aluminous component that, when combined with calcium hydroxide and 

water at room temperature, produces cementitious materials. It is produced in enormous quantities and its disposal could 

be harmful to the surrounding and human health. Many researchers have been attempting to develop uses for it to lessen 

the environmental risk related to its disposal. By using this as an additive in place of cement, lime, etc., in soil 

stabilization, both the construction cost as well as the environmental risk will be decreased. Although the burning of this 

material will also produce CO2 the use of this material can reduce CO2 emission compared to cement production. India 

produces around 20 million tonnes of paddy each year. This yields roughly 4.4 million tonnes of RHA and 24 million 

tonnes of rice husk annually. 

Locally available rice husk was used in the current study (Figure 4). It was burnt in the open air to get RHA. It was 

sieved via a 425 µm IS sieve. The specific gravity of RHA was 2.03. The chemical composition of the RHA is presented 

in Table 3. The RHA concentrations employed in the present study were 5, 10, and 15% by weight. 

 

Figure 4. Image of RHA 

Table 3. Chemical compositions of the RHA 

Compositions Weight % 

O SiO2 55.39 

Mg MgO 0.42 

AL Al2O3 4.77 

Si SiO2 31.38 

K MAD- 10 Feldspar 1.5 

Ca Wollastonite 0.48 

TiTi 0.37 

Fe Fe 4.54 

Cu Cu 0.68 

Zn Zn 0.47 

2.6. Preparation of Soil Sample 

Bacterial solution (BS) was used to replace half of the water needed to prepare all of the samples, and cementation 

solution (CS) was used to replace the remaining half of the water needed. At OMC and MDD, the samples were prepared. 

First, the required amount of BS was added and evenly mixed with hand-wearing gloves. The required amount of CS 

was then added and thoroughly mixed. The mixing method was adopted in the preparation of the treated soil sample 

because the homogeneous distribution of CaCO3 can easily be achieved by the mixing method. Figure 5 displays the 

flowchart of the methodology used in the present study. 
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Figure 5. Flowchart of the methodology used in the present study 

3. Results and Discussion 

Falling head permeability test was employed for the evaluation of the permeability property of control, biocemented, 

and biocmented + RHA soil samples. Figure 6 displays the progress of the falling head permeability test. The 

permeability value for control soil was found to be 2.49×10-4 cm/s. 

 

Figure 6. Falling head permeability test in progress 

3.1. Effect of Concentration of Bacterial Solution (BS) 

Figures 7-a to 7-c illustrates how the concentrations of BS influence the permeability of the biocemented sample. It 

was observed from Figure 7-a that at the 0.5M CS concentration, the permeability value of biocemented soil samples 

decreased initially and then increased with increasing the BS concentration. The same pattern was observed for 1.0M 

and 1.5M CS concentrations. 
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(a) 

 

(b) 

 

(c) 

Figure 7. Permeability values of biocemented soil with different concentration of BS and curing periods – with (a) 0.5M CS 

(b) 1.0M CS (c) 1.5M CS 
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The maximum reduction of permeability value of biocmented soil samples was observed in 14-day curing period for 

all BS concentrations irrespective of the CS concentrations. This may be the result of microbial activity producing pore-

filling materials. The negatively charged surface of the bacteria caused CaCO3 to precipitate when calcium ions in the 

form of CaCl2 were supplied [34], and it provided nucleation sites for the adhesion of Ca2+. The CaCO3 precipitation 

blocked the soil pores which reduced the permeability of the soil and limited water flow [35]. The maximum percentage 

reduction in the permeability value was found in 1.0 OD concentration (20.36%) at 0.5M CS concentration. This was 

followed by 1.5OD (20.07%) and 0.5OD BS concentrations (17.47%). Similarly, for the CS concentration 1.0M, the 

maximum reductions were 17.97%, 21.92%, and 19.38% for 0.5OD, 1.0OD, and 1.5OD BS concentrations, respectively. 

The 17.76%, 20.56%, and 19.57% reduction in permeability value for 0.5OD, 1.0OD, and 1.5OD BS concentration, 

respectively, were observed in 1.5M CS concentration.  

In comparison among BS concentrations, the maximum permeability reduction was associated with the 1.0OD BS 

concentration (i.e., 20.36%%, 21.92%, and 20.56% for 0.5OD, 1.0OD, and 1.5OD, respectively). In addition, the 

maximum reduction in permeability value of the soil sample prepared at 1.0OD and 1.0 M with 14 days curing time was 

found to be 84.98% with respect to the control sample. 

3.2. Effect of Concentration of Cementation Solution (CS) 

The variation in the coefficient of permeability values of the bio-cemented samples at different CS concentrations, 

0.5, 1.0, and 1.5M, is illustrated in Figures 8-a to 8-c. The results show the permeability values decreased for all the CS 

concentration regardless of BS and curing periods from the control sample. It could be due to the fact that the 

precipitation of calcite reduced the permeability values. As precipitation increased, the soil particles filled up and a bio-

clogging effect connected the particles, decreasing the permeability. 
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(c) 

Figure 8. Permeability values of biocemented soil with different concentrations of CS and curing periods – with (a) 0.5 OD 

BS (b) 1.0 OD BS (c) 1.5 OD BS 

It was observed from Figure 8(a) that at the 0.5OD BS concentration, the permeability value of biocemented soil 

samples decreased initially and then increased with increasing the CS concentration. The same pattern was observed for 

1.0OD and 1.5OD BS concentrations. The maximum reduction of permeability value of biocmented soil samples was 

observed in 14 days curing period for all CS concentrations irrespective of the BS concentrations.  

The maximum percentage reduction in the permeability value was found in 1.0M concentration (17.97%) at 0.5OD 

BS concentration. This was followed by 1.5M (17.76%) and 0.5M CS concentrations (17.47%). Similarly, for the BS 
concentration 1.0OD, the maximum reductions were 20.36%, 21.92%, and 20.56% for 0.5, 1.0, and 1.5M CS 
concentrations, respectively. The maximum percentage reduction in the permeability value for 1.5OD BS concentration 
was observed in 0.5M CS concentration, i.e., 20.08%. This was followed by 19.57% for 1.5M and 19.38% for 1.0M CS 
concentration. This finding is similar to the results of the studies conducted by Wani and Mir (2021) [7] , Dejong et al. 
(2010) [36], and Qabany and Soga (2013) [37]. When the MICP treatment was performed with a low cementation 

solution concentration, precipitation happened at pore throats where there was an excessive number of bacteria and 
nutrients [36]. Qabany and Soga (2013) [37] observed that CaCO3 precipitation was more evenly distributed throughout 
the majority of the samples as a whole and there was no drastic blockage.  

In comparison among CS concentrations, the maximum permeability reduction was associated with the 1.0M CS 
concentration (i.e., 17.97% and 21.92% for 0.5OD and1.0OD, respectively), and with the 0.5M CS concentration (i.e., 
20.08% for 1.5OD). 

3.3. Effect of Curing Period 

Figures 8-a, and 8-c show a sudden decline in the permeability values at the initial stage of treatment (7 days curing) 
till 14 days curing with respect to BS as well as CS concentration. The reason might be the blocking of pore spaces due 
to the development of calcite precipitation [35, 37]. Also, at the initial stage, bacteria might be active enough to increase 
the rate of calcite precipitation while cementation reagents were present and also due to the availability of pore spaces. 
Similar results were observed in the studies of Dejong et al. (2010) [36] and Al Qabany & Soga (2013) [37]. However, 
a slight increase after 14 days of curing was observed. The reason might be due to the dormant state of bacteria as there 

is no nutrition left for consumption after 14 days [7]. Also, there might be limited spaces for calcite precipitation after 
14 days. Therefore, the coefficient of permeability values started increasing after 14 days up to 28 days. 

3.4. Effect of RHA Addition 

It was observed from Figure 9-a that at the 0.5M CS concentration, the permeability value of biocemented soil 
samples decreased initially and then increased with increasing the percentage of RHA additive. The same pattern was 
observed for 1.0M and 1.5M CS concentrations in all the bacterial solution concentrations (Figures 9-b to 9-c). The 
maximum permeability reduction was observed when 10% RHA was added to the biocemented sample (12.14% for 

0.5M, 13.76% for 1.0M, and 12.29% for 1.5M, respectively) in 0.5OD. Similarly, for the BS concentration 1.0OD, the 
maximum reductions were 29.37%, 30.39%, and 28.10% for 0.5M, 1.0M, and 1.5M CS concentrations, respectively. 
The 20.88%, 22.51%, and 21.20% reduction in permeability value for 0.5M, 1.0M, and 1.5M CS concentration, 
respectively, were observed in 1.5OD. Similar findings were observed in the study of Oyediran & Ayeni (2020) [33]. 
The decrease in the permeability of the soil (with and without biotreated) mixed with RHA might be due to the fact that 
the RHA is a pozzolanic additive with a high concentration of amorphous silica that reacts with water and formed 
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cementitious compounds in soil particles. These cementitious substances bonded the soil particles together, decreasing 
the permeability of the soil [33]. 

 
(a) 

 
(b) 

 
(c) 

Figure 9. Permeability values of biocemented soil@ 14 days curing with different percentage of RHA– with (a) 0.5OD BS (b) 

1.0 OD BS (c) 1.5 OD BS 
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In comparison among CS concentrations, the maximum permeability reduction was associated with the 1.0M CS 

concentration (i.e., 13.76%, 30.39%, and 22.51%) for 0.5OD, 1.0OD, and 1.5OD, respectively when 10% RHA was 

added. The maximum reduction in permeability value of the soil sample prepared at 1.0OD and 1.0 M with 10% RHA 

for a 14-day curing time was found to be 87.3% with respect to the control sample. 

The permeability values of the soil samples stabilized with the RHA additive alone decreased initially and started 

increasing after 14 days curing in all RHA dosages (Figure 10). The maximum permeability reduction of the soil was 

observed in a curing period of 14 days when stabilized with 5%, 10%, and 15% RHA (as observed in Figure 10). This 

might be because there was a setting period that allowed urea and bacteria to spread across the entire soil before 

precipitation occurred. The increase in the permeability of soil or biotreated soil when mixed with 15% RHA might be 

because there was an excess of RHA in the sample that was not mobilized during the reaction, and as a result, the soil-

RHA mixture's binding was weaker since they occupied spaces in the sample [31, 38]. 

 

Figure 10. Permeability value of soil treated with only RHA at different curing periods 

3.5. Microstructural Analysis 

Scanning Electron Microscope (SEM) and Energy Dispersive X-ray microanalysis (EDAX) tests were conducted on 

the untreated and biocemented soil samples. The results of the SEM test are presented in Figures 11-a, and 11-b. It is 

noted that the formation of calcite is not observed in the untreated soil samples (Figure 11-a). Figure 11-b shows the 

SEM image of optimum MICP-treated soil. It is observed, from Figure 11-b, that the calcite was formed on the surface 

of the soil particles and at the contact points between them. This filled the pore spaces between the soil particles and 

reduced the coefficient of permeability of the soil samples. The results of the EDAX test for untreated and MICP-treated 

soil samples are presented in Figures 12-a, and 12-b. A higher energy peak of Ca in the treated sample showed the 

precipitation of calcite crystals in the samples 

  

(a) (b) 

Figure 11. SEM image of (a) untreated soil and (b) MICP treated soil samples 
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(a) 

 

(b) 

Figure 12. EDAX graph for (a) untreated soil and (b) MICP-treated soil samples 

4. Conclusions  

The present study has demonstrated the application of bio-cementation techniques using the RHA additive on 

locally available soil to improve its permeability property. Some conclusions drawn from the present study are  listed 

below: 

 The coefficient of permeability value gets reduced due to the introduction of the bio-cementation technique, with 

or without the RHA additive. The addition of RHA up to 10% with 1.0 OD BS and 1.0M CS at a 14-day curing 

period was noted to optimally reduce the permeability property of the soil. 

 The permeability of the soil decreased with the increase in BS and CS concentrations in all curing days. The 

maximum permeability reduction was 84.98% when the soil sample was treated with 1.0OD BS and 1.0M CS at 

14 days of curing. 

 Further, more decrease in the permeability value was seen when the RHA additive was added to the bio-cemented 

soil. The maximum permeability reduction at 1.0OD and 1.0M with 10% RHA after a 14-day curing time was 

found to be 87.3%. 

 The addition of RHA alone to the untreated soil sample also reduced the permeability value. The maximum 

permeability reduction of the soil was observed in a curing period of 14 days when stabilized with 5%, 10%, and 

15% RHA. The results of the SEM and EDAX tests are also in support of this reduction. 

Overall, it can be concluded that the bio-cementation technique can be used as an effective and alternate soil 

improvement technique. The improvement of other geotechnical properties, like UCS and CBR, of the soil using this 

technique and RHA addition can be explored in future studies. 
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