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Abstract  Bioclogging and biocementation can be used to improve the geotechnical properties of sand. 

These processes can be performed by adsorption of urease-producing bacterial cells on the sand grain 

surfaces, which is followed by crystallization of calcite produced from the calcium salt and urea solution 

due to bacterial hydrolysis of urea. In this paper, the effect of intact cell suspension of Bacillus sp. strain 

VS1, suspension of the washed bacterial cells, and culture liquid without bacterial cells on microbially-

induced calcite precipitation in sand was studied. The test results showed that adsorption/retention of urease 

activity on sand treated with washed cells of Bacillus sp. strain VS1was 5 - 8 times higher than that treated 

with culture liquid. The unconfined compressive strength of sand treated with the suspension of washed 

cells was 1.7 times higher than that treated with culture liquid. This difference could be due to fast 

inactivation of urease by protease which was present in the culture liquid.  The adsorption of bacterial cells 

on sand pre-treated with calcium, aluminum, or ferric salts was 29 to 37% higher as compared with that 

without pretreatment. The permeability of sand varied with the content of precipitated calcium. For 
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bioclogging of sand, the content of precipitated calcium had to be 1.3% (w/w) or higher. The shear strength 

of biotreated sand was also dependent on the content of precipitated calcium. To achieve an unconfined 

compressive strength of 1.5 MPa or higher, the content of precipitated calcium in the treated sand had to be 

4.2% (w/w) or higher. These data can be used as the reference values for such geotechnical applications as 

bioclogging for reduction of permeability of sand and biocementation for increasing the shear strength of 

soil.     

Keywords  Bioclogging · Biocementation · Biogrouting · Sand 

 

1 Introduction   

 

Grouting with cement or chemical reagents is often used in geotechnical engineering to increase the 

strength or to reduce the permeability of soil [23]. For example, suspension of cement can be used to 

strengthen coarse sand for road or railways construction [1] or different grouting methods can adopted for 

ground improvement against liquefaction [9]. However, the viscosity of cement grout is too high to be used 

for fine sand or fine grained soil. Dissolved organic grouts can be used as alternatives. However, some of 

the organic grouts are expensive and toxic for human, animals, and plants [19].  

A new grouting material, biogrout, has been developed in recent years [12, 19, 26]. Biogrout has low 

viscosity in solution and thus can penetrate better than cement or chemical grouts. The other advantages of 

biogrout over dissolved organic grouts are lower cost and lower toxicity [19].       

Bioclogging is a process of filling the pores in soil with minerals and other substances that are 

generated microbially to reduce the soil permeability. Biocementation is a process to bind soil particles 

together with minerals and other substances to increase the compressive strength of soil. A common 

process for bioclogging and biocementation is microbially induced carbonate precipitation (MICP). As 

bioclogging and biocementation take place simultaneously most of the time, the two terms are used to refer 

to mainly the purposes of applications rather than the processes in practice.  

MICP can be either a natural or engineered process that is controlled by different factors and through 

different mechanisms [6, 7, 27 - 29, 30, 31, 34]. One of them is the production of calcite in the porous soil 

by urease-producing bacteria (UPB) in the presence of urea, calcium ions, and either pure or enrichment 
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cultures [12, 14, 19, 20, 26, 33] or indigenous population of urease-producing bacteria (UPB) [4, 5]. This 

process is performed as follows:  

                              CO(NH2)2 + 2H2O + Ca
2+

 + UPB   CaCO3 + 2NH4
+
  + UPB     (1) 

The MICP process can be used for numerous applications in geotechnical and environmental 

engineering such as reduction of soil permeability through bioclogging or increase of shear strength of soil 

through biocementation [12, 19, 26; 27]. It has been demonstrated in the laboratory that the MICP process 

can significantly increase the strength [16, 17, 28, 37] or reduce the permeability of sand [15, 28, 33].   

The MICP process in sand involves two major stages: 1) the adsorption of enzyme urease or cells of 

urease-producing bacteria on sand grains; and 2) the enzymatic hydrolysis of urea accompanying with the 

formation of calcium carbonate crystals. The adsorption of bacterial cells onto the sand particle surface and 

the movement of bacterial cells in the sand pores depends on the size, the surface charge (zeta-potential), 

and the surface hydrophobicity of the sand particles and bacterial cells, as well as the concentration of 

protons and other ions in  environment [18, 21, 22, 35]. Coating the sand surface with calcium, ferric or 

aluminium cations enhances significantly the adhesion of bacterial cells to the sand grains [25, 35].  The 

objective of the research presented in this paper was to study ways to enhance the MICP-based 

biocementation of sand by treating it with different bioagents and cations.   

 

2 Materials and methods  

 

2.1    Materials  

 

ASTM graded round sand was used in this study. The basic engineering properties of this sand are given in 

Table 1.  Three different fractions of the sand were used to study the effect of grain size on the interaction 

of sand grains with bacteria and reagents. The three different fractions were prepared by sieving the sand 

through sieve sizes of 1.2, 0.6, and 0.2 mm so that the coarse fraction had grain sizes between 1.2 and 0.6 

mm, the medium fraction between 0.6 and 0.2 mm, and the fine fraction below 0.2 mm. The sand 

specimens of the fractions of the coarse, medium, and fine sand were prepared with dry densities of 1540, 

1510, and 1457 kg/m
3
. The corresponding porosities were 42%, 43% and 45%, respectively. 
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The following reagents were used for bioclogging and biocementation of sand: 1) bioagents, which 

were bacterial suspension of halotolerant and alkalophilic strain of URB Bacillus sp. VS1 [8] or 

supernatant of culture liquid containing urease; 2) solution of the chemical reagents containing 82.5 g/L 

(0.75 M) calcium chloride and 90 g/L (1.5 M) of urea. The bacteria were grown in Tryptic Soya Broth 

medium as described earlier [33].   

 

2.2 Treatment of sand with cations 

 

Sand samples in 50 mL syringes with the sponge filter on the bottom were treated with water (as a control) 

or solutions of calcium, ferric and aluminum in experiments.  The aliquots of 25 mL of 50 mM freshly 

prepared solutions of aluminum chloride, ferric chloride, or calcium chloride with the pH of 3.6, 1.8 and 

5.8, respectively, were injected from the bottom of the sand sample to the top and incubated for 1 hour. The 

solution was then drained off by gravity and the sand was washed three times by the injection of 25 mL 

deionized water from the top to the bottom. The average of pH of water after the 3
rd

 washing was 6.5, 6.9 

and 7.2 for the samples pre-treated with Al
3+

, Fe
3+

 and Ca
2+ 

cations, respectively. In the control test, 25 mL 

deionized water was used instead of a salt solution.  Adsorption of cells and urease was performed by 

addition of 25 mL of different biological agents to the treated sand for 2 h. Then, the optical density at 600 

nm or urease activity of the drained liquid was measured.  Some experiments were repeated to check the 

repeatability. The mean values and the standard deviations of the measurements were determined.  

 

2.3 Treatment of sand with bioagents  

 

Sand can be treated in a number of ways: the cycles of batch treatment, the batch or continuous surface 

spray or the surface percolation [8, 33], the continuous injection, and the applications with the different 

sequence of supply of bacterial suspension and cementation reagents [32]. The cycles of batch treatment 

were used in this research. After 48 hours of batch cultivation, as described earlier [8], 500 mL of intact 

bacterial suspension (culture liquid) with a biomass concentration of 8 g dry biomass/L was divided into 

two fractions using centrifugation with 1000 x g for 20 minutes. One fraction was the bacterial biomass 



5 
 

collected by centrifugation. It was re-suspended in 500 mL of 0.9% solution of NaCl.  Another fraction was 

500 mL of liquid supernatant with urease activity. The aliquotes of 25 mL of three different bioagents such 

as the intact bacterial suspension, the suspension of washed bacterial cells, or the supernatant, were injected 

from the bottom of the sand sample to the top and the sand samples then were incubated for 2 hours. The 

suspension/solution was then drained off by the gravity. The enzymatic hydrolysis of urea in sand typically 

increased pH up to 8.9 - 9.3.  Some experiments were repeated to check the repeatability. Mean values and 

standard deviations of the measurements were determined.  

 

2.4. Precipitation of calcium by different bioagents  

 

Aliquotes of 0.5 L of biocementing solution containing 82.5 g/L (0.75 M) calcium chloride and 90 g/L (1.5 

M) of urea were mixed with 50 mL of either the intact bacterial suspension, or the washed suspension of 

bacterial cells, or the supernatant and incubated for 30, 60 min, 120 min, and 180 min at room temperature 

on the shaker at 100 rpm. Quantity of calcium carbonate was measured by the standard method APHA 

2540 D for total suspended solids [3] by filtration through the glass-fiber filter following with drying at 

103
o
C.  

 

2.5. Bioclogging,and biocementation of sand 

 

After coarse sand was treated with bioagents, 25 mL of biocementing solution (it is approximately one pore 

volume of sand) containing 82.5 g/L (0.75 M) calcium chloride, 90 g/L (1.5 M) of urea was injected from 

the bottom of the sand sample to the top and the sand sample was  incubated for 24 hours. Then the 

solution was drained off by gravity.    

Permeability tests were conducted on the biotreated sand in the syringe using a falling head method. 

This measurement was used to estimate the reduction in the permeability of sand due to MICP.  

When the treatment was finished, the bottom of the plastic syringe was cut out and the specimen was 

removed carefully from the syringe. The specimens were dried at 60
o
C until the weight became constant 

and then used for unconfined compression tests.  



6 
 

For the study on the precipitated calcium dosage on bioclogging and biocementation, the treatments 

of sand were repeated several times. The content of CaCO3 in the treated sand was determined through the 

mixing of 10 g of the crushed sample with 100 mL of 10N HCl for 12 h, following with filtration of the 

solution and the measurement of calcium concentration using a standard method APHA 2340C with 

ethylene diaminetetraacetate (EDTA) titration [3]. Some experiments were repeated to check the 

repeatability. Mean values and standard deviations of the measurements were determined.  

 

2.6. Measurements and microscopy 

 

Scanning electron microscopy (SEM) and light microscopy were conducted using the Leica Stereoscan 420 

and the Olympus SZx9 stereomicroscope, respectively. Urease activity of bacterial suspension was 

measured by changes in the conductivity as described earlier [8, 33]. Urease activity was also measured by 

the production of ammonia determined by the Nessler method [3]. Concentrations of metals in the solution 

before and after adsorption test with sand were determined using Inductively Coupled Plasma-Optical 

Emission Spectrophotometer (ICP-OES) Perkin Elmer [3].  

The protease activity was measured using the Sigma's non-specific protease activity assay [10]. To 

inhibit the protease activity, 0.5 mL of the Protease Inhibitor Cocktail (Sigma-Aldrich, St Louis, USA) was 

added to per 50 mL of the supernatant. According to the manual of the manufacturer, the cocktail included 

such proteases inhibitors as AEBSF – [4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride], 

Aprotinin, bestatin hydrochloride, E-64-[N-(trans-epoxysuccinyl)-L-leucine-4-guanidinobutylamide], 

Leupeptin hemisulfate salt, and Pepstatin A.  

 

3 Results  

 

3.1. Precipitation of calcium from the solution by different bioagents 

 

Initial rate of the calcium carbonate precipitation from the solution of calcium chloride and urea using 

either the intact bacterial suspension, or the washed suspension of bacterial cells, or the supernatant was 
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0.38, 027, 0.17 g/L/min (mean values) , respectively (Fig.1). Therefore, as far as the microbial precipitation 

of calcium is concerned, the best option is the use of the intact bacterial suspension. However, all rates 

dropped to 0.03- 0.05 g/L/min in 3 hrs as observed from this study (Fig.1). 

 

3.2   Treatment of sand with different bioagents  

 

The intact bacterial suspension was centrifuged to produce two bioagents: the saline-washed suspension of 

bacterial cells and the culture liquid, i.e. the supernatant containing urease. The adsorption/retention of 

these bioagents on sand was quite different. After incubation of washed suspension of the bacterial cells 

with the coarse or the fine sand for 1 hr, the adsorption of urease activity was 89% and 100% of the initial 

activity, respectively. Meanwhile, after incubation of the supernatant with the coarse or fine sand for 1 hr, 

the adsorption of urease activity was 11% and 20% of the initial activity, respectively. So, the 

adsorption/retention of UPB cells on sand was 5 - 8 times more effective than that of urease. It could be due 

to the difference in adsorption of cells or enzyme on sand surface or just due to aggregation of Bacillus sp. 

cells [8] and retention of these aggregates in the sand pores. 

 

3.3   Instability of biocementation activity of different bioagents 

 

The higher biocementation efficiency of the washed bacterial cells in comparison with the supernatant and 

the non-centrifuged cultural suspension may be hypothetically explained by the presence of protease 

activity in the supernatant and the non-centrifuged cultural liquid and the absence of this activity in the 

suspension of the washed bacterial cells. The protease activity in the supernatant and the intact bacterial 

suspension was within the range 0.1 - 0.2 µmoles of tyrosine/mL·min and can cause hydrolysis of urease 

protein.  Simultaneous measurements of the urease and the protease activities during cultivation of Bacillus 

sp. strain VS1 showed that the high urease activity was at time when the protease activity was low (Fig. 2). 

The protease activity was not detected in the suspension of the washed bacterial cells. This may be one of 

the reasons for the higher biocementation activity of the washed bacterial cells in comparison with the 

supernatant.  
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As shown in Fig. 2, the urease activity could decrease to a very low value in 3 hrs in all three 

solutions (Fig. 3). The presence of protease explained why the urease activity was low and unstable in the 

supernatant. It was dropped in the supernatant from 0.50 to 0.17 mM NH4
+
/min for 60 min incubation at 

30
o
C. Meanwhile, the reduction of the urease activity for the washed bacterial suspension for the same time 

and temperature was from 1.30 to 0.75 mM NH4
+
/min. An addition of the proteases inhibitors cocktail to 

bioagents blocked the reduction of the urease activity in the supernatant but not that in the suspension of 

bacterial cells. Therefore, not only the protease but also some other non-identified factors of the urease 

instability are present in the cell suspension.     

 

3.4   Modification of the cell adsorption on sand by cations 

 

The uptake of bacterial cells from the suspension to the sand particles with the sizes between 0.2 and 0.6 

mm was determined by measuring the depletion of cells (optical density at 600 nm, OD600) and the urease 

activity from the bacterial suspension (Fig. 4). Adsorption of cells on sand was completed in 60 min (Fig. 

4), therefore the duration of all experiments on the effects of cations on adsorption of cells was 2 hours.  

The efficiencies of the bacterial cells adsorption on the sand grain surface after pre-treatment of sand with 

the different cations are given in Table 2. Pre-treatment of sand with Ca
2+

, Fe
3+

, or Al
3+ 

solution increased  

adsorption of bacterial cells by 31 ± 6% (mean ± standard deviation for triplicates) compared with the 

control which was the  treatment of sand with water.   

Table 2 also indicates that the efficiency of the bacterial cells adsorption was not significantly affected 

by the grain size of sand within the range of 0.2 to 2 mm. This can be hypothetically explained as that the 

efficiency of the bacterial cells adsorption does not depend on the specific surface of sand but on the 

number of positively charged sites created by cations adsorbed on the sand grains surface.  

 

3.5   Effect of precipitated calcium content on the properties of treated sand 

The SEM images of sand after the MICP process are shown in Fig. 5. The MICP process resulted in either 

adhesion of bacterial cells and formation of crystals on sand surface (Fig. 5a), clogging of the channels 

between the sand grains (Fig. 5b), or filling of the pores with carbonate crystals (Fig. 5c).  
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Almost all supplied calcium ions, typically from 95 to 98%, were precipitated as calcium carbonate. 

The distribution of calcium content along the length of the specimen was uniform, probably, due to the 

small size of the specimen.   

The unconfined compressive strengths obtained are plotted against the content of precipitated calcium 

for five biotreated sand specimens in Fig. 6. Accuracy (ratio of standard deviation to mean) in all 

geotechnical experiments was lower 20%. Within the tested range, a linear relationship can be established 

as follow: 

                           S = 366 C,  kPa              (R
2
 = 0.98)                        (2) 

where: S = unconfined compressive strength (in kPa), C = content of precipitated calcium (% w/w of dry 

treated sand). 

 

The permeability of treated sand, k, is also affected by the content of precipitated calcium, C. The 

higher the C value, the higher the permeability. A correlation between permeability and content of 

precipitated calcium is also shown in Fig. 7. Within the range of experiments, the linear equation can also 

be established as:  

                        k = 507 – 403C,   10
-7

 m/s,  (R
2
 = 0.98)                      (3) 

The permeability of the clean sand was 5x10
-5

 m/s.  The permeability at C = 1.24% was 1.6x 10
-7

 m/s. 

 

4 Discussion 

 

4.1 Biocementation activity of different bioagents   

 

The study presented in this paper has revealed that bioclogging and biocementation of sand with the 

suspension of bacterial cells was more effective than the treatment of sand with the supernatant containing 

urease. Effect of increased urease activity of bacterial cells after dilution of bacterial suspension with saline 

solution was known and has been hypothetically explained by an increased release of urease from the cells 

under the presence of NaCl by Harkes et al. [17]. The increased urease activity in sand treated with the 
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washed cells suspension as compared with that with the supernatant was explained in this paper by the 

presence of urease-inactivating protease in the supernatant. This is based on the following observations: 1) 

the inactivating effect of proteases is well known for urease and many other enzymes; 2) protease activity 

was detected in the supernatant but not in the washed cells suspension; 3) the inactivation of urease in the 

supernatant was faster, whereas the inactivation of urease in the suspension of the washed bacterial cells 

was slower; and 4) the use of the proteases inhibitors cocktail blocked the reduction of urease activity in the 

supernatant during the first 18 hours of incubation, whereas it did not affect the change of the urease 

activity in the suspension of bacterial cells. 

The difference in the reduction rate of the urease activity (Fig. 2) and in the rate of CaCO3 production 

due to the urease activity (Fig. 3) could be due to the removal of protease adsorbed on the fresh precipitate 

of calcium carbonate as well as the buffering of pH in the solution of urea and calcium chloride during the 

formation of calcium carbonate. The above findings have important practical implication. It means that 

bioclogging and biocementation of soil can be better performed using a concentrated bacterial suspension 

or an intact bacterial suspension rather than the supernatant or filtrate containing only dissolved enzymes.   

The urease activities in our experiments were lower than those reported in some other papers [16, 17, 

27, 34]. However, this could be better for biocementation because a low urea hydrolysis rate leads to 

stronger calcium carbonate aggregates [28, 30]. The biocementation activity of the washed cells can be also 

different. For example, the washed cells of urease-producing bacteria from exponential phase of the batch 

culture were significantly more active in sand cementation than cells from the stationary phase [7] but the 

reason of this difference is not clear.  

The depth of the bacterial cells penetration in soil depends on the rate of the cells retention 

(adsorption) by the soil particles and the permeability of soil. For saturated sand with a permeability of 

1x10
-4

 m/s with a time of 1 hour to complete the adsorption of bacterial cells on sand, as in the case of our 

study, the calculated depth of the bacterial cells penetration for one cycle of the sand treatment was about 

36 cm. Therefore, to increase the depth of bioclogging and biocementation, the sand must be treated with 

bacterial suspension either continuously for a defined period of time or using injection of bacterial 

suspension at different depths from the surface.     
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4.2   Effect of cations on bacterial cells adsorption  

 

It is known that coating of sand surface with cations significantly enhances the adhesion of bacterial cells to 

the sand grains [25, 35]. It could be due to the increased density of the positively charged sites at the sand 

grain surface that attracts the negatively charged sites of the bacterial cell surface.  In our study, pre-

treatments of sand with trivalent cations, Fe
3+

 and Al
3+

, or divalent cation Ca
2+ 

 enhanced the adsorption of 

bacterial cells for almost the same value, 31 ± 6%, notwithstanding that trivalent cations bridges between 

sand and bacterial cell could have 1.5 times stronger net bonds comparing to the salt bridges created by 

divalent cations. It means that the cations-enhanced bacterial cells adsorption is due to the increase in the 

number of the positively charged sites, but not due to the strength of the bonds between cations and the 

surfaces.   

 

4.3   Effect of the precipitated calcium dosage  

 

The binding of soil particles can improve the soil structure and the agricultural properties of sandy soils 

[11, 13]. Microorganisms can also naturally induce the clogging of the soil pores and reduce the 

permeability of soil [19]. Different dosages of calcium deposited during engineered MICP lead to different 

levels of bioclogging or biocementation of sand.  

Content of precipitated calcium required to reduce the permeability of sand to a certain value can be 

estimated using Eq. (3).  It can be worked out from Eq. (3) that to reduce the permeability to a value 

smaller than 10
-7

 m/s, the content of precipitated calcium is only 1.24%.  However, at this content of 

precipitated calcium, the compressive strength of the treated sand is only 454 kPa according to Eq. (2). To 

achieve a compressive strength of 1000 kPa, the content of precipitated calcium required is estimated to be 

2.73% using Eq. (2). Therefore, the permeability of sand can become quite low before the required shear 

strength can be achieved through biocementation. The low permeability will certainly make it harder for 

subsequent biocementation to be implemented.  
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However, it should be pointed out that Eqs. (2) and (3) may not be applicable to other types of soil as 

different quantities of precipitated calcium carbonate may be required to produce the same value of strength 

for different soils. More experimental data are required to verify this point.  

The duration of the bioclogging can be calculated from the urease activity in situ and the content of 

precipitated calcium. If the urease activity is a rate-limiting step of the bioclogging and its value in situ = 1 

mM/min ≈  4 mmol precipitated CaCO3/L of sand min (for porosity about 50%) and the content of 

precipitated calcium is 1.26% (≈ 43 mmol/L sand), the calculated duration of the bioclogging is about 11 h. 

The duration of biocementation can be calculated similarly. If the urease activity is a rate-limiting step of 

the biocementtion and its value in situ is 1 mM/min ≈ 4 mmol of precipitated CaCO3/L of sand/min (for 

sand porosity of 50%), the content of precipitated calcium is about 4.2 % (≈ 143 mmol/L sand), the 

calculated duration of the biocementation to reach the compressive strength of 1.5 MPa is about 36 h.  

It is well known that solubility of calcite in water-gas phase depends on pH, temperature, ionic 

strength, and partial pressure of CO2 in gas. For all studied systems pH was above 9.2, temperature about 

25
o
C, and partial pressure of CO2 in the pores of sand was close to atmospheric one. It could be calculated 

using  [24] that the solubility of calcite in water in contact with atmospheric content of CO2 gives the 

concentration of calcium about 0.5 mM (19 mg Ca
2+

 /L), while under CO2 partial pressure 0.1 atm the 

concentration of calcium will be about 3 mM (128 mg Ca
2+

 /L). Therefore, bioclogging and biocementation 

decreasing the permeability of treated sand for several orders magnitude will ensure stability of precipitated 

calcite.  

Bacteria attached to the sand granules are supposed to provide the nucleation sites where calcite is 

precipitated due to the hydrolysis of urea, an increase of pH [34], and, probably, transformation of 

bicarbonate to carbonate. Our SEM images showed that calcite crystals precipitated on the sand surface 

(Fig. 5a). An accumulation of precipitates finally clogged the pores in sand. The shear strength 

enhancement of biocemented sand is caused by the point-to-point contacts of CaCO3 crystals that bridge the 

sand granules together [2].   

For future research and practical applications of bioclogging and biocementation in geotechnical 

engineering the following research tasks could be essential:  
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1) Strains  of halophilic and alkaliphilic urease-producing bacteria with low protease activity 

have to be selected to ensure stability of biocementation rate;  

2) The mechanism of the involvement of intracellular urease in the biocementation process has 

to be studied;  

3) The technology of low cost dry biocement as a stable and an efficient geotechnical material 

has to be developed.    

 

5 Conclusions 

 

 The objective of the research presented in this paper was to study ways to enhance the MICP-based 

biocementation of sand by treating it with different bioagents and cations. The compressive strength of 

sand treated with suspension of the washed cells was 1.7 times higher than that treated with the cultural 

liquid. Pre-treatment of sand with calcium, aluminum or ferric salts increased the adsorption of bacterial 

cells on the sand surface by 29 to 37% in comparison with the control. Permeability of sand (k) varied with 

the content of precipitated calcium (C, % w/w) by the equation k = (507 – 403C) 10
-7 

m/s. The unconfined 

compressive strength of dry biotreated sand (S) increased with the content of precipitated calcium (C, % 

w/w) by the equation S = 366 C kPa.  
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Legends to Figures  

Fig. 1. Correlation between the urease and the protease activities during growth of Bacillus sp. strain VS1. 

Fig. 2. Changes of the urease activity in the supernatant (Curve 1), the intact cultural liquid (Curve 2), and 

in the washed bacterial suspension (Curve 3) during their incubation at 30
o
C.   

Fig. 3. Changes of calcium carbonate precipitation rate, g/L· min in the supernatant (Curve 1),the  intact 

cultural liquid (Curve 2), and in the washed bacterial suspension (Curve 3) during their incubation at 30
o
C.  

The calcium precipitation rates were shown for time intervals 0-30 min, 30-60 min, 60-120 min, and 120-

180 min, so each point on the graph is corresponding to the middle of these time intervals.  

Fig. 4. Adsorption of bacterial cells on sand: Curve 1, adsorption measured by OD600; Curve 2, adsorption 

measured by urease activity of cells.  

http://www.ingentaconnect.com/content/els/00380717;jsessionid=22yj3txhruolq.alexandra
http://www.ingentaconnect.com/content/els/00380717;jsessionid=22yj3txhruolq.alexandra
http://www.informaworld.com/smpp/title~db=all~content=t713722957
http://www.informaworld.com/smpp/title~db=all~content=t713722957~tab=issueslist~branches=24#v24
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Fig. 5. The SEM images of microbially-induced calcium carbonate crystallization on sand (I) and the 

schematics of the process stages (II): a) adsorption of cells and formation of crystals on sand surface; b): 

clogging of the channels between sand grains; c) filling of the pores with calcium carbonate crystals.  

                                  Grain of sand                  Crystal of calcite 

Fig. 6.  Effect of precipitated calcium on permeability of the samples of biocemented sand.   

Fig. 7.  Effect of precipitated calcium on unconfined compressed strength for dry samples of biocemented 

sand.   

 

 


