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Biogeotechnical solutions have become promising soil 

stabilization techniques over the past decade. Among them, 

Microbial Induced Carbonate Precipitation (MICP) via urea 

hydrolysis is an emerging sustainable technology that 

provides solutions for numerous environmental and 

engineering problems in a vast range of disciplines. MICP is 

mediated by ureolytic bacteria through a chain of 

biochemical reactions which lead to the formation of 

calcium carbonate cement within soil matrix thereby binding 

the sand particles together which enhances the mechanical 

properties of the soil/sand. Attention now has been drawn to 

implement this technique to reinforce loose sand bodies in－
situ in near shore areas and improve their resistance against 

erosion from wave action without interfering its hydraulics. 

Therefore, the objective herein is to evaluate the feasibility 

of surficial treatment of beach sand in South western and 

Western coastal belt of Sri Lanka through a MICP approach 

by implementing a series of field and laboratory 

investigations. 

The success of the MICP process depends on numerous 

chemical, physical and biological factors whereas selection 

of the most appropriate bacteria is prominent among them. 

Therefore, initial phase of the current research study was 

conducted with the intention of finding appropriate local 

ureolytic bacteria from Sri Lankan soils which possess the 

capability to bioaugment the sand after laboratory 

enrichment in nutrient media. To shed light on the above 

aspects, bacterial colonies were isolated from soil samples 

and tested for bacterial growth and urease activity at various 

test conditions. A strain belonging to Sporosarcina sp. 

showed satisfactory level of enzymatic activity at 25 °C and 

moderately alkaline conditions with highest activity at pH 8-

9 making it a suitable candidate for target application. The 

maximum urease activity shown by the isolated strain at 

25°C at pH 7.0 is approximately 1 µmol of urea 

hydrolyzed/min‧OD600. Further, it deemed that no or 

insignificant amount of urease enzyme produced by the 

strain is released into the substrate but major proportion is 

accumulated in/on the cell membrane.  

The MICP employed sand stabilization viability for the 

target application was evaluated through sand solidification 

tests carried out at two physical scales: elemental-scale 

column test and model-scale box test. In MICP approach, the 

natural calcium carbonate precipitation process is uplifted by 

means of injecting higher concentration of urease positive 

bacteria and reagents into the soil. For the elementary scale 

investigations, this mechanism was achieved by preparing 

centimeter-scale one-dimensional column specimens using 

35- and 50-mL syringes under different experimental 

conditions. For the initial studies, five different types of 

cohesionless sands comprising three types of commercial  

 

sands with uniformly graded particle distributions (Toyoura; 

D50= 0.20 mm, Mikawa; D50= 0.87 mm and Mizunami; D50= 

1.60 mm) along with two types of natural beach sands 

having varying particle size gradations collected from Sri 

Lanka were used. One of the natural beach sands is a well 

graded sand while other is a uniformly graded sand (herein 

after referred to as Beach sand 1; D50= 0.37 mm and Beach 

sand 2; D50= 0.61 mm respectively). The urease active strain 

of Sporosarcina sp. locally isolated from Sri Lankan soil 

was cultivated in fresh NH4-YE medium at 25 °C under 

sterile aerobic batch conditions and sampled for 

solidification tests when the growth was maximum. The 

optical density (OD600) of the harvested culture varied 

between 2.0 and 2.5 and all the solidification tests were 

conducted at an optimum temperature of 25 °C for a 

treatment period of 14 days or 21 days. 0.5 M and 1.0 M 

Ca2+ cementation solutions (comprising a Ca2+ source, urea 

and nutrient broth) prepared with distilled water were used 

based on the test requirements. In each test case, sand was 

oven dried at 105°C for 48 hours and a predetermined 

weight of sand (50 g for 35 mL syringe columns and 80 g for 

50 mL syringe columns) was compacted in 3 layers by 

applying 20 hammer blows on each layer.     

After considering the studies pertaining to determine the 

most favourable and proper treatment method for MICP 

applications, a method involving cycles of batch treatment of 

bacterial culture and cementation solution was adopted for 

this study. Firstly, a predetermined volume of bacterial 

culture (12 mL for 35 mL syringe columns and 20 mL for 50 

mL syringe columns) was injected from the top of the 

syringe, excess solutions were drained out at a controlled 

rate and allowed approximately for 2 hours for bacteria 

fixation. Secondly, a predetermined volume of cementation 

solution similar to that of bacterial culture was followed 

supplying the necessary nutrient and precipitation 

components. 

Moreover, with the intention of observing the effect of 

saturation level on the sand solidification, two test conditions 

were maintained. For one case, the entire length of the sand 

column was retained under fully saturated condition whereas 

for the other case, solutions were allowed to drain out fully 

mimicking the real field conditions. Culture solution was 

injected once or twice depending on the test requirements 

whereas cementation solution was injected every 24 hours 

for the total treatment period. Overall, various treatment 

conditions were applied for different sets of solidification 

tests to evaluate the effect of parameters such as particle size 

and gradation, reactant concentration, variations in 

cementation solution components, saturation level, treatment 

period and presence of other cations such as Mg2+. Further, 



another set of tests was conducted to determine the temporal 

variation in strength improvement over the treatment period. 

At the end of the treatment period, remaining reagents within 

the sand matrix was washed out with atleast 5 pore volume 

flushes of deionized water and extruded samples were tested 

for needle penetration strength, Unconfined Compressive 

Strength (UCS), S-wave velocity (Vs), CaCO3 content, 

Scanning Electron Microscopy (SEM) imagery and mineral 

composition of the biocement by X-Ray Diffraction (XRD) 

analysis appropriately.  

Elementary scale sand solidification test results depicted that 

a batch treatment of bacterial culture injected twice (in the 

beginning and after 7 days) with a daily injection of 0.5 M 

cementation solution yields sufficiently homogeneous 

strength improvement after a curing period of 14 days under 

saturated conditions with a maximum compressive strength 

of approximately 15 MPa for Beach sand 1 as determined by 

needle penetration device. The bio-dosing (second injection 

of bacterial culture on day 7) is crucial as most of the 

strength improvement due to matrix-supporting takes place 

after the second injection of bacteria. During the first 7 days, 

grain coating is the most prominent cementation mechanism 

within the sand column as observed from SEM micrographs. 
The residual Ca2+ and pH measurements of the effluent 

draining out from the bottom can provide substantial 

information about the rate of urea hydrolysis and eventual 

calcium carbonate precipitation and can be used as a good 

indication of the state of MICP in real time domain. As 

revealed from SEM images, a precipitation pattern of 

uniformly distributed crystals cladding grain surfaces along 

with agglomerated crystal bonds at the particle contact 

points showed high efficiency in improving compressive 

strength of biocemented sands than randomly distributed 

larger crystals which may be resulted under high reactant 

concentrations.         

Local strength analysis of two types of natural beach sands 

and commercial sands solidified by MICP exhibited that 

particle size and gradation, bacterial cell concentration and 

the concentration of reactants have a great deal of 

importance on the degree and homogeneity of the strength 

enhancement. The column top of fine sand Toyoura gained a 

maximum estimated UCS of 19 MPa while Mizunami sand 

achieved only a maximum of 6.5 MPa whereas bottom 

sections gained strengths lower than 5 MPa in each case. 

Introducing magnesium in MICP process deemed to 

negatively affect the desired engineering properties of the 

treated natural beach sand specimens. At the extreme, 

excessively high concentrations of magnesium where 

Mg2+/Ca2 molar ratio of 1.0, resulted in a significant 

reduction in the UCS to lower than 5 MPa. It is clearly 

deduced that strength decline is mainly due to the change in 

crystal morphology (rather than the quantity of precipitate) 

to needle shaped crystal form with lower bonding capacity 

than that of well interweaved and cross-linked rhombohedral 

crystals produced in the absence of magnesium. However, 

the effect will be negligible in the target environment where 

naturally available Mg2+ is considerably lower compared 

with the concentration of Ca2+ supplied with the cementation 

solution.  

Feasibility of MICP applications undoubtably depends on 

economical constraints. When cheaper industrial grade 

reagents such as snow melting reagent/de-icing agent, urea 

fertilizer and beer yeast are substituted for expensive 

laboratory grade pure chemicals CaCl2, urea and nutrient 

broth respectively without changing the treatment recipe, a 

significant deterioration of compressive strength was 

observed. The substitution of snow melting reagent/de-icing 

agent instead of CaCl2 exhibited the most remarkable 

impact. However, it showed there is still avenues for using 

cheaper low-grade chemicals if the cementation recipe and 

treatment conditions are optimized by alternative approaches 

like increasing the reactant concentration or increasing the 

number of treatment days. 

The local strength measurements using needle penetration 

device are good relative indicators of strength distribution 

over the column height. However, geotechnical engineers 

require UCS value as an established measure. Therefore, 

compressive strength under an axial load for the 6 samples 

were tested using a compressive testing machine and 

corresponding stress strain curves are graphically illustrated. 

Peak and residual strength properties along with initial 

elastic modulus were presented as a function of cementation 

content. 

The strength and stiffness of the MICP treated sands 

dramatically improve with an increase in MICP cementation 

although greatly affected by factors such as particle 

gradation, treatment period (cementation level) and 

saturation level. As cementation increased, determined using 

CaCO3%, the peak stress increased and peak stress tend to be 

reached at lower axial strains. A maximum peak stress of 4.3 

MPa and 2.7 MPa was yielded for Beach sand 1 and Beach 

sand 2 at 0.89% and 0.55% failure strains of respectively. 

MICP treated soils seems to fail at low axial strain in 

unconfined compression tests while axial stress drops 

quickly after peak stress resulting low residual strengths. 

This is because specimen loses its strength quickly after 

failure due to breakage of calcium carbonate bonds holding 

the grains together. However, residual strength is enhanced 

drastically when treatment days are increased from 14 to 21 

days, mostly due to the increase in particle roughness from 

CaCO3 precipitate and the degraded calcite mineral fines 

from shearing and compaction. When the virgin sand is 

coarser and poorly graded, a significant initial compaction 

and buckling was observed in treated specimens due to 

uneven distribution of the CaCO3 crystals within the larger 

void spaces present compared to that of finer and well 

graded sands. it is also deduced that shear wave velocity is a 

good indicator to monitor the success of MICP process as it 

is not a mere indicator of level of cementation but how well 

mineral precipitation has bonded the grains together. The Vs 

of the treated specimens varied in the range 1500-2000 m/s 

indicating soft rock characteristics.   
Further, In MICP treatment, permeability is of utmost 

importance as the treatment is mainly preferred for pervious 

or semi-pervious soils/sands. MICP can be utilized to 

increase the soil strength while retaining sufficient 

permeability or to completely block soil pores in case of 

bioclogging. In the current study, 88% and 66% reduction in 

permeability was noted for Beach sand 1 and Beach sand 2 

respectively. The change in permeability is more dominant 

when sand is finer and well graded like in Beach sand 1. It is 

also worth noting that, permeability is not completely 



impaired after the treatment, but retains at a satisfactory level 

(in the order of 10-3 and 10-2 for Beach sand 1 and Beach 

sand 2 respectively) to allow the passage of water through 

the treated body. Considering the target application, this is 

an added advantage as a MICP treated sandy body will not 

completely stop the sea water impinging on them by wave 

action thus preserving the existing local hydrodynamics.   

Majority of the MICP based studies that have been done so 

far are small scale sand column experiments. Such studies 

have addressed MICP related problems in centimeter scale 

generally under one dimensional vertical flow of solutions 

where opted pathway of solutions are confined by syringe 

walls. On the other, the tendency for bio-clogging is much 

higher in the case of small-scale column tests. Considering 

this fact, model-scale sand solidification test of approximate 

volume 3000 cm3 was conducted. Two phase batch treatment 

was followed for 21 days simulating a spherical injection 

from a single point mimicking the real field free flow 

patterns. At the end of the treatment period,  3 cm x 6 cm 

cores were sampled and UCS, CaCO3% and Vs were 

determined with the intention of optimizing MICP 

formulations and injection procedures for future large-scale 

applications. The sand used in the current study was poorly 

graded ‘Beach sand 2’ whereas 1.0 M cementation solution 

was injected. 

Upscaling MICP treatment for beach sand solidification 

from elementary scale to bench scale exhibited successful 

results. The core samples obtained from the reinforced body 

showed soft rock characteristics. The peak strength as 

determined from UCS test ranged from 0.64 MPa to 2.45 

MPa which is in line with results from similar studies. 

Further, the spatial variation over the horizontal surface of 

the box was insignificant with respect to that along the 

vertical direction. The average estimated UCS for top, 

middle and bottom sections of the box as determined from 

needle penetration test were 3.1, 12.5 and 16.7 MPa 

respectively. This may have caused due to the uneven 

distribution of bacteria and emergence of preferential flow 

patterns followed by initial precipitation of calcium 

carbonate minerals. The measurement of Ca2+ concentration 

and pH of the effluent solution drained out from the treated 

sand can be used as a non-destructive method of monitoring 

the progress of biocementation during the treatment period. 

The results obtained in this study exhibited that 75% (or 

beyond) of the Ca2+ ions supplied are been consumed for the 

biocementation process during the whole period.In overall, 

from the positive results obtained here it is clear that, 

feasibility for upscaling MICP treatment is highly possible 

as long as the optimum conditions are maintained and 

model-scale studies can be employed as a benchmark 

towards the large-scale applications.  

Although ground improvement by MICP technique has 

gained a lot of attention in the past 10 years as a result of its 

benefits for the environment, society and economy, many 

problems still need to be addressed to widen its application 

for the field implementation. The feasibility of applying 

MICP for the target application does not merely depends on 

the technical aspects, but also on economical and ecological 

concerns. Firstly, MICP treatment is associated with 

generation of hazardous by-products such as ammonium and 

nitrate compounds which must be extracted out and treated. 

The production of large volumes of reactants and bacterial 

cultures make MICP economically challenging. Hence, 

finding the feasibility of applying cheaper nutrient sources 

along with cheaper low-grade chemicals should be evaluated 

in future. Further, attention has to be paid for overall cost 

cutting by reducing the necessary on-site equipment and 

establishing a mechanism which is easy to replicate and 

adapt to different scenarios without major or costly 

redesigning. Further, it is a mandatory to carry out studies on 

durability, impermeability, and erosion resistance of MICP-

treated soils where research gaps exist at present.  
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