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Abstract: Micro-biologica geotechnicsisarelatively young and dynamic field
where microbiological methods are employed to address geotechnical issues.
Microbialy Induced Carbonate Precipitation (MICP) is one such sustainable
method, which enables cementation in loose sandy mass through calcium
carbonate precipitation. Among a series of possible mechanisms (i.e.
photosynthesis, sulphate reduction, de-nitrification, iron reduction and urea
hydrolysis) to attain MICP, urea hydrolysis associates with greater efficacy and
ease of practice. In the present study, widely accepted urease positive
microorganism was employed as a source of urease enzyme which helps in
biocementation process. Additionaly, the effectiveness of MICP technique on
sand stabilization and the role of particle sizes on the development of
cementation bonds were investigated. Unconfined Compressive Strength (UCS)
and Hydraulic Conductivity (k) tests were performed on samples treated with
IM ureacalcium chloride cementation solution. To further endorse
cementation of sand particles, microstructure analysis such as Scanning
Electron Microscopy (SEM) was performed. The detailed analysis showed that
MICP has the potentia to bind the particles through bio-mineralization which
was further warranted by microstructure anaysis. SEM images clearly
disclosed mesoscopic and microscopic semblance of cacium carbonate
precipitation on sand particles, resulting in the stabilization process.
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1 I ntroduction

The entire load of a structure is ultimately taken by subgrade, whose properties may
vary considerably depending upon its origin. In some cases, the properties might not
change spatialy, while in the others they may significantly vary from one point to
another within a short distance [1-3]. It is obvious that where ever the local soil lacks
desired properties, which is deemed necessary for engineering application, the best



remedy is to stabilize or alter the soil with a suitable foreign high strength materials,
which are compatible [4-6]. However, such modifications are associated with cost and
time[7].

Some of the ground improvement techniques that are commonly employed are soil
replacement, mechanical stabilization by compaction, drainage by soil consolidation,
chemical treatment (using cement, lime, calcium chloride etc), vacuum assisted pre-
consolidation, thermal treatment, stone/sand columns, dynamic compaction by heavy
tamping, vibro-flotation, and deep mixing. Among many afore- mentioned methods,
cement and lime due to their ease in availability, application, and cost effectiveness
are ubiquitoudy used worldwide. However, their harmful impact on environment
cannot be turned down. Researchers have documented that one metric ton production
of ordinary Portland cement liberates around one metric ton of carbon dioxide and
similarly one metric ton of lime releases around 0.86 metric ton of carbon dioxide [8-
9]. The obvious consegquences of CO, release into the atmosphere are well known in
the form problems like global warming, while, other negative aspects include ground
water contamination, particulate particle emissions, etc [10].

On the flip side, high consumption of natural resource material causing excessive
exploitation of nature, leading to depletion of natural resources, environmental
degradation, and enhanced cost of cementing materials [11]. The non-availability of
quality natural materials and incurrence of exorbitant prices on procurement of
cementing materials, have led the research fraternity to devise novel techniques for
the soil stabilization, which are both economical as well as environmentally benign
[12].

There has been a significant increase in the research to explore the possible biological
technologies that can be applied in the construction industry and can work as a carbon
sink. MICP is one such technology, which when applied in civil engineering projects
enables the confluence of microbiology, chemistry, and civil engineering disciplines.
Out of the various possible mechanisms (i.e. photosynthesis, sulphate reduction,
nitrogen reduction, iron reduction and urea hydrolysis) to attain MICP, urea
hydrolysis associates, highest efficacy and ease [13]. MICP has shown promising
results in the stabilization of sand, wastewater treatment, strengthening of concrete
and enhanced oil recovery [14-16]. MICP is sometimes also referred as “Bio-
Grouting” where bio-based suspension is injected in a granular material in order to
catalyze biochemical reactions and further facilitate calcium carbonate precipitation
[17-18]. In the present study, authors aim to cater some of the geotechnical issues
using MICP technique. Effect of void space and efficiency of MICP aong the sample
depth is also evaluated.

2 Mechanism of Calcite Precipitation through Urea
Hydrolysis



Formation of calcite by urease positive bacteria is highly substrate dependent. These
bacteria release urease enzyme which hydrolyze urea (the substrate) by utilizing two
moles of water (H,O) and leads to formation of carbonate (CO5*") and ammonium
ions (NH*") as per Eq. 1-2:

CO(NH,), + 2H,0 — 2NH+ CO* (1)
HCO; — COs +H"
Ca"" +CO;” - CaCOs L (2)

The above process tends to increase the pH of the solution and as soon as the pH
value increases 8.5 precipitation of calcite begins in the presence of a calcium source.
This precipitation can be delayed by the use of different buffer at different
concentration [19]. The progress of the above process is governed based upon various
chemical, environmental and geotechnical parameters. The scope of the present study
islimited to geotechnical parameters.

3 Materials

3.1 MICPRecipe

A gram-positive bacteria strain was used in this study and BHI solution mixed with
20gm/I of sterile filtered urea solution was used as an inoculation medium. The
prepared mixture was kept in an incubator cum orbital shaker (at 37°C) for 24 hrs at
160-180 rpm. Bacterial cell harvesting was done through centrifugation at 4600x g for
10 min (Hermile Centrifuge Z 326 K) and an OD600 of 0.8-1.2 was adjusted. The
selection of time was made after different trials, ensuring stable cell pellet. After
harvesting, the supernatant was removed and cell pellets were resuspended in buffer.

3.2 Sand

For the present study, a sand sample was collected from the banks of river Mahanadi
in the state of Odisha, India. This sample is designated as Mahanadi River Sand
(MRSM). The same sand was further sieved and subcategorized as coarse MRS
(MRSL), medium MRS (MRS2) and fine MRS (MRS3). The gradational
characteristics of the sand samples are shown in Fig. 1. The sand used in the study
does not exhibit requisite engineering properties for most of the pavement and well as
geotechnical applications. A summary of particle size characteristics is provided in
the Table 1

Table 1 Particle size characteristics of the sans samples used in the study

Type of Sail Dy C, Ce
MRSM 0.314 3.046999 1.147849
MRS1 2.18 1.361814 0.975304

MRS2 0.62434 1.742448 0.899866
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Fig. 1 Gradational characteristics of different sand samples used in the study

4 Experimental Methodology

41 Sample Preparation

Several identical test specimens of approximately 38 mm diameter and 76 mm height
were prepared by pouring the sand adopting to rainfall technique. Sand was filled in
five separate layers to achieve desired relative density of 82 %. Grouting was done in
two different phases. First phase involved injection of 0.5 void volume (vv) bacterial
suspension (a mixture of 50 mM Tris buffer, Bacterial suspension, 3 g/L BHI broth),
while the second phase, which begun after 6 hrs, involved injection of cementation
solution (a mixture of 1M Urea-Calcium Chloride) through the top port of triaxial
chamber with the help of peristaltic pump (10 mL/min) (see Fig. 2). The rate was
decided after calibrating flow with soil permeability and to ensure that no impounding
occurs. Prior to the above phases, 1 vv autoclaved/de-ionized water was down flushed
to remove excess ions, entrapped air and to saturate sample. Moreover, to increase
bacteria retention 0.3M calcium chloride solution was injected immediately after first
phase. The intermediate time provided between the two phase was to give
microorganism chance to adhere to the soil grains and to avoid instantaneous flush out
of bacteria solution. About 5-8 times cementation solutions were injected to ensure
dense precipitation at about 12 hrsinterval.
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Fig. 2 Typical test set-up used for bacterial and cementation injection

4.2 CaCO;Content (CCC):

Acid wash method was adopted to determine calcium carbonate content. The calcium
carbonate percentage is expressed as mass of CaCQO; divided by mass of sail as given
in Eq. 3[20].

Vi) = Wi W.
CaCOj; content (%) — (Y 1) acid Washed( 2)

W
**acid washed(WZ)

*100, @)

where, W, is the mass of treated soil and W is the mass of the soil recorded after acid
wash.

In the present study, change in bio-mineralization (i.e. CCC) as a function of depth of
sample was evaluated. Sample for the same were carefully prepared by dissecting the
specimen into 4 layers as shown in Fig. 3 (DL1-DL4).

43 Permeability

Permeability is one of the prime factors governing the behavior of a material. A
highly porous material with high permeability restricts the occurrence of excess pore
water pressure and vice-versa. In the present study, permeability test on the untreated
and bio-mineralized sample was conducted in a laboratory using constant head
method in accordance with the Indian standard code of practice [21]. All the treated



and untreated samples were completely saturated prior to permeability test with 1L
water to remove the entrapped air.
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Fig. 3 UCS sample representing different dissection locations

4.4 Morphological Characteristics

Micro-level analysis was performed to evaluate the morphological, mineralogical,
characteristics of precipitation and degree of bonding between the soil grains and
were ascertained using MERLIN compact Field Emission Scanning Electron
Microscope (FE-SEM) with EDS unit attached. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) images were captured of both
treated and untreated samples. The change in precipitation at different depths was also
analyzed. For the preparation of powder sample, 2-3g of over dry sample passing
sieve 75 microns was used. Prior to sample evaluation in the FESEM, samples were
coated (sputtered) with gold using Q150R ES Sputter Coater (make, Quorum, UK).

5 Results and Discussion
51 Unconfined Compressive Strength
After 5 to 8 injections, the bacteria treated samples were left for 7 days curing. UCS

tests conducted on different MRS treated samples revealed that a maximum strength
of about 544 kPa can be attained with 1M Urea-Calcium Chloride concentration on



well graded sand samples (see Fig. 4). Results obtained from the study are similar to
the findings of [22-25].
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Fig. 4 Stress strain response obtained from different sand samples.

5.2 Calcium Carbonate Content (CCC)

In the present study, four different graded sands, fine, medium, coarse and a mixture
of the trio, were used. All the soils are quite distinct in their permeation
characteristics, which is one of the key for ensuing the uniform calcite precipitations
across the cross along its length. To affirm the fact that the precipitated compound is
calcium carbonate and that it is uniform from top to the bottom of sample, acid wash
technique to determine CCC was performed. An average CCC precipitated at different
dissection locations was also estimated to correlate it to the degree of precipitation
and contribution to strength development. Fig. 5 show the variation of precipitation
intensity estimated at different dissection locations and the same values are also listed
in Table 3. A simple observation of results reveals relatively low CCC precipitations
(2.87 %) in the case of MRSL vis-avis with that of MRSW soil (6.26%). One of the
reasons for low precipitation in MRS1 may be low bacterial cell density or retention
in the sample as the major bacterial suspension was found to get discharged with the
cementing injections. It can also be discerned from Fig. 5 that the pattern of CCC
precipitations in all the four grades of sand are amost similar at different dissection
locations, though the values differ significantly. It was observed that CCC decreased
with an increase in depth, except for the last layer (Table 2). The increase in CCC at
DL4 may be due to the placing of filter paper at the outlet end, which might have
facilitated the retention of more bacteria cells resulting in higher CCC precipitation



(refer to Fig. 4). As such, resultsin Fig. 5 clearly demonstrate a fact that permeability,
void space and bacteria retention play an important role in accentuating the
cementation effect within the soil sample.

Table 2 The value of CCC measured before and after treatment of MRS at different dissection

locations
Sampl e dissection location MRS1 MRS2 MRS3 MRSW
Untreated 0.0273 0.0586 0.0392 0.0922
DL1 4.232 4.622 5.672 7.5396
DL2 2.671 3.781 3.623 6.8119
DL3 1.004 1.122 1.482 2.7972
DL4 4.412 4.912 5.8122 7.9114

53 Per meability

It is interesting to note from the above results that there is a contrasting effect between
permeability and precipitation. Understandably, these two properties are highly interdependent.
While the former property is crucia in ensuing the latter one up to a certain limit (till it does not
lead to the free flow of bacterial suspension), which at the later stage of testing plays a decisive
role of making the medium an impervious. This highlights a fact that resorting to MICP
techniques fetches simultaneous multiple advantages such as strength enhancement with
concurrently diminishing permeability characteristics of the media. With this in mind,
permeability tests were also conducted on bio-cemented MRS soils. The process of MICP can
offer significant increase in strength, maintaining the permeability of the materia to such an
extent that the negligible pore water pressure is generated. The values of permeability measured
on various bio-cemented samples are presented in Table 3. The results indicate a significant
decrease in permeability with bio-treatment. It was found that permeability reduced by 48- 85%
based upon the pore space or void space. Similar findings have been reported by Van Paassen et
al. [26] and Harkes et al. [27], who reported a reduction in permeability within the same range.

Table 3 The value of permeability measured on bacterial treated LSO and MRS soil with
different concentrations of CCL

k (cml/s)
Sand Sample Untreated Treated
MRS1 6.067 x 107 2.932x 10°
MRS2 5.692x 10 2.536x 10°
MRS3 4.823x10° 1.426 x 10°°
MRSM 5.6x 1073 0.816 x 103
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Fig. 5 CCC precipitation intensity at different dissection locations of MRS sands

6 Morphological Analysis
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Fig. 6 SEM images of untreated and bacterial trested MRSM soils showing the bridging and
cementation effect

SEM analysis was performed to examine the microscopic semblance and portray the
presence of calcium carbonate precipitation within the materials. From Fig. 6, a
distinct layer of precipitation can vividly be seen, as untreated particles (Fig. 6a) have
smooth surface and that of treated ones coated with minerals.
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Fig. 7 SEM images revealing progressive calcite mineraization on MRS soil

Based on the images presented in Fig. 7, it can be substantiated that the improvement
in compressive strength in MRS soil occurred mainly because of bridging action
together with the precipitation and cementation between the particles, in particular at
grain contacts.

Therefore, in order the soil to exhibit greater binding action or compressive strength,
precipitations should happen maximum at the contact junction of particles or on the
grain surface, apart from the pore space, which might associate with an increase in
pore water pressure leading to decrease in effective stress. Such precipitation,
importantly also, widens the applicability of MICP technique to develop the
impervious barriers.

SEM images in Fig. 7 exhibits a progressive calcite precipitation in the MRS soil
based upon the number of injections. It can be inferred from the images that
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precipitations might be happening concurrently on the grain surface and particle
contact junctions.

7 Conclusions

Based on the extensive experimental investigations carried out in the present work,
the following salient conclusions can be drawn:
- The various results demonstrate that MICP is an effective means of stabilizing
poor soils by calcite mineralization.
It has been observed that the UCS value of MRSM sample increased from O to
0.544 MPawhen treated by resorting to MICP technique...
The morphological analysis clearly revedled that bacterium is efficient in
cementation by bridging mechanism. It also portrayed that not only voids are the
place of precipitation; rather binding also occurred on the grain surface.
The results also highlight that particles size and pore spaces are major factors
governing the efficiency and applicability of the process.
Results pertinent to dissection analysis disclose the variable intensity of
carbonate precipitations along the depth of the sample.
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