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The process of ureolysis-driven biocementation is used to improve granular soils. The precipitation of calcium
carbonate (CaCOs) crystals results from the reactions of urease generated by ureolytic bacteria and chemical
reagents, which strengthen or bind soil particles together. Using a lab-based scaled physical model, this study
investigated the influence of selected spacing intervals (107, 214 and 321mm) on the effectiveness of
biocementation through the injection-suction or ‘push—pull’ approach. Polystyrene moulds were used to create soil
specimens. These were then injected with six cycles of treatment solutions at the intervals stated. The compressive
strengths and calcium carbonate contents of the biocemented soil specimens were measured after curing. Scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier transform infrared (FTIR) spectroscopy
and effluent analysis (pH and ammonium measurements) were also performed. The biocemented soil specimens with
different spacing intervals obtained compressive strengths of 2.53 = 1.06 to 4.2 = 2.3 MPa, while the calcium
carbonate contents were from 2.78 = 0.3 to 11.16 + 1.5%. The elemental compositions and bonding of calcium
carbonate precipitates in the biocemented soil were confirmed by EDS and FTIR spectra, while SEM micrographs
revealed chip-like and irregular rhombohedral crystal forms. The results demonstrated that injection spacing had an
effect on biocemented soil treated by microbially induced carbonate precipitation.

Keywords: biocementation/compressive strength/material structure/soil stabilisation/sustainable development/UN SDG 13: Climate
action

Introduction

Due to increased urbanisation and population growth, the globally
available land suitable for construction is shrinking (Liu ez al.,
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2022). Cement, which is widely available on the market, is
routinely used as a soil stabiliser to increase soil strength and

reduce permeability while restricting compressibility (Feng et al.,
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2020). However, the production of cement has a significant
environmental impact due to the high amount of greenhouse gases
emitted, such as carbon dioxide (CO,). As a result, researchers
continue to look for alternative binding agents that have a low or
no carbon dioxide footprint (‘carbon footprint’).

Microbially induced carbonate precipitation (MICP) is a new
method of soil stabilisation that involves carbonate minerals in the
soil matrix (Casas et al., 2022). The MICP technique has attracted
the interest of researchers all around the world in recent decades
due to its potential to improve the engineering properties of
granular soil. MICP is a promising alternative to traditional
ground improvement binder approaches. This is due to the low
mechanical energy created and the low carbon footprint caused by
compaction, which results in a more cost-effective and less
dangerous environment (Muhammed et al., 2021). Despite its
popular usage for ground repair, various researchers have shown
that MICP can be utilised to treat other practical environmental
concerns (i.e. industrial waste water contamination, heavy metal
pollution, erosion control and soil liquefaction).

Geological factors regularly influence tunnelling, road
construction and ground stabilisation and ground improvement
(Choo and Ong, 2020; Peerun et al., 2020). Furthermore, the
rapid advancement of human activities has resulted in vast
volumes of environmental waste and pollution. Thus, in recent
decades, engineers have been lured by alternate approaches/
methods with zero or reduced carbon footprint for construction
purposes (Ojuri et al., 2022). MICP is a treatment process used in
biocementation to produce inorganic calcium carbonate (CaCOs).
Furthermore, it functions as a cementitious (binding) agent,
improving the strength and rigidity of granular soil (Omoregie
et al., 2019). According to evaluation trials, the biocementation
process greatly improves the interface shear strength of geo-
structures, with an interface efficiency factor of at least 2 and up
to 7. It would be useful for friction piles, earth-retaining
structures, reinforced slopes and embankments (Mortazavi et al.,
2021). Calcium carbonate precipitation performance is primarily
determined by biological (enzymatic activity),
(cementation ingredients and concentration) and physical (soil
nature) characteristics (Omoregie et al., 2021). Although
biocementation technology is gaining popularity, numerous
criteria that will contribute to optimal bacterial activity, permitting
real-time implementation of the method in a variety of planned
procedures, have yet to be standardised (Hadi et al., 2022).

chemical

MICP activity necessitates the use of ureolytic bacteria to
mediate/facilitate carbonate precipitation (Li et al., 2021). The
ureolysis-driven MICP process involves using urease (EC 3.5.1.5,
urea amidohydrolase) to catalyse the hydrolysis of a non-
conductive urea molecule to produce 2 mol of ammonium (NH,")
(positively charged) ions and 1mol of carbonates (negatively
charged) ions (Omoregie et al., 2022) as indicated in Equation L.
Microbial urease, which is nickel dependent, can accelerate urea
hydrolysis up to 10'* times faster than the usual urea hydrolysis

process (Singh er al., 2017). Urease is an important enzyme
secreted by soil microorganisms, although it can also be created
through microbial fermentation (Khan ez al., 2019). The pH rises
during the MICP process due to ammonium generation, and
ureolytic bacterial cells generate enough metabolic products to
react with calcium ions (i.e. calcium chloride (CaCl,)) in the
microenvironment to make 1 mol of calcium carbonate, as shown
in Equation II. Moreso, Equation III describes the heterogeneous
nucleation of calcium ions to the external microbial cell surface.

urease

l. CO(NH,), + H,0 — CO; +2NH, "

Il. Ca’" + CO{" — CaCoO,

. Ca®* + cells + CO{™ — cells —CaCO,

Urease is a well-known enzyme that is employed in a wide range
of industrial applications, such as drinks, fertilisers, medical sensor
kits and pharmaceutical products (Bracco et al., 2019; Khan et al.,
2019; Singh et al., 2017). However, urease from a microbe (i.e.
Sporosarcina pasteurii and Lysinibacillus sphaericus) or a plant
(i.e. watermelon and jack bean) has piqued the interest of the
construction industry interest in bioprecipitation of calcium
carbonate as a binder agent for soil solidification. Ureolytic bacteria
are noteworthy in that they choose substrates (e.g. urea) for
development and survival in the environment (Mekonnen et al.,
2019). Ureolysis-driven MICP requires microbial agents to act as a
nucleation site for calcium carbonate crystallisation to happen.

The growing need to develop marginal ground for specific
construction projects has prompted civil engineers and
biotechnologists to investigate novel sustainable soil improvement
approaches (Muhammed er al., 2021). Many studies have
successfully used the MICP treatment procedure to improve the
unconfined compressive strength (UCS) and other engineering
parameters of granular soils (Bang er al., 2001; Delong et al.,
2010; Stocks-Fischer et al., 1999; Whiffin et al., 2007).
Biocementation through pressure injection treatment is believed to
be the most prevalent method used by MICP scholars for soil
improvement. This approach necessitates the injection of a
cementation solution into the soil specimen, either with or without
bacterial colonies. Unwanted retention or adhesion of bacteria and
cementation at injection points limit the volume of the solution
moving through the entire soil matrix during MICP treatment of
the soil (Mujah er al., 2017). This can have an impact on the
calcium carbonate contents, permeability and strength.

The impediment of treatment fluid flow during treatment due to
clogging, as well as the uneven distribution of calcium carbonate
precipitation along the treated soil matrix, is a significant barrier
to MICP technology. This is because the homogeneity of calcium
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carbonate precipitates has a major influence on the treated soil
sample, UCS and soil stability (Ahenkorah et al., 2020, 2022). To
address this issue, several researchers proposed reducing the pH
of the cementation solution, varying the concentration of the
cementation solution and utilising a lower-salinity solution
(Cheng et al., 2019; Gomez et al., 2016a; Lee et al., 2019a).
Changing the injection pattern, such as using numerous stages of
injection treatment, may also be beneficial in preventing the
formation of clogs at injection wells/points (Gowthaman ez al.,
2019; Mohsenzadeh et al., 2022; Muhammed ef al., 2021).

Many studies have demonstrated that many biogeochemical
parameters (e.g. temperature, pH levels, bacterial cell fixation,
cementation concentration, freezing and thawing, soil type and
reaction and curing conditions) have a significant impact on the
performance of the soil biocementation treatment (Gowthaman
et al., 2020; Harkes et al., 2010; Li et al., 2015; Peng and Liu,
2019; Zhao et al., 2014). Since MICP can serve as an alternative
ground improvement treatment method, in this research, the effect
of injection spacing on soil biocementation is studied in greater
detail. The injection treatment mould specimens had spacing
distances of 107 mm (5D), 214 mm (10D) and 321 mm (15D),
where D is the diameter of the injection well. The performance of
MICP was determined based on compressive strength, the mass of
carbonate contents, morphological and elemental
compositions, functional group compound behaviour and urease
activity of effluent samples through pH and ammonium
measurements.

calcium

Materials and methods

Ureolytic microorganism

The ureolytic microorganism used in this study was S. pasteurii
(DSM 33 strain) purchased from the Leibniz Institute DSMZ —
German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). A freeze-dried culture stock of S.
pasteurii was rehydrated in sterile tryptone soya agar (40 g/l,
Oxoid Thermo Scientific Microbiology) and subcultured until
pure bacterial colonies were obtained. The revived bacterial cells
were then grown on a sterile cultivation medium containing
analytical-grade nutrient broth (13 g/l, HiMedia Laboratories Pvt.
Ltd) and urea (20 g/, Merck Sdn Bhd) at 32°C. The bacteria were
aseptically grown overnight under aerobic batch conditions in an
incubator (MMM Incucell) and later harvested during the late
exponential growth phase. The bacterial cultures were kept in the
fridge (4°C) for the subsequent experiments and not stored longer
than a month.

Cementation solution

The cementation treatment solution used for the biocementation
test consisted of tryptic soy broth (3 g/l, Sigma-Aldrich Co. LLC),
hydrated calcium chloride (0.75 M, Sigma-Aldrich Co. LLC), urea
(0.75M, Bendosen Laboratory Chemicals) and ammonium
chloride (10 g/l, HiMedia Laboratories Pvt. Ltd). The tryptic soy
broth and ammonium chloride were dissolved in deionised water
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and then sterilised in an autoclave machine (Hirayama autoclave
HV-110L) at 121°C. The remaining chemicals (urea and calcium
chloride) were added to the sterile solution after autoclaving to
prevent any unwanted chemical decomposition that may occur
during autoclave conditions (Omoregie et al., 2017). The
chemical solution was later placed inside a biological safety
cabinet and ultraviolet-sterilised for at least 15 min before being
used. All the chemicals and nutrients used in this study were of
analytical grade (high purity).

Sand mould preparation

The sandy soil used in this experiment was attained from Batu
Kawah Sand Quarry (Phua Kheng Heng Sdn Bhd). The particle
size distribution of the soil ranged from fine sand (0.075 mm) to
fine gravel (4.75 mm) as summarised in Table 1 and Figure S1 in
the online supplementary material.

The soil utilised in this study is classed as poorly graded sand
(SP) by the Unified Soil Classification System (ASTM, 2020).
Because of their inertness and ease of sample extraction,
polystyrene boxes were utilised as the single-use moulds in the
experiment. By cutting the foam with a knife, the sample can be
easily extruded from the foam. Furthermore, several researchers
have reported employing polystyrene boxes as soil columns (Xiao
et al., 2020). After that, the sand was compacted into a clean
polystyrene mould with interior dimensions of 444 mm (L) x
278 mm (W) x 165 mm (H) and a maximum sand density of 35%.
The relative density of soil after placement in the mould was
1400 kg/m®.

The polystyrene specimens used in this study were compacted
into five different layers with soil for better retention between soil
layers. Before compaction, the soil was mixed with 1000 ml
bacterial cultures (biomass concentration of 1.39 x 107 colony-
forming units/ml and urease activity of 11.6877 mM urea
hydrolysis/min) as in Figure S2 in the
supplementary material. The bacterial cultures were mixed with
sand and placed in the mould rather than injected to examine the
flow of the cementation fluid rather than the bacterial culture.
Following earlier studies, this strategy was chosen (Soon et al.,
2014; Zhao et al., 2014). The injection method of the bacterial

shown online

Table 1. Particle size specification details of the sand in this study

Characteristic Value
Soil classification SP
D1o: mm 0.125
Dsg: mm 0.210
D60: mm 0.240
Coefficient of uniformity, C, 1.92
Coefficient of curvature, Cc 1.20
Specific gravity, Gs: kg/m> 2.670
Maximum dry density, pg max. Mg/m? 1.640
Minimum dry density, pg min: Mg/m> 1.27
pH value 6.29
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solution, on the other hand, is also another accepted approach
often utilised for soil biocementation.

Each of the layers was carefully compacted by using a tamper to a
height of 3 cm, which was 35% of the maximum density of the
sand. Poly(vinyl chloride) (PVC) pipes with a diameter of
21.4mm (perforated hole @ = 10mm) served as the injection
treatment pipes (Figure S3 in the online supplementary material).
All four pipes were inserted vertically before the compaction of
the bacterial culture mixed sand. Each pipe had a bottom end cap
and a perforated side with two columns of holes. The injection
pipes were then encased in Scotch pads to prevent sand particles
from entering the injection pipes. If sand particles get into the
pipes, they will eventually cause bioclogging and impede the
distribution of the treatment fluid. After that, rubber pipe
insulators were installed at each pipe section to avoid cementation
solution up-flow and the hydraulic pressure phenomenon of sand
around the injection pipes during the treatment process (Figure S4
in the online supplementary material). By adjusting the pressure
in the pressure vessel between 0.02 and 1.00 bar, the injection
rate was kept constant at 1 I/h. To create a push—pull effect, an air
compressor was attached to the injection wells and a vacuum
pump was linked to the extraction wells. This was done to aid in
the movement of treatment fluids (e.g. bacterial cells and
cementation solution) and to eject waste water effluents by
exerting pressure.

Biocementation treatment

A two-stage injection biocementation treatment method was used in
this study to test the influence of injection—suction well spacing of
MICP treatment on the mechanical properties of soil as shown in
Figure S5 in the online supplementary material. It is noted that the
fresh solutions were injected, and the effluent was discarded, whereas
only fresh solution was injected for the next cycles. The injection
spacings were designated as 5D, 10D and 15D (see Table 2), where
D is the well outer diameter measuring 21.4 mm. The pore volume
of the sand was 0.27. After a 6 h retention period of the bacterial
fixation process, injection of cementation solution was initiated,
which lasted for 72 h. This retention period of the bacterial cells was
selected because the duration was sufficient for ionic strength on
microbial transport. There was a total of six treatment cycles (twice a
day) of the cementation placement through the injection wells. For
each batch treatment, 51 of the cementation solution was injected
into the mould specimens.

The injection rate was maintained at approximately 11/h (i.e.
0.02-1.00 bar) for the influent pressure vessel. The suction

Table 2. Selected injection pipes with spacing distance

Sample Distance between wells: mm
5D 107
10D 214
15D 321

pressure from the vacuum pump was maintained at 0.05 bar
throughout the entire treatment process to prevent over-saturation
on the top surface of the sample. The treatment fluids in the
influent pressure vessel were periodically shaken (every 15 min)
to prevent sedimentation from occurring. At the end of the
treatment, distilled water (three times the sample volume) was
injected into the treated moulds to rinse out unwanted chemical
residue from the soil matrix (Gowthaman et al., 2019). The
polystyrene moulds were then carefully cut using a penknife and
taken out. The moulded treated samples were subsequently
allowed to cure under the same atmospheric condition as the
MICP treatment condition for 7 days before being subjected to
further analyses (compressive strength, calcium carbonate content
and mineralogical analysis).

Compressive strength determination

The surface strength and compressive strength of the biocemented
sand samples were determined through penetration resistance tests
and UCS measurements. Surface strength measurement was
carried out using a calibrated pocket penetrometer (ELE
International, 38-2695). This is a simple, portable device that is
used to predict the penetration resistance of the top layer (5 mm
depth) of the soil specimen. Also, the surface strength served as
an economical method for evaluating the surface strength
distribution at various locations of the consolidated soil
specimens. The surface strength was determined by pushing the
tip of the penetrometer onto the biocemented soil to a depth of
approximately 6.35mm (0.25 inches). The measurement was
recorded when the samples were completely penetrated up to a
depth of 6.35mm. The penetrometer has a maximum reading
value of 700 pounds per square inch (4.83 MPa).

The biocemented sand specimens were also subjected to a UCS
test, which is used to measure the axial compressive stress. Parts
of consolidated soils treated with different injection spacings were
cored through at selected locations to obtain cylindrical cores for
the UCS test as shown in Figure S6 in the online supplementary
material. To obtain cylindrical samples for UCS testing, the
trimming process was used. The samples were meticulously cut
into smaller amounts using a chisel and then carefully trimmed to
meet the standard size of a cylinder for testing as specified by BS
1377-7:1990 (BSI, 1990). Precaution was taken when handling
the samples, as the sample might be fragile in certain locations, in
particular near the suction wells. The samples were cored into
cylinders (diameter of 50 mm and height of 100 m) and tested
with a universal testing machine (GT-7001-L) with a maximum
load of S0kN and a loading speed of 1 mm/min to record the
stress (kPa) level.

Mass of calcium carbonate content

After performing the compressive strength tests, gravimetric acid
washing was used to measure the mass of the calcium carbonate
content in the biocemented sand specimens. The calcium
carbonate content is also referred to as the cementation level of
MICP-treated soil specimen determined. The amount of calcium
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carbonate precipitated within the samples was determined by
washing them with hydrochloric acid (HCI) to dissolve the
calcium carbonate. The samples in Whatman filter papers (11 um
pore size) were placed in sterile glass funnels as shown in Figure
S7 in the online supplementary material. Later, 2 M hydrochloric
acid was poured slowly into the filter paper to dissolve the
calcium carbonate and later washed with sterile deionised water.
The samples were then oven-dried at 60°C for 4 h before being
subjected to acid wash. The difference in the two masses of the
sand (before and after acid wash) was determined. The weight
(mass) of calcium carbonate before and after being subjected to
oven drying were used to estimate the calcium carbonate content
as shown in the following equation:

calcium carbonate content (%)
mass of calcium carbonate

mass of the oven-dried specimen
1. — mass of calcium carbonate

Scanning electron microscopy-energy-dispersive X-ray
spectroscopy analysis

A benchtop advanced microscope (TM4000Plus 11, Hitachi Ltd) was
used to determine the morphological, topographical and elemental
compositions of the crystals formed in sand particles that were
subjected to MICP treatment. The scanning electron microscopy
(SEM) analysis was performed at an accelerating voltage of 15kV
and magnifications of x100 and x250. Energy-dispersive X-ray
spectroscopy (EDS) was used to establish the elemental composition
and concentration of the tested biocemented sand samples.

Fourier transform infrared analysis

For Fourier transform infrared (FTIR) spectroscopy to determine
the functional groups (i.e. C—O bonds) of the crystal formed in
the biocemented soil specimens after MICP treatment, an FTIR
spectrometer was used (IRAffinity-1, Shimadzu Corporation,
Kyoto, Japan). An estimated 1 mg of the biocemented soil sample
was mixed with 100 mg of potassium bromide powder in an agate
mortar (Achal and Pan, 2014). The contents were then carefully
ground within a clean agate pestle until pellets with the desired
texture were obtained for FTIR spectroscopy. FTIR spectral
scanning of each sample was carried out at wave numbers from
4000 to 400 cm™ " with the error range of the analytical method set
as £0.005 cm ' (Li et al., 2013). FTIR spectroscopy functions by
detecting the vibrational features of diverse functional groups in
organic molecules and then developing a unique molecular
fingerprint spectrum (Khui ez al., 2021; Wang et al., 2015).

Effluent pH measurement and ammonia concentration

The analysis of the effluent collected during the MICP treatment is a
crucial indication of the process occurring in the sand sample. The
effluents from the mould specimens were collected during the MICP
treatment to measure the pH values and ammonium concentrations.
These measurements were conducted as indicative parameters of the
urease activity during MICP treatment. A volume of 50 ml of the
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discharged effluent was collected in sterile plastic centrifuge tubes for
pH measurement (SevenEasy, Mettler Toledo pH meter with a
precision of 0.01). The 50 ml effluent samples were suspended in a
centrifuge machine (Eppendorf, 5804R) at 10 000g for 1 min before
the ammonium content was filtered, collected and determined. The
collected supernatants were then subjected to
measurement using the phenate method described by Park er al.
(2009). Ammonia reacts with phenol to form indophenol in the
presence of alkali and an oxidising agent. This method is suitable for
accurately measuring ammonium concentrations from 0.02 to 2 mg
ammonium ions/l (Greenberg et al., 1992). In brief, 10 ml of samples
was placed into clean universal bottles and carefully mixed with
0.4 ml of phenol solution, 0.4 ml of sodium nitroprusside and 1.0 ml
of the oxidising solution (containing 25 ml of sodium hypochlorite
(5%), 200 g/l trisodium citrate and 10 g/l sodium hydroxide). The
analysis was conducted at room temperature (24 + 2°C), and the
capped universal bottles containing the mixture solutions were then
stored in subdued light conditions for 60 min to allow the chemical
reaction to occur. At the end of the incubation, the mixture solutions
in the universal bottles turned blue at respective concentrations. The
ammonia concentration was determined by measuring the absorbance
of indophenol using a spectrophotometer (Genesys 20, Thermo
Fisher Scientific) at 640 nm. The measured absorbance of indophenol
from the spectrophotometer and calibration curve obtained from
several ammonium chloride concentrations as a standard was used to
plot a graph of absorbance against ammonia concentration. The slope
of the linear correlation was then converted to urease activity by
multiplying it by a factor of 0.5, previously derived by Whiffin
(2004).

ammonium

Results and discussion

Compressive strength

The effect of injection spacing on MICP efficiency was evaluated
after soil biocementation had been completed and the moulds had
entirely hardened, as shown in Figure 1. MICP was applied to the
5D, 10D and 15D mould specimens by injection through PVC
pipes spaced 107, 214 and 321 mm apart from the opposing

Figure 1. Sand specimen after biocement treatment with bacterial
cultures and cementation solution
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suction pipes, respectively. Table 3 shows the compressive
strength testing of the soil specimens following biocementation.

For the surface strength obtained through pocket penetrometer
tests, 5D, 10D and 15D specimens recorded average strength
values of 2.53 + 1.06 MPa (standard deviation (std. dev.) = 1.055,
variance = 1.113, root mean square = 2.72 and sum of squares =
12.246), 2.82 + 0.82 MPa (std. dev. = 0.892, variance = 0.796,
root mean square = 2.943 and sum of squares = 8.756) and 3.42 +
1.13 MPa (std. dev. = 1.126, variance = 1.268, root mean square =
3.582 and sum of squares = 13.956), respectively. On the other
hand, the UCS tests indicated that the obtained results for the
samples (5D, 10D and 15D specimens) were 2.57 + 1.5 MPa (std.
dev. = 1.508, variance = 2.274, root mean square = 2.849 and
sum of squares = 4.548), 3.12 + 1.17 MPa (std. dev. = 1.178,
variance = 1.389, root mean square = 3.319 and sum of squares =
2.778) and 4.2 + 2.3 MPa (std. dev. = 1.508, variance = 2.274,
root mean square = 2.849 and sum of squares = 4.548),
respectively.

The data also illustrate that the soil biocemented core (15D) that had
a spacing of 321 mm produced the highest compressive strength,
while the column at 107 mm spacing (5D) resulted in the lowest
compressive strength. The increased core spacing enhanced the
retention time of cementation fluid at the pore between the sand
particles, allowing for more time for calcium carbonate crystals to
form before they were transported to the extraction wells.

Analysis of variance (Anova) and the post hoc Tukey HSD test
revealed no significant changes in surface strength for specimens
treated at different spacing distances (P-value = 0.541, F-statistic
= 0.681, sum of squares = 4.072, degrees of freedom = 2, mean
square = 2.036). Furthermore, Anova and the post hoc Tukey
honestly significant difference (HSD) test revealed no significant
changes in surface strength for specimens treated with different
spacing distances (P-value = 0.116, F-statistic = 2.304, sum of
squares = 4.882, degrees of freedom = 2, mean square = 2.441).
The P-value is related to the one-way Anova F-statistic, which is
more than 0.05, indicating that the treatments (5D, 10D and 15D)
are not significantly different at that level of significance.

The strength of these cores increased towards the suction wells
and decreased near the injection wells. Nevertheless, all three
tested cores with different injection spacings demonstrated that
the area beyond the injection pipes resulted in improved
compressive strength. As cementation fluid travelled from
injection wells to suction wells, crystals of calcium carbonate

Table 3. Surface strength and UCS measurements of the
biocemented sand samples

Specimen Surface strength: MPa UCS: MPa
5D 2.53 + 1.06 2.57 = 1.51
10D 2.82 +£0.82 312 £ 1.17
15D 342 +1.13 42 +23

began to form and became adhered to the sand particles. As a
result, more calcium carbonate was formed and the sand near the
suction well had a higher compressive strength. This may likely
be due to the distribution of calcium carbonate content in the soil
columns.

The use of a pocket penetrometer and the UCS test to assess soil
cores treated by MICP treatment has been widely documented in
the literature (Cheng and Cord-Ruwisch, 2012; Whiffin, 2004).
The UCS test, on the other hand, is typically employed after the
soil biocementation process to quantify the axial stress applied to
the subjected tested specimen along a longitudinal axis (Omoregie
et al., 2021). It offers a better understanding of the strength
homogeneity inside the tested cylinders. As a result, both
compressive strength tests were chosen for this investigation to
allow for a broad comparison.

Prior to the strength test, calcium carbonate content determination
and other mineralogical analyses, the MICP-treated samples were
allowed to cure for 7 days. This was to allow bacterial cells and
urea to remain and complete the enzymatic and biochemical
activities. This may allow for additional biocalcification.
Furthermore, the 7-day interval serves as the drying phase for the
MICP-treated sample. However, this may be a significant
disadvantage of the MICP technique because the treatment may
be time consuming or costly for field-scale applications. As a
result, this is a variable (treatment time) that can be optimised in
future trials.

The surface strength and UCS test data indicated a positive trend,
supporting the concept that the injection spacing can alter soil
strength and stiffness following MICP treatment. The two-stage
injection approach is appropriate for restricting bacteria to the soil
before injecting the cementation solution into soil columns
(Gowthaman et al., 2019). Despite this, only three injection
spacings were evaluated in the laboratory. However, the results
show that it is critical to optimise the spacings of the injection
pipes in the samples to achieve optimal cementation distribution
and greatly improved biocemented soil. Because of the particle-
to-particle contact mechanism, the effect of MICP treatment on
soil mechanical response varies depending on compressive
strength and calcium carbonate content (Rahman et al., 2020).
This indicates the reason why the calcium carbonate content after
the strength test was tested to determine if there is a correlation
between the two analyses.

Mass of calcium carbonate content

The amount of calcium carbonate generated within the soil matrix
can have an impact on the mechanical properties of biocemented
treated soil. Determining the bulk of calcium carbonate content
following soil biocementation treatment is therefore crucial.
Table 4 shows the calcium carbonate content of biocemented soil
specimens treated with varied spacings (5D, 10D and 15D). The
highest calcium carbonate content was at the bottom layer (4.90 +
1.52 to 11.16 + 15%) of all soil moulds irrespective of the
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Table 4. Calcium carbonate content determination after soil
biocementation treatment

Sample Top layer: % Middle layer: % Bottom layer: %
5D 2.78+0.3 3.70 £ 0.6 490 + 1.52
10D 3.26 £ 0.3 441 +0.5 72319
15D 6.24 + 0.7 7.69 = 0.5 11.16 £ 15

injection spacings. On the other hand, the measured lowest
calcium carbonate content was at the top layer of the soil moulds
(2.78 £ 0.3 to 6.24 + 0.7%). More so, out of all tested injections,
a spacing of 321 mm (15D sample) produced the highest calcium
carbonate content, while the specimen with a spacing distance of
107 mm (5D) had the lowest calcium carbonate content (Table 4).

The statistical analysis using Anova revealed significant differences
in the surface strength values for the calcium carbonate contents at
the top layer of the soil columns (P-value = 0.0002, F-statistic =
50.403, sum of squares = 21.115, degrees of freedom = 2 and mean
square = 10.558). The post hoc Tukey HSD test revealed significant
differences when sample 5D (std. dev. = 0.280, variance = 0.078,
root mean square = 2.792 and sum of squares = 23.39) and sample
10D (std. dev. = 0.346, variance = 0.119, root mean square = 3.268
and sum of squares = 32.057) were compared with sample 15D (std.
dev. = 0.656, variance = 0.430, root mean square = 6.266 and sum
of squares = 117.79). When the values of 5D and 10D were
examined, however, there was no significant difference. The
statistical analysis using Anova revealed significant variations in the
surface strength values for the calcium carbonate contents at the mid-
layer of the soil column (P-value = 0.0004, F-statistic = 39.1494,
sum of squares = 27.243, degrees of freedom = 2 and mean square =
13.621). The post hoc Tukey HSD test revealed significant
differences when samples 5D (std. dev. = 0.636, variance = 0.402,
root mean square = 3.722 and sum of squares = 41.579) and 10D
(std. dev. = 0.574, variance = 0.329, root mean square = 4.438 and
sum of squares = 59.090) were compared with sample 15D (std. dev.
= 0.559, variance = 0.312, root mean square= 7.700 and sum of
squares = 177.879). When the values of 5D and 10D were examined,
however, there was no significant difference. The statistical analysis
using Anova revealed that there were significant variations among
the surface strength values for the calcium carbonate contents at the
bottom layer of the soil column (P-value = 0.009, F-statistic =
11.276, sum of squares = 60.061, degrees of freedom = 2 and mean
square = 30.031). The post hoc Tukey HSD test revealed that only
when sample 5D (std. dev. = 2.749, variance = 7.561, root mean
square = 4.379 and sum of squares = 22.682) was compared with
sample 15D (std. dev. = 5.712, variance = 32.628, root mean square
= 9.722 and sum of squares = 97.886) were significant differences
observed. When sample 5D or 15D values were compared with
sample 10D values, no significant difference was seen (std. dev. =
3.917, variance = 15.343, root mean square = 6.396 and sum of
squares = 46.030).

The results showed that the injection treatment method utilised for
soil biocementation with various spacings affects the calcium
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carbonate content. The calcium carbonate formation reacted as it
moved towards the suction regions during the initial MICP
injection treatment due to a positive hydraulic gradient from the
injection wells to the suction wells. Table 4 shows that as the
treatment solution moves from the injection regions to the suction
regions, more calcium carbonate content is generated away from
the injection sections. This result is critical for understanding the
soil biocementation process because it inhibits bioclogging
formation at injection wells, which is a common concern during
MICP treatment. The data also revealed that the cementation did
not change significantly among the three layers (top, middle and
bottom) of the treated soil specimens. This could imply that there
were enough active bacterial cells in the soil matrix to facilitate
ureolysis. The results also suggest that the amount of calcium
carbonate precipitate decreases with the distance from the
injection point to the suction point, which can be attributed to the
restriction of treatment solution flow caused by bioclog formation,
which influences the outcome of the MICP process (Sidik et al.,
2014). To ensure efficiency in the MICP process, it is
recommended to inject or immobilise the bacterial cells with the
soil before the subsequent daily injection of cementation solution
(Gowthaman et al., 2019). When too many bacterial cultures are
injected or introduced into the soil sample, it may affect the
treatment efficiency.

The non-uniformity of the UCS in the soil samples is caused by the
varying amounts of precipitation generated after MICP injection at
various places along the treatment flow path. This was caused by
unequal cementation solution transportation further away from the
injection wells (Gomez et al., 2016b). By adjusting the well
spacing, precipitation may be increased at the injection and suction
zones, which will assist limit the production of undesired bioclogs.
Other researchers such as Harkes er al. (2010) have proposed
lowering the flow rate of the treatment solution (cementation
solution and bacterial culture) to improve the drawback (non-
uniformity of calcium carbonate distribution) affecting MICP
performance, while others have suggested a waiting period to allow
proper attachment of bacterial cells to the soil before further
injection (Al Qabany et al., 2012). However, this study showed that
the distance between the wells (injection and suction) could also
significantly influence the overall performance of MICP. Another
opinion worth considering is the concentrations (0.75M) of
urea and calcium chloride used in this study. It was previously
reported that using an appropriate concentration of cementation
reagents caneffectively improve the outcome of MICP and reduce
heterogeneous crystal formation at the soil contact spots
(Gowthaman et al., 2019; Mujah et al., 2017).

SEM-EDS analysis

SEM-EDS analysis was undertaken to examine the effect of
biocementation treatment with varying spacings on the
microstructure of the MICP-treated soil particles, as shown in
Figures 2—4 and Table 5. Figure 2(a) shows that the soil particles
in the 5D sample were connected, with only a few crystal forms
found within the sand particle. The SEM micrograph (Figure 3(a))
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Figure 2. SEM micrographs at x100 magnification showing sand particles after biocementation treatments with (a) 5D, (b) 10D and
(c) 15D injection pipes
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Figure 3. SEM micrographs at x250 magnification displaying calcium carbonate formations at interparticle contact bonding for sand
particles treated with (a) 5D, (b) 10D and (c) 15D injection pipes

of the 5D sample, on the other hand, showed interparticle bonding When compared with the 5D sample, the SEM findings for the
of sand particles with crystal formations with rough surfaces. 10D sample in Figures 2(b) and 3(b) revealed that there were
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Figure 4. EDS analysis showing elemental compositions of sand
particles treated with (a) 5D, (b) 10D and (c) 15D injection pipes.
cps, counts per second

Table 5. EDS analysis identifying the elements in the sand
specimens after MICP treatment

Element 5D sand 10D sand 15D sand
mass: % mass: % mass: %
Oxygen (O) 72.80 67.02 69.45
Silicon (Si) 33.28 10.59 20.23
Carbon (C) 16.27 20.86 16.14
Calcium (Ca) 8.35 22.50 16.54
Chlorine (Cl) 2.05 2.12 4.85
Aluminium (Al) 1.73 0.42 0.00
Rubidium (Rb) 0.00 2.99 0.00

more crystals attached to the sand particles. At the soil contact
crystal
morphologies developed. When compared with the 5D sample,

locations, numerous clusters with rough surface
the 10D sample exhibited fewer pore regions within the soil
matrix, while the 15D sample had no apparent pore regions inside
the soil matrix. The presence of significant spaces between the

soil matrix indicates that less cementation occurred in sample 5D,
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making it more sensitive to permeability as compared with the
other improved soil samples. This finding also suggests that
MICP injection treatment with varying spacings for soil
improvement has a significant impact on crystalline formation.
The extent of calcium carbonate crystal formation and the
distribution of cementation influence sand permeability after the
MICP treatment (Chen et al., 2018).

The results in Figures 2(c) and 3(c) clearly show that the sand
particles were fully connected with crystal formations and there
were several large clusters of crystals formed at the contact
regions of the soil. A similar observation was reported by
Gowthaman et al. (2021), who reported observing high contents
of calcium carbonate formation and larger clusters between soil
particles in their study on the influence of acid rain after MICP
soil treatment. The coating-like layer of calcium carbonate
crystals that covered the surface areas of the sand grains observed
in this study is similar to those in previous reports (Cheng et al.,
2019; Gowthaman et al., 2019). The shapes of biomineral crystals
formed after MICP treatment could be influenced by biopolymers
or amino acid organic polymers, urease activities and cementation
concentration (Cheng et al., 2019).

Calcium carbonate clusters produced at particle contact locations
serve an important function in improving soil strength and
stability. The abundance of crystal formations on the surface of
the sand particle, together with the production of lucid bridges as
a connecting point for sand grain particles, is consistent with prior
research findings (Cheng and Cord-Ruwisch, 2014; Cheng et al.,
2017). Furthermore, the SEM micrographs in Figure 2 revealed
that the soil specimens from samples 10D and 15D contained
multiple visible chip-like crystal and rhombohedral forms. The
smooth surface of the chip-like crystal formations had a ductile
feature, whereas the rhombohedral crystal, which was not as
prominent or apparent as the chip-like structure, appeared to have
rough surfaces.

SEM-EDS analysis is routinely used to determine the calcium
carbonate element compositions in soil particles. The EDS
elemental compositions of 5D, 10D and 15D biocemented sand
particles are shown in Table 5. Furthermore, Figure 4 shows the
elemental component spectrum graphs for the samples in
accordance with the values reported in Table 5. The elements
detected in the biocemented sand samples were oxygen, silicon,
carbon, calcium, chlorine, aluminium and rubidium, according to
the EDS analysis. The results of EDS analysis in Table 5 and
Figure 4 show that oxygen was the most abundant element in all
samples in terms of weight and atomic percentage. The elemental
concentrations of the biocemented sand samples were also
moderate for the 5D (silicon and carbon), 10D (silicon, calcium
and carbon) and 15D samples (silicon, calcium and carbon). The
remaining components in these soil samples had low or negligible
concentrations. Other trace elements (e.g. aluminium and
rubidium) are viewed as unimportant due to their low mass or
atomic percentages. When comparing the principal elements
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discovered in all the biocemented sand samples based on weight
percentage, the data from Table 5 indicate that the 5D sample
(72.80%) included more oxygen and silicon. Carbon and calcium,
on the other hand, were more abundant in sample 10D than in the
other treated soil samples. Several MICP researchers have
discovered that the crystal precipitates are primarily composed of
carbon, oxygen and calcium (Fang ef al., 2019; Garcia et al.,
2016; van Paassen, 2011). EDS spectra are also utilised to
confirm the presence of calcium carbonate crystals using atomic
per cent ratios (Garcia ef al., 2016). The EDS results for specimen
10D showed higher carbon and calcium levels than the other
specimens, which contradicted the SEM findings. This could be
due to the mark on the SEM pictures of the location/points where
the EDS analysis was performed, which does not reflect the
complete biocemented soil sample.

FTIR analysis

FTIR spectroscopy is often used to analyse the composition of
functional chemical groups in the treated soil specimens after the
MICP process (Achal and Pan, 2014). Figure 5 shows the FTIR
spectra of biocemented sand particles treated with different
injection spacings. The FTIR results showed that there are four
regions that can be grouped as the fingerprint region
(6001500 cm™ "), double-bond region (1500-2000 cm ') triple-
bond region (2000-2500cm ') and single-bond  region
(2500-4000 cm ') (Nandiyanto ef al., 2019).

FTIR results from the fingerprint region show strong C-Br
stretching of halo compounds with wavelengths ranging from
515 to 690cm ' found in all biocemented sand samples
(Figures 5(a)-5(c)). Strong C—H bending peaks were found only
in the 5D sample and 15D sample with wavelengths of 752.24
and 759.95c¢m ', respectively. At a wavelength of 906cm ',
strong C=C bending of monosubstituted alkene and broad
CO-O-CO stretching anhydride were detected only in 10D
sample and 15D samples. The vibration band from the carboxyl
group such as C=0 or C=C can be attributed to the organic
functional groups from the culture medium used to grow the
ureolytic bacterial cells (Han ez al., 2019).

Furthermore, strong S=O stretching of sulfonate at a wavelength
of 1357.89cm ' was detected only in the 5D sample, while
medium O—H bending of alcohol at a wavelength of 1429.5 cm ™'
was found only in the 15D sample. The FTIR results showed that
strong C=C stretching vibration of a monosubstituted alkene was
detected in the 5D sample (Figure 5(a)), 10D sample (Figure 5(b))
and 15D sample (Figure 5(c)) with wavelengths ranging from
1643.35 to 1647.21 cm ', although there were other identified
wavelengths (1830.45-1840.09 cm ) that fall under the stretching
peak band of carbonyl. At wavelength peaks of 1977.04 and
1982.82cm ', strong N=C=S stretching of isothiocyanate was
found only in the 10D sample and 15D sample. Furthermore, the
FTIR spectra showed weak C=C stretching of a disubstituted
alkyne or nitrile in all samples that had wavelengths ranging from
2239.36 to 2243.21cm '. The FTIR spectra also identified a
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Figure 5. FTIR spectra of biocemented sand particles after
treatment with (a) 5D, (b) 10D and (c) 15D injection pipes

medium S—H stretching of thiol in the 5D sample and 15D sample
at wavelengths of 2536.39 and 2526.75 cm ', respectively. Sharp
N-H or C—H stretching of primary amine or alkyne was found
only in the 5D sample and 15D samples with wavelengths of
3265.49 and 3240.41 cm ', respectively. Finally, medium/strong
O-H or N-H sharp/broad stretching of free alcohol or primary
amine was detected at a wavelength ranging from 3423.65 to
3898.14 cm ', accordingly.

Several MICP scholars have reported biocementation specimens
having FTIR spectrum absorption peaks ranging between 700 and
3500 cm™! (Li et al., 2013; Srivastava et al., 2015; Zhu et al.,
2016). The strong stretching vibration of the O-H and N-H
hydrogen bonds at high peaks (i.e. 3500-3800cm ') for the
formation of more OH groups are indications of the presence of
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organic matter and moisture content (Zhu et al., 2016). The FTIR
analysis confirmed the presence of calcium carbonate as the main
mineral in the microbial sand columns after evaluating the
stretching vibrations of the functional groups present in the
treated soils (Fang et al., 2019).

Effluent pH and ammonium measurement

During soil biocementation, effluent samples were obtained from
different locations to track bacterial activity as the injection
treatment of the soil columns continued. As a result, pH and
ammonium measurements were found to be representations of
ureolysis done by bacterial cells (Figure 6). MICP treatment is
influenced by both acidic and basic conditions, which may result
in reduced compressive strength or calcium carbonate content
when compared with those of samples treated in neutral pH
settings (Mujah et al., 2016). As a result, investigating the pH
profile of bacterial activity or ureolytic activity is critical. The
results in Figure 6 show a similar trend of the curve lines for
samples 5D, 10D and 15D with their respective ureolytic
activities. The results show that the values for 5D, 10D and 15D
at 0 h were 7.23 + 0.02, 7.24 £+ 0.05 and 8.18 + 0.05, respectively.
The pH measurements showed that all the samples showed lucid
and fluctuating lines in response to the injection treatment cycles
performed on the soil specimens. The highest pH values observed
were 8.30 £ 0.05 (at 24 h), 8.11 £ 0.03 (at 48 h) and 8.20 + 0.03
(at 48 h) for samples 5D, 10D and 15D, respectively.

The fluctuation of the pH is believed to be caused by urea
hydrolysis by urease from bacterial cells, which subsequently
leads to an increase in pH and the release of ammonia gas (Li
et al., 2021). The wells spacings used may have also affected the
distribution of the cementation solutions into the columns, thus
resulting in varied and fluctuating pH values. During the MICP
injection treatment process, the pH values tend to fluctuate with
time, suggesting the variation of urea hydrolysis inside the soil
column (Al Imran et al., 2019). Some scholars have also observed
urease activity from collected specimens that were subjected to

pH value

Time: h

Figure 6. Monitoring of pH activity during soil biocementation
treatment

repeated treatment cycling (Dhami ef al., 2016). However, it was
indicated that not every repetitive injection treatment cycle
promotes further urea hydrolysis/urease activity, particularly at a
low cementation concentration (i.e. 1M urea and calcium
chloride).

The urease activity results for effluent samples are shown in
Figure 7, which shows a trend similar to that observed for the
curves in Figure 6 (the pH profile). The data from Figure 7
indicate that urease activities for 5D, 10D and 15D at O h were
115.00 + 3.61, 419.67 + 6.51 and 479.33 =+ 12.50mM,
respectively. The samples had an increment from the initial
measurement (first injection cycle) to the next phase of treatment
before showing continuous fluctuation for the rest of the treatment
cycles. The highest urease activity values obtained at 12 h were
622.00 + 019.67, 838.67 + 11.59 and 929.00 = 6.00mM for
samples 5D, 10D and 15D, respectively. Bacterial enzymatic
activity does not cease after biotreatment, resulting in physico-
chemical changes in calcite-precipitated soil over time (Sharma
et al., 2022).

Surprisingly, the highest measurement was obtained in all samples
treated with varying spacing distances during the early phase of
soil biocementation treatment. The substantial variation in urease
activity in effluent samples indicates bacterial activity in the soil.
High ureolysis during treatment promotes calcium carbonate
precipitation within soil samples, which finally leads to soil
solidification (Al Qabany et al., 2012; Harkes et al., 2010). In the
MICP process, changes in pH and urease activity complement
calcium carbonate formation. Changes in pH and urease activity
help calcium carbonate production in the MICP process. The
creation of a significant amount of calcium carbonate crystals
correlates with the rise in pH caused by ureolysis due to the
release of ammonium ions (Wei et al., 2015). The differences in
ammonium content produced during MICP are also attributed to
the microbial spatial variability and the formulation of the
cementation amendment (Martinez et al., 2013). Lower
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Figure 7. Monitoring of ammonium concentration during soil
biocementation treatment
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ammonium levels will be released, for example, when lower
bacterial cell densities and a lower molar ratio of urea/calcium
ions are utilised for MICP treatment.

Figure 7 shows that the spacings of the injection treatment well
(PVC pipes) affect MICP treatment. The pH and ammonia levels
are related because changes in these levels affect urease activity
and calcium carbonate precipitation. In this study, soil columns
treated with a 321 mm spacing distance (for the 15D sample)
showed higher pH values and urease activity than soil columns
treated with 107 mm (for the 5D sample) and 214 mm (for the
10D sample) spacing distances. Furthermore, the 15D sample had
more stable and higher pH and urea hydrolysis values, most likely
because the cementation solution travelled a long distance,
allowing more contact of the cementation solution with the urease
enzymes in the sand sample and stable calcium carbonate
precipitation to occur. However, because the 10D and 5D samples
were separated by a shorter distance, the cementation required a
smaller contact area and contact time for the biochemical events
to occur, which may have caused the pH and urease activity to be
lower than those of the 15D sample.

Biocementation performance

This study discovered that varied injection pipe spacings (107,
214 and 321 mm) during biocementation treatment can alter the
generation or distribution of calcium carbonate in soil particles.
Calcium carbonate deposition at or near particle-cementing sites
would typically cover the soil grains, which would then fill the
vacuum spaces. Calcium carbonate filling forms a bridge between
sand particles, supporting the matrix and allowing soil
solidification to proceed (Lin et al., 2016). According to the
reported data, the biocementation injection treatment method
employed in this investigation successfully cemented the soil
samples regardless of the PVC injection spacing distance used, as
shown in Figure S8 in the online supplementary material. A
contour overview of the compressive strength shown in Figure S9
in the online supplementary material revealed that lower surface
strengths formed between the injection and suction wells,
particularly in the middle of the sample horizontally. This was
true regardless of the injection spacing distance employed.
Furthermore, the locations with weaker cementation may have
had a decreased prevalence of ureolysis due to fewer bacterial
cells. This observation was previously reported by van Paassen
(2011).

According to the results of the investigation, samples treated with
214 and 321 mm achieved more homogeneous calcium carbonate
distribution, as shown in Figure S8 in the online supplementary
material. For well spacings of 10D and 15D, MICP appeared to
be more effective in cementing the sand matrix. The 5D sample
displayed successful cementation at the central regions of the sand
column prior to the placement of the PVC pipes in this location,
allowing for a shorter cementation fluid flow network. The
reduced distance between the wells guarantees that the soil matrix
in the treatment region obtains adequate nutrients. As a result,

regardless of the concentration of the cementation reagent, the
UCS tends to grow with the number of treatment cycles
(Muhammed et al., 2021). This eventually results in a higher
calcium carbonate content formed within the soil matrix, which
contributes to stronger bonding between the soil particles.
Regardless of the amount of calcite content within the soil matrix,
which may be as low as 1%, it t can influence the soil shear
strength and permeability (Montoya and Delong, 2015). Higher
calcium carbonate precipitation has been suggested to occur in a
cementation-solution-treated specimen with a shorter treatment
cycle and a larger pore volume (Sharma et al., 2022; Sharma and
Satyam, 2021). Furthermore, the performance of either the
injected exogenous or the enhanced native ureolytic bacteria has a
strong relationship with the effectiveness of the biocementation
(Jiang et al., 2022). Because of the negative charge on the cell
wall, it is widely assumed that bacterial cells can function as
calcium carbonate nucleation sites during the MICP process.
Thus, using the push-pull technique will be useful for soil
biocementation, particularly involving the injection of exogenous
or enriched native ureolytic bacteria alongside the cementation
solution.

Despite the positive results of this study, there are a few
drawbacks that require more exploration. The flow pattern of the
precipitation distribution at the pore scale must be interpreted,
particularly when contemplating scale-up of MICP experiments.
A comprehensive model study can also be used to examine and
optimise the flow patterns in the soil sample. This can be
accomplished by scaling up the laboratory size model to gain
better knowledge of the MICP process and flow patterns that are
applicable in the field. Such simulation studies can also take into
account the effects of flow characteristics and treatment longevity
for specimens subjected to different MICP injections with varying
spacing distances. Another method for studying the cementation
flow and ureolysis distribution flow pattern, particularly for large-
scale and field-scale MICP experiments, is to utilise non-toxic
tracer agents such as sodium bromide and fluorescein. To analyse
the transport flow and ureolysis destiny of the cementation in the
sand column, these tracers may be injected into the soil during
injection as moderate pH buffering agents and colour indicators.
Gomez et al. (2016b) employed sodium bromide (15 mM) in a
1.7m dia. tank to study the transport flow of their cementation
flow regimes between the three injection wells used for treatment.
It is recommended to employ a tracer that has no effect on MICP
performance. However, it has been argued that fluorescein might
not be a good tracer for soil surface applications. Fluorescein,
unlike sodium bromide, has poor tracer qualities when injected
into the soil due to its low recovery, pH insensitivity and minimal
background interference (Peterson, 2010). MICP researchers have
begun to use a passive tracer (sodium bromide) in their field-scale
or metre-scale soil biocementation studies (Lee et al., 2019b;
Nassar et al., 2018; San Pablo et al., 2020). Ions of the tracer
agent can be rinsed out of the soil columns after biocementation
treatment by adding deionised water (Lee et al., 2019b). More so,
the choice of mixing the soil and bacterial suspension before
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placing the soil in the mould rather than injecting the soil in the
soil column may not be feasible for real field application of an
undisturbed soil body. Thus, future work can investigate the
influence of this push—pull treatment technique using an injection
approach for the bacterial cultures and the cementation solution.

Conclusions

The push—pull injection—suction treatment method was utilised in
this study to assess the effect of varied spacings on soil
biocementation. The following are the findings of this study.

S pasteurii cultures and cementation solution (containing
0.75 M urea and calcium chloride) were injected into
polystyrene-moulded soil. The findings reveal that variable
placements of injection pipes/wells for MICP treatment alter
the engineering properties of soil.

= Compressive strength testing revealed that the 15D sample
had the greatest values in compressive strength tests (3.42 +
1.13 and 4.2 + 2.3 MPa for surface strength and UCS,
respectively). The calcium carbonate content distribution was
primarily saturated at the bottom layers of the treated soil
specimens, while the 15D sample also exhibited the greatest
calcium carbonate level.

= The SEM investigation revealed that the 5D sample had the
fewest crystal forms and interparticle connections on the soil
particles. In 10D and 15D sand particles, large visible chip-
like and rhombohedral crystal forms were primarily evident.
The findings of this study indicate that the spacings of
injection pipes/wells used for soil biocementation can
significantly impact the performance of MICP.

= Even though only three injection spacing distances (107, 214
and 321 mm) were used in this study, it was clear that when
the injection pipes were used to introduce the cementation
solution or bacterial cultures into soil columns, the distances
influenced the distribution and formation of calcium carbonate
in soil particles. Future field trials on this topic may provide
more information about MICP performance when alternative
injection spacings are tested.
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3 Figure S1: Particle size distribution curve of the poorly graded sand used in this study.

4

Page 1 of 8



This content has not been peer-reviewed or edited by ICE Publishing.
The accuracy and content of this supplementary file is the sole responsibility of the author.

ERRERTNINIE
Pressure Vessel (Influent)

) |

.'.‘_
e

: ! Ry - -
Pressure Vessel Polystyrene Mould '-? ﬁ;. X
(Effluent)

Figure S2: Ureolytic bacterial culture mixed with sand in a portable soil mixer before being

transferred to polystyrene mould for biocementation treatment process.
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10 Figure S3: Conceptual image of the polystyrene box containing four inserted PVC pipes.
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Figure S4: Compacted soil specimen containing rubber pipe insulators around the PVC

injection pipes to prevent up-flow of cementation treatment solution and bacterial cultures.

Figure S5: A digital image displaying the two-stage soil biocement injection treatment under
laboratory-condition.
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Figure S6: Careful trimming of the core from the biocemented sand specimen for UCS tests.
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24 Figure S7: Acid wash test of biocemented soil specimens performed in a fume hood.
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Figure S8: Digital images showing (A) 5D, (B) 10D and (C) 15D biocemented sand specimens that were subjected to surface percolation test.
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31  Figure S9: Contour images of surface strength overview for (A) 5D, (B) 10D and (C) 15D biocemented soil specimens after surface percolation
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