Journal Pre-proof

Stabilization of Expansive Soil using Rice Husk Biochar and

Stimulation of Soil-Native Bacteria: Mechanical and Microstructural Journal of CiviIEnn_;]irl'uac-ring
Analysis

Anas Bin Faruque , Shantanu Paul , Mohammad Shariful Islam k

PIl: S1226-7988(26)00117-0

DOI: https://doi.org/10.1016/j.kscej.2026.100620

Reference: KSCEJ 100620

To appear in: KSCE Journal of Civil Engineering

Received date: 1 December 2025

Revised date: 28 March 2026

Accepted date: 29 April 2026

Please cite this article as: Anas Bin Faruque , Shantanu Paul, Mohammad Shariful Islam , Stabi-
lization of Expansive Soil using Rice Husk Biochar and Stimulation of Soil-Native Bacteria: Mechanical
and Microstructural Analysis, KSCE Journal of Civil Engineering (2026), doi: https://doi.org/10.1016/j.
kscej.2026.100620

This is a PDF of an article that has undergone enhancements after acceptance, such as the ad-
dition of a cover page and metadata, and formatting for readability. This version will undergo addi-
tional copyediting, typesetting and review before it is published in its final form. As such, this ver-
sion is no longer the Accepted Manuscript, but it is not yet the definitive Version of Record; we are
providing this early version to give early visibility of the article. Please note that Elsevier’s sharing
policy for the Published Journal Article applies to this version, see: https://www.elsevier.com/about/
policies-and-standards/sharing#4-published-journal-article. Please also note that, during the produc-
tion process, errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

(©) 2026 The Author(s). Published by Elsevier Inc. on behalf of Korean Society of Civil Engineers.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.kscej.2026.100620
https://doi.org/10.1016/j.kscej.2026.100620
https://doi.org/10.1016/j.kscej.2026.100620
https://doi.org/10.1016/j.kscej.2026.100620
https://doi.org/10.1016/j.kscej.2026.100620
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
http://creativecommons.org/licenses/by/4.0/

Journal Pre-proof

Highlights:

e Combined MICP bio-stimulation and rice husk biochar (RHB) stabilizes expansive soils.
e Treatment reduces swell pressure by up to 93% and free swell strain by up to 85%.

¢ Significant strength increase: UCS by 106% and STS by 103% in stabilized soils.

o Calcite content boosts by 215%, pH rises to 8.95, confirming proper stabilization.

e Enhanced microbial activity, with urease-positive bacteria increasing significantly.
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Abstract

This research explores the stabilization of expansive subgrade soils with microbially induced calcite precipitation
(MICP) and rice husk biochar (RHB). The research focuses on addressing the shrink-swell behavior of expansive
soils through bio-stimulation with indigenous ureolytic bacteria and the addition of RHB, which enhances
biogeochemical reactions due to its pozzolanic properties and high cation exchange capacity. Various
concentrations of RHB and MICP treatment durations were tested. Optimal results were achieved with 2% RHB
and a four-day MICP mellowing period, significantly improving the soil’s mechanical properties and reducing
volume changes. The treatment decreased the free swell index by up to 98%, linear shrinkage by 85%, and
swelling pressure by 93%, while increasing unconfined compressive strength and split tensile strength by over
100%. Enhancements were confirmed through SEM, FTIR analyses, and 16S metagenomic sequencing,
demonstrating the efficacy of this dual-modality approach in enhancing stability and strength of expansive

subgrade soil.

Keywords: MICP; Expansive Soil; Biochar; Stabilization; Shrink-Swell Behavior.

1. Introduction

Expansive soils show notable swellingand shrinkage due to varying moisture content. These soils exhibit swelling
when they absorb water and shrinkage upon drying (Nelson and Miller, 1992; Seed et al., 1962). The instability
caused by seasonal moisture changes generates internal stress within the soil, posing risks to structures built upon
it. Light constructions are particularly vulnerable, experiencing problems such as building distortion, pavement
heaving, slab fractures, and damage to water reservoirs and canal linings (Barman and Dash, 2022). This
instability also impacts infrastructure such as irrigation systems, underground utilities, and railways, resulting in
structural deformations. The recurring nature of these issues often results in maintenance expenses that surpass
the initial construction costs (Chen, 1975; Ito, 2013). Buhler and Cerato (2007) observed that the annual damages
from expansive subgrade soils in the USA could exceed $15 billion. Notably, the annual damage due to soil

swelling often exceeds the combined yearly losses from other natural disasters (Jones and Holtz, 1973).

The main reason for volume instability in expansive subgrade soils is the presence of minerals like illite and
montmorillonite. Montmorillonite is particularly influential due to its unique three-layer sheet structure and small

crystallite size, which facilitate significant water absorption between layers. The weak van der Waals forces
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between these layers allow for substantial volume changes with moisture variations, making montmorillonite a
major factor in soil expansiveness (Das, 2019). lllite also contributes to soil swelling, albeit to a lesser extent than
montmorillonite. This is due to its stronger ionic and hydrogen bonds, stabilized by potassium ions, which make

its structure more rigid and limit its expansion and water absorption capacity (Das, 2019).

To overcome challenges in expansive soils, several stabilization methods are employed, such as compaction,
chemical stabilization, pre-wetting, moisture barrier implementation, lime injection, and deep mixing, with
selection depending on soil characteristics (Petry and Little, 2003; Zada et al., 2023; Ikeagwuani and Nwonu,
2019). While mechanical methods are widely used, they are often labor-intensive, time-consuming, and not always
reliable, especially when dealing with pre-wetting cycles or problematic soils like expansive clays. Consequently,
additional chemical stabilization is frequently required (lkeagwuani and Nwonu, 2019). However, chemical
stabilization, although common in road construction, presents environmental risks (Bu et al., 2018; Puppala and

Pedarla, 2017; Ikeagwuani and Nwonu, 2019; Paul et al., 2024).

In response to growing environmental and health concerns associated with increasing industrial waste, utilization
of industrial waste as sustainable substitutes to traditional chemical additives in soil stabilization has gained
traction (Paul et al., 2023). Conventional disposal methods, primarily open dumping, are unsustainable and
environmentally detrimental. The 2019 Global Waste Generation report projects a 70% increase in waste
production by 2050, with the World Bank warning of a potential 3.4-billion-ton rise in waste generation, with
40% currently unmanaged (Vijayan and Parthiban, 2020; lan Tiseo, 2023). Using industrial by-products as soil
stabilizers reduces waste, lowers reliance on harmful materials, improves soil properties, and offers economic
benefits (Sikder et al., 2026). Incorporating industrial by-products as alternative soil stabilizers offers a
comprehensive solution by reducing waste generation, decreasing reliance on harmful stabilizers, enhancing soil
properties, and providing economic benefits for waste management. Globally, the rice milling process yields a
substantial by-product, rice husk, amounting to around 100 million tons annually (Alhassan and Mustapha 2007;
Anupam et al. 2014). Producing biochar from rice husk through pyrolysis is very much cost-effective as the

process is self-sufficient and environment friendly as it is a waste material (Villarreal and Wang, 2021).

Biochar is a porous, carbon-rich, fine solid produced through the thermochemical decomposition of biomass under
limited oxygen conditions. Methods such as pyrolysis, carbonization, and hydrothermal processing are applied to
produce biochar (Kong et al., 2014; Ren et al., 2014). Among these, pyrolysis is particularly suitable for large-

scale biochar production. Biochar is typically produced from organic by-products from animal, agricultural, and
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forestry wastes that undergo pyrolysis. In this process, biomass undergoes thermal decomposition under limited
or no oxygen, yielding bio-oil, biochar, and syngas The relative yields of biochar, bio-oil, and syngas depend on
processing conditions, and the reaction can be self-sustaining, as the combustion of syngas or part of the bio-oil
and biochar supplies the required energy. From a theoretical standpoint, biochar is highly effective in treating
expansive subgrade soils due to two primary factors: (1) biochar possesses a much greater capacity to absorb
water compared to expansive clay minerals, allowing it to outperform in the competition for water, and (2) biochar
treatment enhances soil permeability, hence decreasing the duration of water retention and consequently reducing
the ultimate expansion deformation (Villarreal and Wang, 2021). Additionally, biochar's high porosity aids in the

retention of nutrients and agrochemicals, benefiting plant growth (Inyang and Dickenson, 2015).

Existing research on improving soil characteristics using biochar mainly focuses on deformation, strength, and
swell-shrink behavior. For instance, Zong et al. (2014) evaluated the effects of different types of biochar on clay
settlement, strength, and surface cracking. Lu et al. (2014) explored how different rice husk biochar mixing
percentages influenced the pore structure, swell-shrink behavior, and tensile strength. Likewise, Man et al. (2020)
assessed the swell-shrink behavior of soil at varying biochar mixing percentages and grain sizes using a centrifuge.
Sun et al. (2014) demonstrated that biochar can improve soil mass stability. Most previous studies on biochar-
treated expansive soil have been conducted on loose soils, typical in agricultural settings, contrasting with the
highly compacted soils used in engineered landfill and slope covers (Reddy et al., 2015; Ng et al., 2020; Garg et
al., 2019). Villarreal and Wang (2021) conducted a feasibility study on the use of biochar to treat expansive soils,
experimenting with three varying biochar percentages by weight (2%, 4%, and 6%). Their findings concluded that
while the addition of biochar did not alter the liquid limit of the soil, it increased the plastic limit. Furthermore,
biochar effectively restricted the expansion deformation of expansive soils, with an optimal biochar content
identified at 2%. Pan et al. (2021) investigated the shrink-swell suppression mechanism of treated expansive soils
with biochar derived from woodchips and pig manure. Their findings demonstrated that, for a given biochar type,
the shrink-swell behavior of the modified soil samples dramatically decreased as the biochar content increased.
X-ray diffraction (XRD) tests revealed that the water reactivity of the expansive soil was markedly decreased due
to the compression of the hydrophilic mineral lattice. Additionally, the study showed that plant-based biochar

significantly outperformed animal-based biochar in reducing swelling.

Microbially induced calcite precipitation (MICP) is gaining recognition as a sustainable method for enhancing the
mechanical properties of porous materials. This innovative technique utilizes soil bacteria to precipitate calcium

carbonate in situ through the process of ureolysis (Dejong et al. 2013; Tiwari et al. 2021). MICP has wide-ranging
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applications in civil engineering, including the stabilization of retaining walls, embankments, and dams, erosion
control, stabilization of sandy soils, improvement of foundation load-bearing capacities, and mitigation of soil
liquefaction risks (Kavazanjian and Karatas 2008). Microorganisms play a crucial role in natural soil cementation
by depositing binding agents within the soil voids (lvanov and Chu, 2008). These microbes can induce the
formation of various binding materials, including carbonates, silicates, phosphates, sulfides, and hydroxides of
elements like calcium, magnesium, iron, manganese, and aluminum (DeJong et al., 2006). The effectiveness of
microbial mineral precipitation is largely determined by the microbes’ capacity to generate a high-pH environment
via their metabolic activities (Douglas and Beveridge, 2006). The most prevalent form of microbial mineral
precipitation in natural settings is calcium carbonate precipitation, which is driven by microbes producing the
urease enzyme. This enzyme catalyzes the hydrolysis of urea, leading to the production of carbonic acid and
ammonia (DeJong et al., 2006; Paul et al., 2026b; Paul et al., 2026a). The ammonia subsequently converts into
ammonium ions, increasing the system's alkalinity. Carbonic acid transforms into bicarbonate, which then reacts
with hydroxide ions to produce carbonate ions. When a calcium source is introduced into the system, Ca?* ions

combine with carbonate ions to form calcite.

MICP serves as a bridging agent between adjacent soil grains, improving shear strength and rigidity while
decreasing permeability (Cheng and Cord-Ruwisch, 2014). The efficiency of MICP is influenced by multiple
factors, such as calcium ion and dissolved inorganic carbon concentrations, pH, and the availability of nucleation

sites (Hammes and Verstraete, 2002).

The practical application of MICP involves two primary strategies: bio-augmentation and bio-stimulation. Bio-
augmentation introduces external bacteria into the soil to induce calcite precipitation but faces challenges such as
bacterial survival, uneven distribution, long permeation times, high cultivation costs, and mixing precautions
(DeJong et al., 2010; Tsesarsky et al., 2018). In contrast, bio-stimulation activates indigenous bacteria to
precipitate calcium carbonate, offering advantages in resilience and spatial consistency, thus making it a more

efficient and natural method for calcium carbonate precipitation in difficult terrains (Gomez et al., 2018).

Gomez et al. (2017) compared the efficacy of bio-augmentation using Sporosarcina pasteurii with bio-stimulation
in sand, finding that bio-stimulation could achieve comparable bio-cementation improvements on a larger scale.
Chittoori and Neupane (2019) evaluated both bio-augmentation and bio-stimulation for stabilizing two naturally
expansive soils with varying plasticity, finding reduced soil plasticity and swelling characteristics, along with

increased UCS. Additionally, Chittoori et al. (2020) observed that the pH of expansive soil rose from 8.3 to 9.7
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within seven days after adding a bio-enrichment solution. This increase in pH coincided with a rise in calcite
content from 3% to 8% and a significant reduction in the free swell index from 114% to 29%. pH values of 9.0 or
higher indicate active urea hydrolysis, making them effective indicators for monitoring ureolysis and the
activation of indigenous ureolytic microorganisms (Gomez et al., 2017). In a study by Islam et al. (2020) on MICP
via bio-stimulation in clays, increased liquid limit (LL) and plastic limit (PL), improved unconfined compressive
strength (UCS), reduced swelling, and a direct correlation between calcite precipitation and clay content were
reported. Wang et al. (2023) observed in their study on bio-stimulated calcareous sand a decrease in

compressibility as cementation content increased.

Previous studies also highlight that the effectiveness of MICP treatment is strongly dependent on the duration of
the bio-stimulation or mellowing period, as it governs microbial activity, urea hydrolysis, and subsequent calcite
precipitation. Tiwari et al. (2021) reported that a four-day treatment period resulted in significant strength
improvement in expansive soils due to enhanced calcite formation. Similarly, Paul and Islam (2025) observed that
soil strength increased progressively with mellowing duration up to four days, beyond which (six days) the
improvement diminished, indicating the existence of an optimum treatment period. This behaviour is attributed to
the balance between microbial activity and environmental conditions, where prolonged durations may reduce
efficiency due to nutrient depletion or changes in soil chemistry. These findings suggest that short-term durations
(e.g., 2 days) represent the early stage of microbial activation and calcite nucleation, while intermediate durations

(e.g., 4 days) correspond to optimal bio-cementation conditions.

The long-term stability of MICP-induced cementation has been widely studied, with evidence indicating that
biogenic calcite is generally stable but may undergo dissolution under adverse environmental conditions such as
pH reduction or chemical exposure (Gat et al., 2017). Such dissolution can weaken cementation bonds; however,
studies also report that dissolved carbonate may reprecipitate within pore spaces, contributing to recrystallization

and potential self-healing of the soil structure under cyclic conditions.

Biochar holds potential for enhancing soil enzymatic activity by nourishing the medium with high concentrations
of organic carbon, phosphorus, and ammonium nitrogen, making it a valuable substance for catalyzing urea
hydrolysis and bio-cementation in the field. When introduced to soil, biochar can increase levels of these elements,
which play a vital role in driving soil enzymatic activity (Prendergast-Miller et al., 2011; Romdhane et al., 2019;
Wang et al., 2015; Jang and Jia, 2020). Mechanistically, RHB enhances in-situ biogeochemical reactions through

three distinct pathways: (1) it serves as a nutrient reservoir, supplying organic carbon and nitrogen that fuel
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microbial metabolism and stimulate urease enzyme production, thereby accelerating urea hydrolysis and the
subsequent generation of carbonate ions; (2) its highly porous microstructure and large specific surface area
provide abundant nucleation sites for heterogeneous calcite precipitation, promoting more spatially distributed
and effective cementation at inter-particle contacts; and (3) its high amorphous silica content (72.11% SiO2)
enables pozzolanic reactions with calcium ions, producing calcium silicate hydrate (C-S-H) gel as a parallel
cementation mechanism that supplements the MICP-derived calcite binding. Consequently, biochar can enhance
biogeochemical reactions and urease activity within the soil biota, potentially leading to greater calcite
precipitation through urea hydrolysis (Wang et al., 2015). Additionally, the large specific surface area of biochar
particles can hold biological treatment reagents and work as a source of organic carbon, further promoting
bacterial growth (Bailey et al., 2011). Zhao et al. (2020) reported that activated carbon positively affects the
efficacy of MICP, noting that bacterial fixation rates and calcite content increased with the increment of activated
carbon. Behzadipour and Sadrekarimi (2021) examined the effect of biochar-assisted bio-stimulation on sand.
Their results showed that biochar-assisted MICP, utilizing native ureolytic bacteria in sand, could efficiently
precipitate calcite particles and enhance the shear strength of the sand. This method was proved to be nearly as
effective as the more expensive bioaugmentation technique using exogenous bacteria. Xu et al. (2023) developed
a biochar-bacteria (2B) partnership designed to leverage the nutritional and sorption capacities of biochar. This
2B system was evaluated for its effectiveness in immobilizing cadmium (Cd) and its impact on soil properties and

functions.

MICP-based stabilization has been successfully applied to a wide range of soils, including sands, clays, and
expansive soils, consistently improving strength and durability. The effectiveness of the method depends on soil
characteristics such as mineralogy and pore structure, but the underlying biocementation mechanism remains
similar. Moreover, the incorporation of biochar has been shown to enhance MICP efficiency by providing
additional surface area and favorable conditions for microbial activity. These findings suggest that the combined
MICP-biochar approach can be extended to other problematic soils, such as organic or collapsible soils, although

soil-specific validation is required.

Despite these studies, three critical research gaps remain unaddressed. First, while biochar-assisted MICP has
been investigated in granular soils such as sand (Behzadipour and Sadrekarimi, 2021), its application to fine-
grained expansive subgrade soils, which present fundamentally different challenges related to low permeability,
high clay content, and shrink-swell behavior, has not been explored. Additionally, not all biochars are identical;

their physical and chemical properties vary significantly depending on the feed and the pyrolysis temperature
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(Cantrell et al., 2012; Gaskin et al., 2008; Hossain et al., 2011; Kloss et al., 2012; Singh et al., 2010). Second,
previous studies on biochar-treated expansive soil reported reductions in shrink-swell behavior but also observed
significant strength losses, and no study has investigated whether MICP bio-stimulation can offset this strength
penalty. Third, despite the central role of microbial activity in MICP, no prior study on expansive soil stabilization
has employed 16S metagenomic sequencing to characterize the microbial community response to treatment,
meaning that the biological basis for observed improvements has remained unverified. To address these gaps, this
study aims to integrate rice husk biochar (RHB) with MICP bio-stimulation to stabilize expansive subgrade soils
for pavement applications. The core objectives of this research are: (1) to determine the optimal RHB content and
MICP mellowing period that maximize strength improvement while minimizing shrink-swell behavior of
expansive subgrade soil, (2) to evaluate whether the incorporation of MICP bio-stimulation can offset the strength
reduction caused by biochar addition alone, thereby resolving a key limitation of biochar-only treatments reported
in the literature, and (3) to characterize the chemical, microstructural, and microbiological changes responsible
for the observed improvements through 16S metagenomic seguencing, an analytical dimension absent from

existing MICP studies on expansive soils.

Based on the existing literature, the following hypotheses guided the experimental design: (H1) the combination
of RHB and MICP bio-stimulation will produce a synergistic effect, whereby the pozzolanic activity of RHB and
calcite precipitation from biostimulation together yield greater strength gains and shrink-swell reduction than
either treatment alone; (H2) increasing the mellowing period from 2 to 4 days will enhance bio-cementation by
allowing more complete urea hydrolysis and calcite precipitation; and (H3) the nutrient-rich composition of RHB
(organic carbon, phosphorus, ammonium nitrogen) will promote the growth and metabolic activity of indigenous

urease-positive bacteria, as detectable through 16S metagenomic sequencing.

To test these hypotheses, this research comprehensively assesses swell-shrink behavior using 1D swell tests, free
swell index, and linear shrinkage tests. Strength enhancements are evaluated through unconfined compressive
strength (UCS), split tensile strength (STS), and California bearing ratio (CBR) tests. The effectiveness of the
stabilization process is evaluated by measuring pH and calcite content. Beyond these macroscopic assessments,
scanning electron microscopy (SEM) is employed to examine the densification of the soil matrix, the morphology
of precipitated calcite crystals at inter-particle contacts, and the reduction of voids and fissures following
treatment. Fourier-transform infrared spectroscopy (FTIR) is used to identify the formation of C-O bonds
characteristic of calcium carbonate and Si-O bonds indicative of C-S-H gel, thereby providing direct chemical

evidence of the dual cementation pathways (MICP-derived calcite and pozzolanic C-S-H). Finally, 16S

9
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metagenomic sequencing is performed to quantify the shift in microbial community composition from the native
Actinobacteria-dominated population toward urease-positive phyla thereby directly linking RHB addition to
enhanced biostimulation efficacy and establishing the microbiological basis for the observed improvements. The
research holds significant potential in construction and geotechnical engineering, aiming to improve the safety of

lightly loaded infrastructures like buildings, roads, and embankments built on expansive subgrade soils.
2. Materials and methods
2.1. Soil

The expansive subgrade soil used in this study was sourced from Char Biswanath, Sirajdikhan, Munshiganj
(23°48'37" N, 90°24'45" E). It was treated with a combination of biostimulated MICP and RHB. The particle size
was assessed using sieve analysis and hydrometer test according to ASTM D6913 (2004) and ASTM D7928
(2017) standards, respectively, and the results are displayed in Figure 1. Specific gravity and Atterberg limits were
measured following ASTM D854 (2000) and ASTM D4318 (2005) standards, respectively. The soil's shrink-
swell potential was assessed through a 1D swell test, linear shrinkage, and a free swell index test, in line with
ASTM D4546 (2021), BS 1377 (1990), and IS 2720 (Part 40) (1991) guidelines, respectively. These physical
properties are detailed in Table 1. Additionally, the soil’s compaction properties were assessed via a standard
proctor compaction test in line with ASTM D698 (2007), with results displayed in Figure 2. Classified as fat clay
(CH) under the Unified Soil Classification System (USCS) (ASTM D2487, 2013), the soil's chemical composition
is outlined in Table 2. Additionally, the soil sample, after being finely ground, underwent X-ray diffraction (XRD)
analysis with the Empyrean model by Malvern Panalytical. The resulting XRD pattern, shown in Figure 3, was
analyzed with Panalytical's X pert Highscore Plus software. The analysis revealed that the soil composition
includes 46.5% illite, 27.7% montmorillonite, 13.9% chlorite, and 11.9% albite. The existence of expansive clay

minerals in the sample suggests that the soil has expansive properties.
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Figure 1. Particle size distribution curve of soil

Table 1. Physical properties of soil

Parameters Value Remarks
Specific Gravity 2.9 -
Sand (%) 0.5 -
Silt (%) 67.9 -
Clay (%) 31.6 -
Liquid Limit (%) 60 (50-70; High Degree of Expansion (IS: 1498, 1987))
Plastic Limit (%) 25 (>32; Very High Degree of Expansion (IS: 1498, 1987))
Plasticity Index (%) 35 (7-12; High Degree of Expansion (Holtz and Gibbs, 1956))
Shrinkage Limit (%) 10 (Medium Degree of Expansion (Asuri and Keshavamurthy,
2016))
Activity 0.90 -
Optimum Moisture Content 24.96 -
(%)
Maximum Dry Density 15.09 -
(kN/md)
Free Swell Strain (%) 54.4 (>30; Very High Degree of Expansion (Holtz and Gibbs,
1956))
Swell Pressure (kPa) 91 -
Free Swell Index (%) 81 (Medium Degree of Expansion (IS: 1498, 1987))
Linear Shrinkage (%) 16.2 -
USCS Soil Classification Fat Clay -
(CH)

11
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Figure 2. Compaction curve of soil from standard proctor compaction test

2.2. Treatment solutions

The biomineralization technique employed in this study involves the use of enrichment and cementation solutions,
essential for the reliable formation of calcite within the soil mass. This method is crucial in creating an optimal

habitat for the flourishing of native bacteria, which is indispensable for soil stabilization through MICP bio-

stimulation.

Table 2. Chemical composition of soil by X-ray fluorescence (XRF) test

Compound % by wt
SiO; 60.14
Al,O3 14.44
Fe203 12.79
CaO 4.22
MgO 3.83
K20 1.83
TiO; 1.47
Na.0O 0.59
P20s 0.18
BaO 0.12
MnO 0.10
SO3 0.10
Cr,03 0.07
Loss on Ignition 0.12

12
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Figure 3. XRD analysis of the soil sample

Table 3 depicts the composition of the treatment solutions. The enrichment solution was explicitly formulated to
foster gram-positive bacteria’s growth, creating a supportive environment for bacterial proliferation. It comprised
100 mM sodium acetate (C2HsNaOz), 333 mM- urea (CH4N20), and 2.0 g/L of nutrient broth, echoing the
composition utilized by Tiwari et al. (2021). This blend of nitrogen, carbon, and essential nutrients mirrors other
research, notably Gomez et al. (2017) and Chittoori et al. (2019), who also employed sodium acetate and urea,
highlighting the efficacy of these components in stimulating bacterial activity. The use of 2.0 g/L nutrient broth
aligns with the broader scientific consensus on its critical role in supplying minerals, vitamins, and amino acids
essential for the sustenance of indigenous soil bacteria, as supported by Wang et al. (2023) and Tiwari et al.

(2021).

The cementation solution study created conditions conducive to calcite precipitation by integrating 250 mM
calcium chloride (CaCl,) into the enrichment mix, in harmony with the results of Islam et al. (2020) and Chittoori
et al. (2019). The composition of the treatment solutions used in this research balances enhancing microbial
activity for calcite formation with the necessity of maintaining ecological equilibrium within the soil. Using
distilled water as the base solvent further demonstrates the commitment to achieving a controlled and replicable

experimental setup.

13
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Table 3. Ingredients of the treatment solutions

Ingredients Solution Type
Enrichment Solution Cementation Solution
Nutrient Broth (g/L) 2 2
Urea (mMM) 333 333
Sodium Acetate (mM) 100 100
Calcium Chloride (mM) X 250

2.3. Rice husk biochar

The rice husk utilized in this research was sourced from an auto rice mill in Keraniganj, Dhaka. Outline of the
preparation of RHB is depicted in the Figure 4 using a flow diagram. The pyrolysis process was conducted using
a custom-made stainless-steel apparatus comprising a cylindrical drum, a cone, and a cylindrical duct. To initiate
the process, the ignition cone was filled with flammable materials such as straw and wood. The filled cone was
then inverted and placed inside the cylindrical drum, which was subsequently filled with rice husk. The material
inside the cone was ignited, and the cylindrical duct was positioned over the inverted cone to facilitate the release

of smoke at a higher elevation. Additional flammable material was supplied through the duct as needed.

The pyrolysis process lasted approximately four hours, during which the rice husk surrounding the inverted cone
gradually transformed into biochar due to the high temperatures (approximately 350-600 °C) and the lack of
oxygen near the ignition cone. The temperature was continuously monitored using an infrared temperature gun.
The rice husk was periodically refilled and stirred throughout the process. After about four hours, the fire was
extinguished with water, and the apparatus was covered with a plastic sheet and rope to suffocate the fire due to
the absence of oxygen, allowing it to cool down gradually. Once the fire was completely extinguished, the rice
husk biochar was carefully extracted from the drum and oven-dried for 24 hours. The dried biochar was then
ground and sieved through a #200 (0.075 mm) sieve to make it suitable for use in expansive subgrade soil
treatments. Thesetup involved in the RHB production process along with the major steps are depicted in Figure

5.

The chemical analysis of the RHB specimen reveals a high amorphous silicon dioxide (SiO2) content of 72.11%,

underscoring its pozzolanic potential (Table 4). The RHB used in this research had a specific gravity of 1.534.

The FTIR spectrum of RHB, shown in Figure 6, highlights the existence of various functional groups. Key
absorption bands correspond to specific vibrational modes of the chemical bonds within the RHB. The prominent
band at 1035.587 cm! is indicative of Si-O-Si asymmetric stretching vibrations, characteristic of the silicates in

RHB (Kaleli et al., 2020; Panda et al., 2020). The 788.261 cm™ region exhibits bands associated with O-Si-O
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bending vibrations, suggesting a structured silica network (Kaleli et al., 2020; Singh et al., 2019). Additionally,
the band at 3324.195 cm™* corresponds to -OH bending vibrations, indicating hydroxyl groups, while the 1599.663
cm! band corresponds to -C=0, which may overlap with hydroxyl species in RHB (Hossain et al. 2020). The
presence of smooth and distinct peaks within the RHB spectrum indicates its amorphous nature, a typical attribute

of silica derived from agricultural residues like rice husks (Singh et al., 2019).

SEM analysis of rice husk biochar was conducted to perform the microstructural analysis, which is depicted in
Figure 7. The SEM images reveal the surface morphology of the RHB, showcasing its highly porous structure.
This porosity is crucial as it enhances the RHB's ability to absorb and retain nutrients and water, making it effective
for soil treatment (Villarreal and Wang, 2021). The high surface area provided by these pores also facilitates
microbial activity (Behzadipour and Sadrekarimi, 2021), which is beneficial for the MICP process by providing
more nucleation sites for calcite precipitation. This, in turn, enhances the soil's mechanical properties and reduces
its swell-shrink potential. The detailed microstructural characteristics observed through SEM highlight the
potential of RHB as a sustainable amendment for enhancing soil properties in geotechnical engineering
applications. Additionally, the EDX elemental analysis results in Figure 8 shows that RHB is primarily composed

of carbon, oxygen, silicon, and nitrogen, echoing the findings of Jindo et al. (2014).
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Figure 5. Production of rice husk biochar- (a) Custom setup of apparatus used, (b) Initial rise in temperature
measured with infrared temperature gun, (¢) Maximum temperature inside the apparatus, and (d) Produced rice
husk biochar
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Table 4. Chemical composition of RHB by XRF test

Compound % by wt
SiO; 72.11
K20 9.49
Cao 6.72
P20s 2.61
SO3 2.00
MgO 1.61
Cl 1.55
Fe203 1.34
Al,O3 0.75
MnO 0.75
Bi,03 0.37
TiO, 0.29
Na,O 0.22
Zn0O 0.12
Rb,0O 0.06
ZrO, 0.01
100
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Figure 6. FTIR spectra of rice husk biochar
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Figure 8. EDX mapping of RHB

2.4. Sample preparation

The principal challenge in applying MICP to expansive subgrade soils lies in the homogenization process. Due to
the impermeable nature of these soils, it is essential to blend enrichment and cementation solutions directly with
the soil matrix. The procedure began with air-drying and grinding the soil, followed by measuring its residual
moisture content. RHB was incorporated into the soil in varying proportions (0 %, 1 %, 2 %, 3 %, 4 % by dry soil

weight), with components accurately weighed and mixed dry.

Subsequently, the enrichment solution was added to achieve the soil's optimum moisture content. The mixture
was then allowed to rest for 2 and 4 days in a controlled environment at 2742 °C and 65+5 % humidity, facilitating
the urea hydrolysis process. After this mellowing phase, the reduction in the weight of the enrichment solution
was measured, and a corresponding amount of the cementation solution was added to maintain the optimum

moisture level. Table 5 shows the composition of the samples prepared for this research.
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For each combination of RHB content and mellowing period, three replicate specimens were prepared and tested.
The results reported represent the average values of these replicates. Error bars indicating one standard deviation

are included in the relevant figures.

Table 5. Composition of the samples prepared in this research

Sample Mellowing Rice Husk
ID Periods (Days) Biochar (wt%)
MOBO (Raw) 0 0.0
MO0B1 0 1.0
MO0B2 0 2.0
MO0B3 0 3.0
MOB4 0 4.0
M2B0 2 0.0
M2B1 2 1.0
M2B2 2 2.0
M2B3 2 3.0
M2B4 2 4.0
M4B0 4 0.0
M4B1 4 1.0
M4B2 4 2.0
M4B3 4 3.0
M4B4 4 4.0

2.5. Experimental investigations
2.5.1. Strength tests

The unconfined compression test was conducted in line with ASTM D5102 (2009). To ensure precision, the
specimen was carefully positioned on the lower platen, minimizing contact with the upper platen. Axial force and
deformation were continuously measured as the test progressed at a constant deformation rate of 1 % per minute

until failure. Following these steps, the compressive strength of the specimen was assessed using Eq. 7.

P
Oc = 2 (7
Here, o, represents compressive strength, P the peak load, and A the cross-sectional area of the sample.

The split tensile strength test was performed according to ASTM C496 (2011). Cylindrical specimens were
positioned horizontally within the testing apparatus and subjected to failure at a 0.5 mm/min displacement rate.

The split tensile strength, o, was determined using Eq. 8.

2P

o =— ©)

" ntd
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The California bearing ratio (CBR) test was conducted in line with ASTM D 1883 (2021). Prior to testing, the
samples were soaked for four days under a 5 kg surcharge. CBR testing was then performed at 1.25 mm/min using

a loading frame equipped with a 50-mm diameter plunger.

In addition, the resilient modulus of the treated specimens was estimated from the CBR penetration resistance

values using the empirical relationship recommended by IRC-37 (2012), as given in Eq. (9).
M, = 17.6 x (CBR) ¢* ©)

Where, M,. denotes the resilient modulus of the soil in MPa, while CBR refers to the California Bearing Ratio in

percentage.
2.5.2. Shrink-swell tests

1D swell tests were conducted on both untreated and treated soil samples following ASTM D4546 (2021), Method
A guidelines were followed to evaluate the swelling potential and swell pressure.

Free swell index tests were performed in line with IS: 2720 (Part XL) (1991). Two samples of oven-dried soil,
each weighing 10 grams and sieved to 425 microns, were transferred into individual 100 ml graduated cylinders—
one filled with kerosene and the other with deionized water. After removing air bubbles through gentle stirring,
the cylinders were allowed to settle for at least 24 hours to achieve volume stabilization. The final soil volumes
in both cylinders were recorded. The volume in the kerosene-filled cylinder, where kerosene prevents swelling,
was noted as the initial volume (V). The expanded volume in the distilled water-filled cylinder represented the

free swell volume (Vg). The free swell index (FSI, %) was then measured using Eq. 10:
FSI (%) = “2 %100 (10)

Linear shrinkage tests were conducted on both unstabilized and stabilized soil specimens following BS 1377

(1990).
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Figure 9. Outline of the preparation of samples and test plan

2.5.3. pH and Calcite content measurement

The pH levels of the samples were measured according to ASTM D 4972 (2019) to assess the chemical alterations
in the expansive subgrade soil resulting from biocementation. For pH measurement, 10 grams of both stabilized

and unstabilized soil specimens, collected from the broken specimens of the strength tests, were thoroughly stirred
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with 10 mL of deionized water in a 20 mL vial. This mixture was then agitated using a mechanical shaker for one

hour. Afterward, the pH was evaluated by fully immersing the pH electrode into the liquid portion of the slurry.

The evaluation of chemical alterations in expansive subgrade soil involved assessing the calcite content following
ASTM D 4373 (2021). Around 10 grams of soil was taken from the broken UCS samples and oven-dried at 110
+ 5 °C for 24 hours. Afterwards, the sample was pulverized until it passed through a No. 40 (0.425 mm) sieve.
Then, 1 + 0.01 grams of the pulverized sample was placed inside the reactor. Next, 20 + 2 mL of 1N hydrochloric
acid solution was added into the chamber in an acid container. The reactor was sealed with a top cap, and the
pressure relief valve was closed. The chamber was then tilted to mix the acid with the specimen and shaken. The
calcite content was determined from the pressure in the dial gauge, which indirectly indicated the amount of CO;

produced, using the calibration curve of the apparatus.
2.6. Microstructural analysis

In this study, microstructural characteristics were carefully examined using scanning electron microscopy (SEM).
Analyses were conducted on a Sigma 360 VP FESEM system (ZEISS), which employs an electron gun to generate
electrons that are focused into a beam via magnetic lenses. The beam scans the specimen in a grid pattern, while
detectors capture surface emissions to produce high-resolution images. Both control sample and soils treated with
MICP bio-stimulation and RHB were analyzed. Preparation of specimen includes oven-drying for 24 hours,
followed by sectioning into around 0.5 cubic inch pieces, which were then placed in the chamber. Imaging was
done at a voltage of 3 kV and a distance of 5-7 mm to obtain detailed microstructural observations. Additionally,
ATR-FTIR spectroscopy was employed to investigate chemical bond alterations induced by stabilization. KBr
pellet samples were scanned using a PerkinElmer ATR-FTIR spectrometer over a range of 500-4000 cm™!. Figure

10 illustrates the experimental setups used for these analyses.
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Figure 10. Test setups for (a) UCS test, (b) STS test, (c) 1D swell test, (d) Linear shrinkage test, (e) Calcite

content test, (f) CBR test, (g) SEM-EDX, and (h) FTIR
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2.7. 16S Metagenomic Sequencing

16S metagenomic sequencing was performed on three different soil specimens: untreated soil (MOBO), soil treated
with only MICP bio-stimulation with a 4-day mellowing period (M4B0), and soil treated with both 4-day

mellowing period MICP bio-stimulation and optimal RHB content (M4B2).

A total of 250 mg of soil was processed using the DNeasy PowerSoil Pro Kit (Figure 11 a). DNA purity was
evaluated with a Nanodrop spectrophotometer (Figure 11 b), yielding a 260/280 ratio of 1.8, indicative of high-
quality DNA with minimal protein contamination, and a 260/230 ratio of 2.0, confirming negligible interference
from carbohydrates or other organic compounds. DNA quantification was performed using a Qubit 4.0
Fluorometer, with the working solution prepared by mixing Qubit reagent and buffer in a 1:200 ratio, followed

by measurements of both samples and standards in appropriate assay tubes.

For library preparation, the 16S Barcoding Kit 24 V14 (SQK-16S5114.24) was employed. Genomic DNA samples
(10 ng each) were transferred into 0.2 ml PCR tubes and diluted to a final volume of 15 ul with nuclease-free
water (Figure 11 c). PCR reactions were set up by combining the DNA samples with LongAmp Hot Start Taq 2X
Master Mix. Barcodes from a 24-well plate were thawed, mixed, and added to the PCR tubes (Figure 11 d). The
amplification protocol consisted of denaturation, annealing, and extension steps. Post-amplification, EDTA was
added to terminate the reaction, followed by incubation. Each barcoded sample was quantified using a Qubit
fluorometer, pooled in equimolar amounts, and purified using AMPure XP beads. The eluted DNA library was
subsequently quantified, diluted, and combined with a diluted Rapid Adapter mixture, followed by incubation.

Finally, after priming, the prepared DNA libraries were sequenced on the MinlON platform (Figure 11 e).

Analysis of the 16S rRNA amplicons generated by Oxford Nanopore Technologies (ONT) was performed using

a custom bash script that served as a wrapper for QIIME2 analysis (Figure 11 f).
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Figure 11. Test setup for (a) Preparation for DNA extraction, (b) Spectrophotometer, (c) Library preparation,
(d) PCR machine, (e) Oxford MinlON, and (f) Illumina 16S metagenomic sequencing platform
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The script began by parsing command-line arguments for the input directory, reference sequences, classifiers, and
the number of CPU threads. FASTQ files were concatenated, and the reads were demultiplexed and trimmed.
Quality control was maintained by filtering and trimming reads to a length of 1400 base pairs. Dereplication of
sequences and detection and filtering of chimeric sequences were accomplished using various QIIME2 plugins.
Sequences were aligned using mafft, then masked and filtered for highly variable positions using QIIME2
functions. Unrooted and rooted phylogenetic trees were generated using FastTree. Taxonomy assignment was
performed using a pre-trained classifier, and taxonomy-assigned sequences were filtered to discard non-specific
taxa. The data were exported in Biom format for further analysis in Phyloseq. Taxonomic diversity was visualized

using the R package microViz.

3. Results and discussions
3.1. Strength properties
3.1.1. Unconfined compressive strength

Figure 12 illustrates the axial stress-strain behavior, whereas Table 6 presents the unconfined compressive strength
(UCS) values. The specimen ID "MOBOQ" refers to the unstabilized control specimen. For other samples, "M"
followed by a number indicates the mellowing period in days after adding the enrichment solution, and "B"
followed by a number specifies the percentage of RHB by weight. The unstabilized sample exhibited a UCS value
of 0.072 MPa. The UCS tests done on soil specimens treated with varying portions of RHB indicate that initially,
the strength of the soil increases with increasing RHB content, which aligns with the findings of Wani et al. (2022).
This enhancement can be linked to the fine RHB particles filling the soil pores and the biochar functioning as a
pozzolanic material (Morales et al., 2021). Moreover, the higher angularity and sharp edges of the RHB increase
friction and interlocking between the soil grains, which may also contribute to this improvement (Wani et al.,
2022). However, as the RHB content increases further, UCS values decrease because of the rise in organic content
and the increased amount of water absorbed by the soil. The outcomes align with the study of Wani et al. (2022)
and Lu et al. (2014). This observation highlights the primary rationale for combining MICP and RHB in soil
treatment. The integration of MICP helps mitigate the decrease in strength associated with higher biochar content

by promoting calcite precipitation, which bridges the soil grains and enhances the soil's structural integrity.
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UCS tests done on soil samples treated with MICP bio-stimulation and varying percentages of RHB demonstrated
a dramatic improvement in strength. The improvement in UCS values ranges from 66 % to 106 % in stabilized
samples compared to the unstabilized one. Specifically, samples stabilized solely through bio-stimulation showed

a strength increase of 66 % for a 2-day mellowing period and 74 % for a 4-day mellowing period.
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Figure 12. Axial stress-strain behaviour of (a) untreated sample and treated samples prepared considering 2-day
mellowing period, (b) stabilized samples prepared considering 4-day mellowing period, from unconfined
compression test
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Table 6. Strength, stiffness and toughness parameters from unconfined compression and split tensile tests

Sample Parameters from Unconfined Parameters from Split Tensile Tests
ID Compression Test
UCS (MPa) Secant Initial Modulus STS (MPa) Secant Initial Modulus
Modulus  Tangent of Modulus  Tangent of
(MPa)  Modulus Toughness (MPa)  Modulus  Toughness
(MPa) (kI/m?) (MPa) (kI/m3)
X o X G
MOBO 0.072 0.004 1.90 4.30 5.58 0.023 0.002 0.68 1.43 0.52
MO0B1 0.110 0.006 3.65 8.55 6.26 0.014 0.004 1.41 1.60 0.24
MO0B2 0.085 0.009 2.83 8.63 4.86 0.012 0.007 1.08 1.60 0.69
MO0B3 0.077 0.008 2.55 5.76 4.47 0.017 0.005 1.04 1.05 0.42
MOB4 0.053 0.004 2.28 7.23 271 0.014 0.003 1.24 0.20 2.30
M2BO 0.119 0.004 4.20 14.66 8.17 0.045 0.009 1.63 1.96 1.39
M2B1 0.128 0.013 3.96 5.89 8.40 0.041 0.006 157 0.89 1.36
M2B2 0.139 0.009 5.70 4.27 6.60 0.043 0.008 1.05 0.89 0.95
M2B3 0.140 0.011 8.64 5.89 2.93 0.025 0.001 121 1.80 0.96
M2B4 0.148 0.005 5.80 2.90 6.87 0.025 0.004 1.18 0.89 1.25
M4B0 0.125 0.010 4.94 3.48 9.68 0.036 0.007 1.26 1.44 1.10
M4B1 0.128 0.007 9.64 9.99 4.18 0.033 0.005 1.99 1.99 0.88
M4B2 0.133 0.011 4.60 4.34 7.49 0.030 0.002 1.34 1.24 0.72
M4B3  0.139 0.010 8.05 8.56 5.78 0.029 - 0.006 0.76 1.59 0.92
M4B4 0.141 0.008 7.77 10.05 5.75 0.021  0.003 0.69 0.54 1.96

The primary mechanism behind this strength enhancement is caicite precipitation via the MICP bio-stimulation
process. Indigenous soil bacteria, when stimulated, produce calcite that serves as a binding agent, filling the soil
pores and enhancing cohesion. This calcite formation is crucial for the observed improved UCS values (Tiwari et

al. 2021).

The integration of RHB leads to even greater strength increases, ranging from 77 % to 106 %, surpassing the
results from bio-stimulation alone. The high content of amorphous silica in RHB aids in forming C-S-H bonds,
known for enhancing strength (Morales et al., 2021). Moreover, RHB may boost the metabolic activity of calcite-
precipitating bacteria, further improving soil strength (Behzadipour and Sadrekarimi, 2021; Singh Yadav et al.,
2023; Xu et al., 2023). The synergistic effect of MICP for calcite precipitation and RHB for its pozzolanic reaction
results in a composite material with superior strength characteristics. Similar studies in the field corroborate this

synergistic interaction (Behzadipour and Sadrekarimi, 2021).

The integration of RHB and MICP-biostimulation in expansive soil significantly enhances its mechanical
properties, as evidenced by the analysis of stress-strain curves from unconfined compression tests (Table 6). These
improvements are particularly crucial for pavement applications. Enhancements in initial tangent modulus (up to
about 240 %) and secant modulus (up to about 407 %) across various mellowing periods and RHB percentages

indicate increased soil stiffness, suggesting an enhanced ability to withstand the stresses and deformations
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associated with traffic loads. Higher toughness values (up to 7.49 kJ/m®) correspond to a material's increased
ability to absorb energy before failure, which are essential qualities for the subgrade layers in pavement
construction. Also, the improvement in UCS value of the subgrade soil leads to a stronger and more durable
foundation for pavement structures because a higher UCS value ensures that the subgrade can effectively bear
traffic loads, reducing the stress transmitted to the upper pavement layers. This improvement minimizes pavement
deformation, as the enhanced cohesion and binding of soil particles prevent excessive settlement, rutting, and
fatigue cracking (Agustina and Zainorabidin, 2020). Additionally, the formation of C-S-H bonds and calcite
precipitation reduces water infiltration, making the subgrade more resistant to moisture-induced weakening
(Mostafa et al., 2024). As a result, the stabilized subgrade maintains its structural integrity under varying
environmental conditions, ultimately extending the pavement's service life. By creating a stronger and more
resilient foundation, this enhancement in UCS contributes to better pavement performance, reducing maintenance

requirements and ensuring long-term durability (Ghanizadeh et al., 2024).
3.1.2. Split tensile strength

Split tensile strength is a particularly important parameter for stabilized expansive subgrade materials because
these soils are inherently susceptible to tensile cracking induced by differential shrinkage during moisture loss.
Such cracks originate within the subgrade and propagate upward through the pavement structure as reflective
cracks, leading to moisture infiltration, accelerated deterioration, and premature failure (Paul and Islam, 2025). A
stabilized subgrade with improved tensile strength can resist the onset of shrinkage cracking, thereby preserve the
structural continuity of the pavement system and extend its service life (Paul et al., 2026¢). The stress-strain
behavior from STS tests is depicted in Figure 13, while Table 6 presents the STS values. The unstabilized sample
showed an STS value of 0.023 MPa. When STS tests were performed on only RHB treated expansive subgrade
soils, the tensile strength significantly decreased ranging from 26 % to 48 % as the RHB content increased. This
reduction in strength is mainly because of the increased organic content and water absorption caused by the higher
RHB content. Modifications in soil porosity may also have contributed to micro-crack formation, leading to a
consequent reduction in tensile strength. These findings are in line with previous research by Wani et al. (2022)
and Lu et al. (2014). This observation underscores the need to combine RHB with other stabilization methods,

such as MICP, to mitigate the reduction in tensile strength.
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Figure 13. Diagonal stress-strain behavior of (a) untreated sample and treated samples prepared considering 2-
day mellowing period, (b) stabilized samples prepared considering 4-day mellowing period, from split tensile
strength test
When treated with both MICP bio-stimulation method and varying RHB contents, the improvements in STS
values ranged from 31 % to 103 % compared to the unstabilized ones. The enhancement in STS can be linked to
the interfacial interactions between soil grains, which are bolstered by the precipitation of calcite content due to
MICP treatment and the pozzolanic activity of RHB (Morales et al., 2021). The binding of soil particles by calcite
bridges likely contributes to increased tensile strength, making the material less prone to cracking. This is

particularly beneficial for expansive subgrade soils, which are susceptible to significant volumetric changes with
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moisture variations and could greatly benefit from increased tensile strength to mitigate cracking. The outcomes
of this research align with those described by Tiwari et al. (2021), where a marked increase in STS was observed
following MICP treatment. Moreover, the process of biostimulation was enhanced by the nutrition provided by
RHB, and the process of calcite precipitation was enhanced by the highly porous structure of RHB (Behzadipour

and Sadrekarimi, 2021; Singh Yadav et al., 2023; Xu et al., 2023).

Overall, the results present a compelling case for using MICP bio-stimulation coupled with rice husk biochar to
improve tensile strength and reduce susceptibility to tensile cracking in expansive subgrade soils. While RHB
decreases the shrink-swell potential, it also reduces tensile strength. This negative effect is mitigated through the
application of MICP bio-stimulation. Mitigating the reduction in split tensile strength (STS) through MICP bio-
stimulation and RHB incorporation has a direct impact on improving pavement performance by enhancing the

structural resilience of the subgrade.

The analysis of split tensile tests from Table 6, initial tangent modulus, secant modulus and modulus of toughness
parameters, underscores the improvement in stiffness and toughness of expansive soils improved with RHB and
MICP-Biostimulation. The initial tangent modulus and secant modulus show notable increases in samples like
M2B1 and M4B2, which indicates a more rigid soil structure capable of better distributing loads across the
pavement. This increased stiffness is crucial in reducing deformations under traffic loads, enhancing the
pavement's ability to endure repeated stress without significant wear. Similarly, the modulus of toughness from
the split tensile tests, which quantifies the energy absorption capacity of the soil before failure, shows significant
enhancements. Higher values observed in stabilized samples indicate a greater ability of the treated soil to absorb
and dissipate energy, which is vital in mitigating the impact of dynamic loads. Furthermore, a higher STS value
means that the subgrade is less prone to tensile cracking, which is particularly critical for expansive soils that
experience significant volumetric changes due to moisture fluctuations. By increasing the tensile strength of the
underlying subgrade, the likelihood of shrinkage-induced cracks is minimized, reducing the potential for reflective
cracking in the pavement layers above. This improved resistance to cracking also enhances the overall load
distribution across the pavement structure, preventing localized failures and ensuring greater durability under
repeated traffic loading (Yan et al., 2023). Additionally, the improved tensile properties contribute to better stress
absorption and dissipation, reducing the risk of premature pavement distress (Shekhawat et al., 2020). As a result,
the combination of MICP bio-stimulation and RHB not only strengthens the subgrade but also enhances the long-
term stability and serviceability of the pavement, ultimately leading to reduced maintenance costs and extended

pavement lifespan (Ghanizadeh et al., 2024).
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3.1.3. California Bearing Ratio (CBR)

Figure 14 depicts the stress penetration curves for selected specimens, including the untreated soil (MOBO), soil
treated with 2 % RHB content only (M0B2), soil stabilized solely through bio-cementation for various mellowing
periods (M2B0 and M4B0), and soil enhanced with both bio-cementation with a four-day mellowing period and
RHB content of 2 % (M4B2). The choice of 2 % RHB content stems from its optimum performance in shrink-
swell behavior analysis. Moreover, the four-day mellowing period was chosen because it showed the best
performance in both strength and shrink-swell behavior analyses. Table 7 presents the soaked CBR values for
these specimens. The untreated soil showed a soaked CBR of 2.5 %. The specimen treated with only the optimum
RHB content (M0B2) had the same soaked CBR value of 2.5 %, indicating that optimum RHB content causes
little or no change in the soaked CBR value of expansive subgrade soil. Hussain et al. (2022), Wani et al. (2022),
and GuhaRay et al. (2019) have displayed that even when CBR values increase with certain treatments, the
improvement is typically minimal. However, the bio-cemented specimens demonstrated significant increases in
CBR values, ranging from 72 % to 88 % compared to the untreated soil, primarily due to the formation of calcite
particles that effectively bind the soil particles (Tiwari et al., 2021). Notably, the specimen treated with both
biostimulation and optimal RHB content (M4B2) showed a substantial 52 % improvement in CBR, outperforming
the specimen treated with only RHB. Furthermaore, the resilient modulus of the bio-cemented specimens, with or
without biochar, ranged from 41.28 to 47.62 MPa. Regarding subgrade thickness requirements dictated by CBR
values, the enhancements provided by bio-cementation and biochar frequently exceed the pavement design
standards outlined by LGED (1999). For example, both the untreated soil sample (MOBO) and the soil stabilized
solely with RHB, each exhibiting a CBR of 2.5 %, necessitate an improved subgrade thickness of 450 mm
according to LGED guidelines. In contrast, treated samples such as M2B0, M4B0, and M4B2, which demonstrate
CBR values ranging from 3.8 % to 4.7 %, permit a reduced subgrade thickness of 250 mm. Based on Bowles'
classification system (Bowles, 1992), MOBO and MOB?2 are classified as "Very Poor," making them suitable only
for low-strength applications. On the other hand, M2B0, M4B0, and M4B2 are assessed as “Poor to Fair”,
indicating medium improvements in strength. These results indicate that the RHB-MICP treated subgrade is
suitable for use beneath low-volume flexible pavements and rural road infrastructure, where the treated layer can
serve as an improved subgrade or working platform, reducing the required thickness of imported granular fill. The
method is also applicable to embankment fills and foundation beds for lightly loaded structures such as single-

story buildings, boundary walls, and canal linings constructed on expansive soil deposits.
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Figure 14. Stress-Penetration Curve from the soaked CBR test
Table 7. Soaked California bearing ratio (CBR) values of unstabilized and stabilized samples
Sample ID Soaked CBR (%) Resilient Modulus of Soil (MPa)
X G
MO0BO 2.5 0.27 31.33
MO0B2 25 0.21 31.33
M2B0 4.3 0.34 4451
M4B0 4.7 0.30 47.62
M4B2 3.8 0.19 41.28

3.2. Shrink-swell behavior

3.2.1. Free swell index

Table 8 vividly demonstrates the effectiveness of the combined use of bio-stimulation-based MICP and RHB in
modifying the swell characteristics of soils. Initially, the unstabilized soil displayed an FSI value of 82.6 %. When
treated with only RHB, the free swell index (FSI) value initially decreased as the RHB content increased. This
reduction is due to the biochar's ability to absorb water, engage in pozzolanic reactions, and fill soil pores, thereby
reducing the soil's swell potential (Morales et al., 2021; Villarreal and Wang, 2021). Moreover, the high cation
exchange capacity and surface negativity of RHB allow it to counterbalance the positive charges of cations
dispersed in the soil’s diffused double layer (Pan et al., 2021a). However, when the RHB content exceeded 2 %,
the FSI value began to rise again, indicating an optimum RHB content of 2 % for minimizing the swell potential

of expansive subgrade soils. This is because when the optimum RHB content has been exceeded, unbalanced
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negative charges in biochar-treated soils may repel each other, resulting in expansion at the molecular level
(Villarreal and Wang, 2021). This result aligns with the previous research of Pan et al. (2021). Optimum RHB

content lowers the FSI value by 93 % when compared with the unstabilized specimen.

Table 8. Free swell index values (%) of unstabilized and stabilized samples
Sample ID _Free Swell Index (%)

X c
MOBO 82.6 2.4
MOB1 11.6 0.8
MO0B2 5.9 0.4
MOB3 11.8 0.5
MOB4 235 1.1
M2B1 5.4 0.5
M2B2 2.7 0.2
M2B3 8.1 0.7
M2B4 135 0.9
M4B1 3.2 0.3
M4B2 15 0.1
M4B3 45 0.4
M4B4 5.7 0.5

Table 8 also shows the pronounced decrease in FSI values for the stabilized specimens achieved through the
synergistic application of MICP and RHB. The stabilized specimens showed FSI values ranging from 1.5% to
13.5%, equating to reductions between approximately 84 % and 98 %. Both two-day and four-day mellowing
periods demonstrated optimal results with an RHB content of 2 %. However, the four-day mellowing period
yielded better outcomes than the two-day period. This extended mellowing period likely allows for more thorough
interaction between the clay and the RHB, leading to improved soil stabilization and better reduction of the swell
potential. The significant reduction is primarily attributed to the incorporation of RHB as previously discussed.
Additionally, the calcite precipitated through the application of MICP effectively binds soil particles, reducing
their ability to absorb water. The calcite formed is inherently non-expansive, promoting a cementing effect among
the soil particles (Tiwari et al. 2021). The integration of RHB also complements this process by contributing extra
siliceous materials, further solidifying the soil matrix (Morales et al., 2021). Therefore, the synergistic use of
MICP and RHB not only mitigates the swell potential of expansive subgrade soils but also enhances their structural

integrity by promoting calcite formation and providing additional siliceous material.

Reducing FSI of expansive subgrade soils enhances pavement performance by minimizing volumetric changes
that cause heaving and cracking. A lower FSI ensures greater subgrade stability, reducing differential settlements
and improving load distribution across pavement layers (Djellali et al., 2017). The combined effect of MICP bio-

stimulation and RHB treatment strengthens the soil matrix, limiting water absorption and preventing excessive
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expansion (Mostafa et al., 2024). This stabilization leads to a more durable pavement structure, reducing

maintenance needs and extending service life.
3.2.2. Linear Shrinkage

The linear shrinkage (LS) test results indicate a significant decrease in LS values, indicating increased soil stability
following treatment, as shown in Figure 15. Initially, the unstabilized soil showed a high LS value of 14.4 %. In
contrast, samples treated with only RHB demonstrated reductions in LS ranging from 17 % to 34 % compared to
the untreated specimen. Similar to the FSI results, the LS value was found to be lowest at the optimum RHB
content of 2 %. This indicates that at this specific RHB content, the soil exhibits the least amount of shrinkage,
aligning with the observations made for FSI. The 2 % RHB content effectively enhances the soil's properties,
minimizing both its swelling and shrinkage behaviors. This optimal content provides a balanced improvement in
the soil's performance, addressing issues associated with expansive subgrade soils (Villarreal and Wang, 2021).
When treated with both MICP biostimulation and RHB, there was a pronounced decrease in the LS value, ranging
from 75 % to 85 %, mirroring the pattern observed in the FSI value. Both the two-day and four-day mellowing
periods showed better results than samples treated with only RHB, with the optimal results achieved at the 2 %
RHB content. Similar to the FSI results, the M4B2 samples showed better performance than the M2B2 samples,
demonstrating the superior effectiveness of the four-day mellowing period combined with the optimum biochar
content. This decrease suggests that the enrichment and cementation solutions create an effective environment for
bacterial growth. Additionally, the incorporation of RHB proves to be particularly advantageous. Its absorption
of water and pozzolanic reaction with calcium form a compact matrix of C-S-H, further stabilizing the soil
structure and decreasing its potential for shrinkage (Morales et al., 2021). Moreover, the reduction in voids
between the soil particles and RHB’s ability to balance the charges of expansive clay minerals, due to its high

CEC and negative charges, also contribute to this pronounced decrease in LS (Pan et al., 2021a).

Reducing LS enhances pavement performance by minimizing soil contraction, which prevents the formation of
cracks in the subgrade and overlying pavement layers. A lower LS value ensures greater dimensional stability,
reducing the risk of shrinkage-induced pavement distress such as surface cracking and joint separation (Ikechukwu
et al., 2021). This stabilization improves load-bearing capacity, prevents differential settlements, and enhances
overall pavement durability (Agustina and Zainorabidin, 2020). The combined effect of MICP bio-stimulation
and RHB treatment strengthens the soil structure, limiting shrinkage-related deformations and ensuring a longer-

lasting, low-maintenance pavement system.
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Figure 15. Linear shrinkage values for untreated and treated samples

3.2.3. Swell strain and swell pressure

Table 9 displays the outcomes from the 1D swell tests conducted on the MOBO, M0B2, M2B2, and M4B2
specimens. MOBO untreated specimen displayed a swelling potential of 53.1 % and swelling pressure of 96.5 kPa.
When treated using only RHB at the optimum biochar content of 2 %, MOB2 specimen showed a pronounced
decrease in swelling potential by 21 % and swelling pressure by 64 %, as predicted from the FSI and LS values.
The M2B2 specimen also exhibited a significant decrease in free swell strain by 77 % and in swell pressure by 81
%. But the M4B2 specimen showed the most significant reductions of 85 % in free swell strain and 93 % in swell

pressure.

Table 9. Effect of bio-stimulation and RHB treatment on swelling characteristics from 1D Swell Tests

Sample ID  Free Swell Strain (%) Swell Pressure (kPa)

x c x c
MOBO 53.1 2.2 96.5 2.9
MO0B2 41.8 1.8 34.5 1.2
M2B2 12.4 0.8 18.0 0.5
M4B2 8.1 0.5 6.5 0.2
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These substantial decreases are primarily attributed to the bio-stimulation-induced calcite formation, which
effectively binds soil particles together. Additionally, the biofilm that forms acts as a partition between the anionic
clay particles and water molecules, greatly diminishing the soil's capacity to expand. These observations align
with those made by Islam et al. (2020) and Tiwari et al. (2021), who noted notable reductions in 1D swell
properties after applying MICP treatments stimulated by bio-stimulation. Moreover, the pozzolanic activity of
RHB further amplifies the decrease in swelling pressure and strain. Adding fine RHB particles reduces the voids
and the specific surface area of swelling clay minerals, facilitating the production of a C-S-H gel during the
pozzolanic reaction. This gel reinforces the soil matrix and significantly reduces swelling pressure (Morales et al.,
2021). The absorption of water by RHB also leads to less availability of water to the soil minerals (Behzadipour
and Sadrekarimi, 2021). Additionally, the high CEC and negative charge of RHB help in balancing the positive
charges of clay minerals, thereby reducing their swelling potential (Pan et al., 2021a). Thus, the integration of
RHB not only complements the bio-stimulation process but also reinforces the overall stabilization of the soil,

demonstrating the effectiveness of combining these treatments in controlling soil swell behavior.

Reducing free swell strain and swelling pressure significantly enhances pavement performance by minimizing
subgrade expansion, which is a major cause of pavement heaving, cracking, and structural instability. When
expansive soils undergo excessive swelling, they exert upward forces on the pavement, leading to surface
distortions, uneven settlements, and premature failures (Ikechukwu et al., 2021). By integrating MICP bio-
stimulation and RHB treatment, the formation of calcite and pozzolanic reactions effectively stabilize the soil,
decreasing its potential to absorb water and swell. This stabilization ensures a more uniform and stable subgrade,
preventing differential heaving and maintaining a smooth, durable pavement surface (Yan et al., 2023).
Additionally, lower swell pressure reduces stress on the pavement structure, decreasing the likelihood of fatigue
cracking and rutting (Djellali et al., 2017). As a result, the improved subgrade stability leads to extended pavement
lifespan, reduced maintenance costs, and enhanced overall performance, making the road infrastructure more

resilient to environmental and traffic-induced stresses (Ghanizadeh et al., 2024).
3.3. pH and Calcite content

Table 10 delineates the calcite content for untreated and treated soil specimens, employing this measure as a
pivotal indicator of the bio-stimulation's success. The stabilized samples showed a dramatic increase in calcite
content, ranging from 49 % to 215 %. This enhancement was slightly more significant in specimens that included

RHB alongside MICP bio-stimulation. RHB functions as an effective support material, stimulating the metabolic
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processes of calcite-forming bacteria, thereby enhancing the sustainability and effectiveness of bacterial calcite
production (Behzadipour and Sadrekarimi, 2021). This increase aligns with results documented by Tiwari et al.
(2021). Also, the highly porous structure of RHB helps in calcite precipitation (Behzadipour and Sadrekarimi,
2021). This underscores the efficacy of integrating RHB in bio-stimulation strategies to optimize calcite
deposition in soil treatment processes. The MICP involves microbial ureolysis, resulting in ammonia synthesis,
which raises the soil's pH and makes the environment more alkaline. Initially, the unstabilized soil had a pH of
6.74, but this raised to as high as 8.95 in treated specimens, as detailed in Table 10. The pH increases in specimens
treated with both biostimulation and RHB varied from 28 % to 33 %, demonstrating a notable change toward

alkalinity due to the MICP bio-stimulation treatment (Pan et al., 2021a).

Table 10. Calcite content (%) and pH of untreated and treated soil specimens

Sample 1D Calcite Content (% by wt) pH
x o x o
MOBO 0.13 0.012 6.74 0.05
MOB1 0.19 0.017 6.75 0.04
MO0B2 0.2 0.018 6.97 0.07
MO0B3 0.21 0.016 6.83 0.01
MOB4 0.21 0.014 6.86 0.04
M2B0 0.3 0.026 8.64 0.02
M2B1 0.32 0.028 8.70 0.07
M2B2 0.35 0.031 8.74 0.06
M2B3 0.37 0.029 8.81 0.02
M2B4 0.39 0.034 8.86 0.06
M4B0 0.34 0.027 8.79 0.05
M4B1 0.36 0.030 8.85 0.04
M4B2 0.38 0.033 8.89 0.05
M4B3 0.4 0.031 8.93 0.03
M4B4 0.41 0.036 8.95 0.03

3.4. Fourier transform infrared (FTIR) analysis

FTIR test was conducted on both the untreated (MOBO) and the treated specimens (MOB2 and M4B2), as depicted
in Figure 16. The spectra revealed prominent absorption bands at 1382 cm, characteristic of the C-O bonds found
in calcium carbonate, primarily in the M4B2 specimen (Li et al., 2018b). This characteristic peak was absent in
the unstabilized specimen. Furthermore, the IR peak at around 3620 cm™ established the existence of
montmorillonite in the untreated soil, and the presence of illite’s hydroxyl group were evident in the IR band
ranging from 3018 to 3702 cm™* (Tiwari et al., 2021; Tiwari and Satyam, 2022). The detection of quartz was clear
at IR peaks of 994, 779, and 688 cm™. Peaks at 687 and 770 cm, corresponding to the Si—O stretching band in

C-S-H, were also observed (Madadi and Wei, 2022).
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The FTIR results provide direct chemical evidence linking the observed mechanical improvements to specific
binding phases formed during treatment. The C-O absorption band at 1382 cm™ in the M4B2 specimen confirms
the presence of calcite precipitated through the MICP process, which acts as a cementing agent at inter-particle
contacts, contributing to the measured increases in UCS (up to 106%) and STS (up to 103%). The Si-O stretching
bands at 687 and 770 cm™ indicate the formation of C-S-H gel through the pozzolanic reaction of amorphous
silica in RHB with calcium ions. C-S-H gel is a well-established binding phase in cementitious systems that
enhances both cohesion and stiffness (Madadi and Wei, 2022). The simultaneous formation of these two binding
phases in the M4B2 specimen, which is absent in the untreated MOBO specimen, explains the superior mechanical

performance of the combined RHB-MICP treatment compared to either treatment applied individually.
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Figure 16. Comparative FTIR spectra of untreated soil — (a) MOBO and treated soil — (b) MOB2, and (c) M4B2

3.5. Scanning electron microscopy (SEM) with Energy Dispersive X-ray (EDX) analysis

SEM analysis was conducted to evaluate the impact of MICP treatment combined with RHB on expansive
subgrade soil, as illustrated in Figure 17. Figure 17 (a) proves the existence of large voids and fissures in the raw
expansive subgrade soil, reflective of a weakly consolidated matrix with numerous monolithic clay clumps and
fine particulate matter (Li et al., 2021). In M2B0 and M4B0 specimens (Figure 17 b, d), there is a decrease in
voids and fissures due to the production of calcite crystals. This calcification, pronounced in Figure 17 (c-e),

strengthens the microstructure through the development of a calcite coating that provides matrix support (Xiao et
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al., 2018; Su et al., 2022; Yu et al., 2022). Consequently, the specific surface area of the expansive clay minerals
is decreased, and the calcite deposited on soil particles limits soil-water interactions (Tiwari et al. 2021). For
RHB-treated specimens MOB2 and M4B2, as shown in Figure 17 (b) and Figure 17 (e), respectively, adsorption
and cation exchange between the RHB and soil minerals result in a reduced pore radius and the development of
interconnected joints featuring new, sharper edges (Pan et al., 2021a). Additionally, the formulation of C-S-H gel
results from the pozzolanic reaction of RHB (Paul et al., 2023). This reaction leads to a more interconnected soil

matrix, resulting in improved strength and shrink-swell behavior.

The EDX mapping of the sample M4B2 in Figure 18 reveals that the specimen predominantly consists of the
elements carbon, oxygen, silicon, calcium, and aluminum. The specimen has undergone bio-cementation and RHB
treatment, exhibiting a marked increase in calcium concentration. This elevated calcium content is indicative of

successful calcite precipitation facilitated by the MICP process.
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Figure 18. EDX mapping of M4B2

Here, the SEM observations can be directly correlated with the mechanical test results. The large voids and fissures
visible in the untreated MOBO specimen (Figure 17a) correspond to its low UCS (0.072 MPa) and high free swell
strain (53.1%), as these discontinuities serve as planes of weakness under compression and pathways for water
ingress during swelling. In the MICP-treated specimens (M2B0, M4B0), calcite crystals deposited at particle
contacts bridge adjacent grains, consistent with the 66% to 74% improvement in UCS observed for these
specimens. The M4B2 specimen, which demonstrated the best overall performance across all tests, shows a
distinctly denser and more interconnected microstructure compared to the MICP-only specimens. The gel-like
coating visible on particle surfaces in Figure 17(e) is consistent with C-S-H formation from the pozzolanic

reaction, providing an additional binding phase that supplements the calcite bridges. This denser matrix with
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reduced void space directly explains the 93% reduction in swell pressure observed for M4B2, as fewer and smaller
pore channels limit water access to the expansive clay minerals. The progressive microstructural densification
from MOBO through M4B0 to M4B2 thus mirrors the progressive improvement in mechanical and shrink-swell

performance measured across the same specimen sequence.

3.6. Analysis of 16S Microbial Community

Species-level taxonomic abundance was derived from 16S metagenomic sequencing data for three specimens: the
unstabilized control (MOBO), the specimen stabilized solely through bio-cementation with a four-day mellowing
period (M4B0), and the optimally stabilized specimen (M4B2), which demonstrated the best performance in
shrink-swell behavior analysis. These results are depicted in Figure 19 (a). The MOBO specimen exhibited a
diverse microbial population, where Actinobacteria phylum dominated; however, bio-stimulation with MICP led

to a predominance of urease-positive phyla, particularly Firmicutes and Proteobacteria (Figure 19 b).

In the unstabilized MOBO specimen, the relative abundances of Firmicutes and Proteobacteria were 26.46% and
5.97%, respectively (Figure 19 c). Following bio-stimulation with a four-day mellowing period, their relative
abundances increased to 44.43% and 19.69% in the M4BO0 specimen. In the M4B2 specimen, the relative
abundance of Firmicutes further increased to 53.59%, while Proteobacteria levels remained the same as the M4B0
specimen. At the genus level, the sequencing data reveal that several well-characterized urease-producing genera
were enriched following bio-stimulation. Within the Firmicutes phylum, Clostridium, Bacillus, Lysinibacillus,
and Staphylococcus were identified as dominant genera in the treated specimens. Bacillus and Lysinibacillus are
among the most extensively studied urease-producing genera in MICP research, with documented capacities for
high-rate urea hydrolysis and calcite precipitation in soil environments (Ekprasert et al. 2020; Wang et al. 2023).
Within the Proteobacteria phylum, Enterobacter was identified as a notable urease-positive genus (Graddy et al.,
2018). These genera catalyze the hydrolysis of urea into ammonia and carbonic acid through urease enzyme
production. The ammonia raises the local pH, creating alkaline conditions favorable for carbonate ion formation,
while the introduced calcium from the cementation solution combines with carbonate ions to precipitate calcite.
This process is directly reflected in the measured pH increase from 6.74 to 8.95 and the calcite content increase

of up to 215% in treated specimens.

The further enrichment of these urease-positive genera in the M4B2 specimen compared to M4B0 indicates that

RHB actively promotes microbial metabolic activity beyond the baseline stimulation provided by the enrichment

45



Journal Pre-proof

solution alone. The addition of RHB, rich in organic carbon, phosphorus, and ammonium nitrogen, likely provided
essential nutrients that fuel bacterial growth and urease enzyme production (Prendergast-Miller et al., 2011;
Romdhane et al., 2019; Wang et al., 2015; Jang and Jia, 2020). The porous microstructure of RHB also provides
protected habitats for bacterial colonization, shielding them from competition and environmental stress
(Behzadipour and Sadrekarimi, 2021). This enhanced microbial activity translates directly to greater calcite
precipitation, as confirmed by the higher calcite content in M4B2 (0.38 wt%) compared to M4B0 (0.34 wt%), and
consequently to superior mechanical and shrink-swell performance. The M4B2 specimen, which exhibited the
highest relative abundance of urease-positive phyla (Firmicutes: 53.59%, Proteobacteria: 19.69%), also
demonstrated the best performance in free swell index reduction (98%), swell pressure reduction (93%), and UCS
improvement (85%). This consistent pattern across microbiological, chemical, and mechanical indicators provides
strong evidence that the enhanced bio-stimulation facilitated by RHB is the primary driver of the synergistic
stabilization effect observed in this study. These findings address a notable gap in the existing MICP literature,

where treatment effectiveness has typically been inferred from macroscopic indicators such as pH and calcite

content without characterizing the underlying microbial community response.
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Figure 19. Analysis of 16S microbial communities- (a) Species level distribution frequencies, (b) Phylum level

distribution frequencies, (c) Relative abundance of urease positive phyla and other phyla
3.7. Comparative Performance Analysis with Previous Studies

To evaluate the practical advantages of the proposed RHB-MICP bio-stimulation method relative to existing
stabilization approaches, the mechanical and volumetric performance is compared with results from the literature
(Table 11). The M4B2 UCS of 0.133 MPa (85% improvement) is comparable to other MICP bio-stimulation
studies: Tiwari et al. (2021) reported 0.068 to 0.225 MPa, and Islam et al. (2020) achieved 0.15 to 0.40 MPa. The
STS of 0.030 MPa falls within the bio-cementation range of 0.024 to 0.325 MPa (Tiwari et al. 2021) and is
comparable to fiber-reinforced systems (0.03 to 0.06 MPa; (Nezhad et al., 2021)). The soaked CBR improvements
of 52% to 88% are comparable to the 84% reported by Paul and Islam (2025). While these strength values are
lower than cement-based systems (0.96 to 2.36 MPa; (Paul et al., 2025a)), they are appropriate for the intended
application in low-volume pavement subgrades, where volumetric control rather than absolute strength is the

primary design requirement.

The most notable performance is in volumetric stability, where the observed reductions are among the largest
reported in the comparative literature and can be attributed to three complementary mechanisms operating
simultaneously in the RHB-MICP system. First, MICP-derived calcite binds soil particles together and forms a

biofilm barrier between clay surfaces and water molecules, directly limiting hydration of expansive minerals, as
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also reported by Tiwari et al. (2021) and Islam et al. (2020). Second, the pozzolanic reaction of amorphous silica
in RHB (72.11% SiO2) with calcium ions produces C-S-H gel, confirmed by the Si-O stretching bands at 687 and
770 cm™ in FTIR analysis (Section 3.4), which fills pore spaces and further restrains volumetric changes. Third,
the high cation exchange capacity and surface negativity of RHB counterbalance positive charges in the clay
diffuse double layer, reducing the electrochemical driving force for swelling (Pan et al., 2021b). This dual
cementation mechanism (calcite + C-S-H) explains why the present reductions, FSI from 82.6% to 1.5% (98%),
swell pressure from 96.5 to 6.5 kPa (93%), linear shrinkage from 14.4% to 2.2% (85%), exceed those achieved

by MICP alone and approach cement-based performance (Table 11).

Recent studies on industrial waste-assisted MICP further contextualize the present findings. Dhorey et al. (2025a)
demonstrated that combining industrial wastes (red mud, GGBS, fly ash, silica fume) with MICP using
Methylobacterium radiotolerans on black cotton soil yielded UCS improvements of up to 192% over untreated
soil, consistently outperforming industrial waste alone. Dhorey et al. (2025b) achieved UCS up to 0.971 MPa and
STS up to 0.339 MPa with 15% red mud and MICP, while Dhorey et al. (2025c) optimized the MICP process via
response surface methodology, reaching UCS of 1.739 MPa, the highest reported for MICP-treated expansive
soil. Although none reported shrink-swell data; these studies confirm that industrial waste-assisted MICP
effectively improves strength, while the present work complements this by providing comprehensive shrink-swell
characterization alongside 16S metagenomic sequencing. Regarding enzyme-induced approaches for expansive
soils, Mehmood et al. (2025) achieved UCS up to 0.50 MPa and CBR up to 16.1% using EICP with eggshell
powder, but swell pressures remained high (10 to 250 kPa). Li et al. (2025) reported swell pressures of 121 to 168
kPa with soybean-urease SICP, with linear shrinkage reduced to 2.6%. Paul et al. (2026) investigated a hybrid
EICP-sodium alginate biopolymer approach on the same expansive soil type used in the present study, achieving
UCS up to 0.232 MPa (222% improvement) and swell pressure as low as 2.02 kPa (98% reduction) at 0.67%
sodium alginate content, with FSI declining from 100% to 4.5%. These EICP results demonstrate that enzyme-
based carbonate precipitation can achieve swell reductions comparable to the present MICP system (swell
pressure: 6.5 vs. 2.02 kPa). However, the present RHB-MICP approach offers the additional advantage of
sustained in-situ calcite production through living bacterial activity and the pozzolanic contribution of RHB,
whereas EICP is limited by the finite catalytic lifespan of the applied urease. Conversely, EICP avoids the need
for bacterial cultivation and offers simpler application protocols, making the two approaches complementary

technologies for different field conditions.
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Table 11. Comparative analysis: RHB and MICP bio-stimulation vs. other stabilizers for expansive soil stabilization.

. . . Soaked CBR Free Swell Swell Pressure Linear
0, 0,
Ref. Stabilizing Agent (Contents, Optimum Content in wt%) UCS (MPa) STS (MPa) ) Strain (%) (kPa) FSI (%) Shrinkage (%)
Present Study Rice Husk Biochar (0-4, 2) + 2” (;g;) Bio-stimulation (2-and 4-day, 075 0143 0.012-0.045 2547 81-53.1 6.5-96.5 15-826 22-144
(Tiwari et al. 2021) MICP Bio-stimulation (nutrient broth, 1-4 day mellowing) 0.068-0.225 0.024-0.325 X 1.4-10.25 41-210 15-120 X
Islam et al. (2020) MICP Bio-stimulation (enrichment + cementation solution, TSDS) 0.15-0.40 X X 3-52 25-99 X X
Li et al. (2018a) Fly Ash (0-50, 25) + Biocement (B. megaterium, 5%) 0.143-0.719 X X ~2-7 X X X
Paul and Islam (2025) MICP Bio-stimulation + Jute Fiber (0.25-1, 0.5) 0.137-0.209 0.072-0.124 4.3-4.6 8.4-245 9-39 X 43-14.1
Paul et al. (2025a) SBA (2-12, 4) + Cement (5and 7, 7) 0.96-2.36 0.14-0.75 42-51 1.24-21.31 1.5-14.9 2.73-27.27 X
Paul et al. (2025b) Cement (5) + Jute Fiber (0.25-1, 0.5) + Nylon Fiber (0.25-1, 0.5) 1.16-2.36 0.35-0.98 28-31 7.87-39.35 5.71-59.02 X 1.83-6.24
Kumar et al. (2007) FA (5-20) + Hydrated Lime (2-10) + Polyester Fiber (0.5-2) 0.32-0.65 0.04-0.10 X X X X
Zha et al. (2008) FA (3-15) + Hydrated Lime (0-3) 0.45-0.83 X X 5.00-11.40 88-239 29-56 X
Liu et al. (2019) Rice Husk Ash + Calcium Carbide Residue (0-20, 15) 0.95-2.60 X X 6.12-26.50 100-425 X X
Nezhad et al. (2021) PET Fiber (0.5-2, 2) / Basalt Fiber (0.5-2, 2) X 0.03-0.06 8.70-19.17 X X X X
Red Mud (5-20, 10), GGBS (3-12, 12), FA (5-20, 20), SF (3-9,
Dhorey et al. (20252) 9), Terrazyme + MICP (Methylobacterium radiotolerans) 0.169-0.509 X X x X X x
Dhorey et al. (2025b) Red Mud (5-20, 15) + MICP (Methylobacterium radiotolerans, 1 0.161-0.971 0.055-0.339 % % % % %
M urea, 1 M CaCl.)
MICP (Methylobacterium radiotolerans, 0.1 M urea. 0.3 M CaCl.,
Dhorey et al. (2025¢c) RSM optinized) 0.330-1.739 X X X X X X
Mehmood et al. (2025)  EICP (Soybean Urease, 0.75 mol/L) + Eggshell Powder (0-18, 14) 0.17-0.50 X 1.7-16.1 X 10-250 X X
Li et al. (2025) SICP (Soybean Urease, 1 mol/L Equimolar Urea—CaClz) 0.18-0.27 X X X 121-168 X 2.6-8.3
EICP (Urease, 20 g/L) + Sodium Alginate (0-1, 0.67) 0.072-0.232 0.008-0.051 X 4.11-53.07 2.02-96.47 4.5-100 5.33-14.43

Paul et al. (2026)

Notes. RHB: Rice Husk Biochar; MICP: Microbially Induced Calcite Precipitation; SBA: Sugarcane Bagasse Ash; FA: Fly Ash; HL: Hydrated Lime; GGBS: Ground Granulated Blast-furnace
Slag; SF: Silica Fume; RSM: Response Surface Methodology; TSDS: Treatment Solution Delivery System; EICP: Enzyme-Induced Carbonate Precipitation; SICP: Soybean-Induced Carbonate
Precipitation; ESP: Eggshell Powder; X: Not reported. UCS and STS ranges include both untreated and treated values where applicable. Optimum content shown in parentheses where reported.
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3.8. Limitations and Practical Implications

Although the present study demonstrates the effectiveness of RHB-MICP biostimulation for stabilizing expansive
subgrade soil under controlled laboratory conditions, several limitations should be noted. All experiments were
performed on remolded specimens at laboratory scale, and the performance of the treatment under field conditions,
where soil heterogeneity, groundwater fluctuations, stress variations, and seasonal climatic changes may influence
behavior, remains to be verified. In addition, only one soil type, a fat clay (CH) collected from a single location,
was investigated; therefore, the applicability of the optimum RHB content and mellowing period identified in this
study to other expansive soils with different mineralogical and index properties requires further evaluation. The
microbiological analysis was also limited, as 16S metagenomic sequencing was conducted on only three
representative specimens (M0OBO, M4B0, and M4B2). Moreover, dedicated long-term durability testing under
repeated wetting-drying cycles was not performed. Nevertheless, the soaked CBR test and shrink-swell tests
subjected the treated specimens to prolonged moisture exposure and thus provide indirect evidence of resistance

to moisture-induced degradation.

Despite these limitations, the findings indicate strong practical potential. The optimum treatment condition, 2 %
RHB with a 4-day mellowing period, produced the most pronounced improvement in strength and shrink-swell
control. The increase in CBR is particularly important from a design perspective, as it can reduce the required
subgrade thickness, thereby offering potential savings in construction materials and cost. The treated soil therefore
shows promise for use as improved subgrade in low-volume flexible pavements, rural roads, embankment fills,
and shallow foundations for lightly loaded structures on expansive soils. The proposed approach also offers
important advantages over conventional stabilization methods. Biostimulation avoids the need for external
bacterial cultivation and aseptic handling associated with bioaugmentation, making implementation simpler and
potentially more economical. At the same time, rice husk is an abundant agricultural by-product and provides a
low-cost feedstock for RHB production. This makes the method particularly relevant for rice-producing
developing countries, where expansive soils and agricultural residues are both widely available. The approach
also supports sustainable construction by valorizing waste biomass and reducing reliance on traditional chemical

stabilizers such as lime and cement.
4, Conclusions

This study evaluated the effectiveness of combining MICP biostimulation with rice husk biochar (RHB) for

stabilizing expansive subgrade soil. The results demonstrated that the integrated treatment significantly improved
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the engineering behavior of the soil by reducing swell-related properties and enhancing strength characteristics.
Compared with the untreated soil, the treated specimens showed marked reductions in free swell strain, swell

pressure, free swell index, and linear shrinkage, together with clear improvements in UCS, STS, and CBR.

The treatment also promoted favorable chemical and microstructural changes in the soil matrix. Increased pH and
calcite content confirmed the suitability of the bio-stimulation environment for carbonate precipitation. FTIR and
SEM analyses further verified the formation of calcite and calcium silicate hydrate and revealed a denser, more
compact soil structure with reduced voids and fissures. In addition, 16S metagenomic sequencing showed a

microbial shift toward urease-positive groups, indicating that RHB enhanced the MICP biostimulation process.

The major contribution of this study is the demonstration that RHB can work synergistically with MICP
biostimulation to improve both volume stability and strength of expansive soil, while also promoting favorable
microbial and mineralogical transformations. These findings provide a promising basis for the development of
more sustainable bio-mediated stabilization approaches for expansive subgrade soils. Future work should focus

on field-scale validation, long-term durability, and performance under varying environmental conditions.
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