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Abstract
Engineering structures built on weak or soft soil are considered dangerous. A 

variety of ground may be undertaken to improve techniques and improve the load 
bearing capacity of the soil. In the present investigation biomass char (BMC) is 
used as the stabilizing material which was randomly included into the soil at dif-
ferent percentages of biomass char content, i.e., 2.5%, 5%, 7.5%, and 10% by the 
weight of the soil. The investigation has been focused on the strength and CBR 
(California bearing ratio) behavior of soil with randomly included powdered 
biomass char. This BMC is analysed by proximate analysis and the parameters 
like fixed carbon, ash content, volatile matter, and moisture content is obtained. 
Comparison between soil and BMC added soil is presented. The test results are 
then compared with results from virgin samples, and conclusions about the suit-
ability and efficacy of BMC are made. The addition of BMC powder was found 
to improve the soft clay soils with poor strength and high compressibility. We can 
draw the conclusion that BMC in powder form makes for an effective stabilizing 
agent. BMC is widely used in agriculture as a soil neutralizer, adsorbent, and soil 
additive.

Keywords
Stabilization, Biomass char, Proximate analysis, Unconfined compression 

test, California bearing ratio

Introduction
In foundation construction the role of soil is a crucial one, as it provides 

support for the foundation and the structure built on it. The properties of the soil, 
such as its composition, structure, and shear strength, have a direct impact on the 
stability and bearing capacity of the foundation. Soil has to be able to support the 
weight of the structure and any loads that will be placed on it, such as the weight 
of the building, wind loads, and seismic loads. The soil must also be able to resist 
deformation or failure and maintain its stability over time.

In order to design a foundation that will be stable and safe, it is important 
to have a good understanding of the soil conditions at the site. This can be done 
through soil investigations, which may include laboratory testing of soil samples 
and in-situ testing, such as cone penetration testing or standard penetration test-
ing. The results of the soil investigations are used to determine the soil’s prop-
erties, such as its composition, structure, and shear strength, and to identify any 
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One notable benefit of incorporating nanomaterials into 
clayey soil-BMC systems is their ability to mitigate the ad-
verse effects of expansive clay soils. Expansive soils can cause 
significant damage to infrastructure through swelling and 
shrinking during wet and dry periods. Nanoparticles can 
modify the soil’s microstructure, reducing its susceptibility to 
these volumetric changes and enhancing its overall stability. 
BMC, derived from organic waste materials, can further im-
prove soil behavior by enhancing its organic matter content 
and promoting beneficial microbial activity.

Additionally, the use of nanomaterials in conjunction with 
BMC can contribute to sustainable soil improvement prac-
tices. By utilizing BMC, a waste product that would other-
wise end up in landfills, we not only enhance soil properties 
but also reduce the environmental footprint associated with 
waste disposal. Moreover, the targeted use of nanomaterials 
allows for precise engineering of soil properties, minimizing 
resource consumption, and optimizing the effectiveness of soil 
improvement techniques.

In the integration of nanomaterials with BMC represents 
a promising approach to enhancing the behavior of clayey soils 
in geotechnical applications. These innovative combinations 
offer numerous advantages, including improved mechani-
cal properties, reduced expansiveness, and environmentally 
friendly solutions. As researchers continue to explore and de-
velop these technologies, they hold the potential to revolu-
tionize soil stabilization practices, benefiting both construc-
tion and environmental sustainability efforts.

Materials and Method
Enhancing the behavior of clayey soils using nanoscale 

BMC is an innovative approach that combines nanotech-
nology and sustainable materials to improve the engineering 
properties of soils. Here’s an overview of the concept and its 
potential benefits: Nanoscale BMC refers to fine-grained 
particles of charred organic materials derived from biomass 
sources such as agricultural residues, wood, or other organic 
waste. The char is processed and ground into nanoparticles or 
ultrafine particles with dimensions on the nanometer scale. 
This nanoscale material has a large surface area and unique 
properties that can influence soil behavior.

Nanotechnology has emerged as a groundbreaking field 
with vast applications, one of which is improving soil proper-
ties for construction and environmental purposes. This article 
delves into the analysis of how nanomaterials, specifically syn-
thesized nanoparticles, can enhance the behavior of clayey soil 
when combined with BMC. Clayey soil is known for its poor 
engineering properties, including low strength and high com-
pressibility. The integration of nanomaterials with BMC offers 
a sustainable and innovative approach to tackle these issues.

Nanomaterial synthesis

Nanoparticles, often derived from materials like silica, 
alumina, or iron oxides, are synthesized at the nanoscale to 
increase their reactivity and surface area. These nanoparticles 
are specifically engineered to address the unique challenges 
presented by clayey soils. For example, nanoparticles can be 

potential soil-related problems, such as soil liquefaction or soil 
settlement. Based on the results of the soil investigations, the 
foundation design can be developed to take into account the 
specific soil conditions at the site. In some cases, soil improve-
ment or stabilization techniques, such as the use of soil stabi-
lizers or the placement of geotextile fabrics, may be necessary 
to improve the soil’s ability to support the foundation and the 
structure built on it. The use of these techniques can improve 
the soil’s shear strength, reduce soil settlement, and prevent 
soil erosion, among other benefits.

Soil stabilization refers to the process of improving the 
physical properties of soil to make it more suitable for con-
struction or other engineering purposes. This can be done 
through a variety of methods, including adding chemicals, 
lime, or cement to the soil, or by mechanically altering the 
soil structure. Soil stabilization is often used to improve the 
load-bearing capacity of soil, to reduce settlement and erosion, 
and to increase the durability and lifespan of structures built 
on the soil. It can also be used to reduce the amount of settle-
ment and settlement-induced damage that occurs during and 
after construction.

BMC is a type of solid material that is produced when 
organic matter, such as wood, agricultural waste, or other 
plant-based materials, is partially burned in a low-oxygen en-
vironment. The process of producing BMC is known as pyrol-
ysis. Large quantities of volatiles are present in biomass, and 
pyrolyzed biomass produces a porous structure both inside and 
out [1]. The volatiles and levels of oxygen in biomass char are 
significantly lower than those of biomass, while the amount 
of fixed carbon is higher [2]. Silvani et al. [3] have examined 
pyrolysis emissions, the quality of biochar made from non-im-
pregnated waste timber, as well as the potential application of 
such biochar for soil remediation. 

In this, soil stabilization has been done with the help of 
powdered biomass char obtained from waste materials [4-6]. 
The focus has been placed on increasing the strength in shear 
and that various techniques have been used to compare and 
evaluate the resistance to shear forces. In the current examina-
tion BMC has been selected as the stabilizing material which 
was erratically included into the clayey soil at different per-
centages of BMC content, i.e., 2.5%, 5%, 7.5%, and 10% by the 
weight of the soil [7-9]. The examination has been engrossed 
on the compaction characteristics, shear strength, CBR and 
chemical behavior of soil with randomly included powdered 
biomass char. This BMC is analysed by proximate analysis and 
the parameters like fixed carbon, ash content, volatile matter, 
and moisture content is obtained. 

Nanomaterials have emerged as powerful tools for en-
hancing the behavior of clayey soils in geotechnical engineer-
ing applications. One promising avenue for their utilization 
is in conjunction with BMC. These innovative combinations 
offer unique opportunities to improve soil properties and ad-
dress environmental concerns simultaneously. In this context, 
nanomaterials like nano-silica and nano-clay have been found 
to enhance the mechanical properties of clayey soils, such as 
increased shear strength and reduced compressibility, when 
used in tandem with BMC.
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becomes evident during, or after a chemical reaction. Chem-
ical properties are the characteristics of a substance that de-
scribe its ability to participate in chemical reactions [19-21]. 
These properties cannot be determined by simply observing or 
measuring the substance, as they involve changes to the sub-
stance’s internal structure and chemical composition. A chem-
ical reaction results in a chemical change, where the substances 
are transformed into new compounds with different proper-

ties. The chemical properties of the BMC are listed in table 2.

Proximate analysis

The estimation of moisture, volatile matter, fixed carbon, 

and ash in coals, cokes, and chars has been done by proximate 
analysis [22-24]. In this investigation proximate analysis was 
conducted on BMC and results are shown in table 3.

Clayey soil

The clayed soil used in this investigation was taken at the 
Semmencherry (Chennai, Tamil Nadu, India). In the lab, ex-
perimental research was done to calculate the index and en-
gineering parameters of the clayed soil. Laboratory tests were 
performed in accordance with Indian Standards IS: 2720-
1987. Specific gravity, standard proctor compaction, and CBR 
are among the tests. Table 4 displays the clayey soil’s charac-
teristics. 

Results and Discussion
Compaction characteristics

Figure 1 shows the differences in dry density for various 
BMC percentages at various water contents.  The optimal 

functionalized to improve their affinity for clay particles and 
enhance their dispersibility within the soil matrix.

Synergistic effects

The combination of synthesized nanoparticles and BMC 
in clayey soil has shown promising results. Nanoparticles help 
bridge the gaps between clay particles, reducing their tenden-
cy to swell and improve soil cohesion. BMC contributes to 
improved porosity, drainage, and organic matter content. To-
gether, they synergistically enhance soil behavior by increasing 
shear strength, reducing compressibility, and minimizing wa-
ter retention.

Environmental sustainability

An additional benefit of this approach is its environmental 
sustainability. BMC is derived from renewable resources, and 
the use of synthesized nanoparticles in small quantities min-
imizes their environmental impact. This eco-friendly strategy 
aligns with the global push for sustainable construction prac-
tices and soil remediation methods.

Biomass char

BMC is a porous and highly carbonaceous material that 
has a number of beneficial properties, including high carbon 
content, high surface area, and low ash content. These proper-
ties make BMC an attractive material for a number of applica-
tions, including soil improvement, energy production, and car-
bon sequestration [10-12]. In soil improvement, BMC could 
be used as a soil amendment to increase soil structure and fer-
tility, reduce soil erosion, and increase water-holding capacity. 
BMC can also help to reduce the amount of greenhouse gas 
emissions from soil, as it is a stable form of carbon that can 
persist in the soil for many years [13-15]. In order to find out 
the effect of BMC on clayey soil the different percentage of 
BMC content, i.e., 2.5%, 5%, 7.5%, and 10% by the weight of 
the soil were added.

Physical properties

Physical properties refer to characteristics of a substance 
that can be observed or measured without changing its chem-
ical composition [16-18]. Physical properties include appear-
ance, texture, color, odor, melting point, boiling point, density, 
solubility, and many others. Physical properties of BMC were 
tested and listed in table 1.

Chemical properties

A chemical property is any of a material’s properties that 

Table 1: Physical properties of BMC.
Physical property Value

Colour Dark grey
Specific gravity 1.38

OMC (%) 10%
MDD (g/cc) 2.021

Volatile matter 13.6%
Ash content 56.5%
Fixed carbon 21.4%

Coefficient of curvature (Cc) 1.15
Coefficient of uniformity (Cu) 2.35

Table 2: Chemical properties of BMC

Chemical properties Range of values (%)

Carbon (C) 34.08

Hydrogen (H) 4.33

Nitrogen (N) 5.34

Sulphur (S) 0.98

Oxygen (O) 19.69

Table 3: Proximate analysis of BMC.
Test parameters Result (%)
Moisture content 8.51
Volatile matter 13.6

Ash content 56.5
Fixed carbon 21.4

Table 4: Properties of virgin soil.

Type of soil Clay of intermediate compressibility (CI)
Specific gravity 2.73
Liquid limits 40%
Plastic limits 10%
Plastic index 30%

OMC 12%
MDD 1.508 g/cc
UCS 1.215 Kg/cm2
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moisture content (OMC) and maximum dry density (MDD) 
of the soil, as well as the soil with BMC combinations, were 
determined using the compaction tests. By weight of soil, dif-
ferent concentrations of powdered BMC in the range of 2.5%, 
5%, 7.5%, and 10% were added, and traditional proctor tests 
were run on each of these combinations. With the help of test 
results which are shown in table 5 the compaction curves are 
plotted. In the compaction test it is very clear that as the per-
centage of powdered BMC increases the dry density. This is 
mainly because of the lightweight property of BMC. From the 
test result it is found that the max dry density of stabilized soil 

is 1.678g/cc and OMC is 10% is achieved at the soil with 5% 
BMC proportion.

Strength characteristics

Unconfined compressive strength (UCS) tests were con-
ducted as per IS: 2720 (Part-X) on both the soil samples S1 
and S2 with various percentages of crumb BMC to determine 
the UCS value and to evaluate the suitability of soil stabilized 
with powdered BMC. The UCS tests were conducted on soil 
sample-powdered BMC mixture prepared at an OMC and 
MDD obtained corresponding to that particular soil-pow-
der BMC mixture. The soil was mixed with crumb biomass 
of 2.5%, 5%, 7.5%, and 10% by weight of soil and UCS tests 
were conducted on these soil-powdered BMC mixtures. The 
stress–strain curve obtained from the UCS tests for different 
percentages of soil + powdered BMC mixture is plotted and 
shown in figure 2. The comparisons of UCS of virgin soil with 
stabilized soil having different percentages of BMC waste are 
explained in the table 6. Graph comparing the UCS of virgin 
soil and stabilized soil is done in figure 3. The UCS value in-
creases with an increase in BMC content up to 5%. Thus, the 
UCS of the stabilized clay soil is 1.568 kg/cm2. The consisten-
cy of clay is stiff as qu lies between 100 to 200 kN/m3.

California bearing ratio characteristics

The IS 2720 Part XVI, 1987 is adhered to conduct the 
CBR test. The loading frame has a five-ton loading capacity 
and is equipped with a dial gauge with a 0.01 mm accuracy 
and a proving ring. On the base plate of the loading device’s 
bottom plate, soil samples are inserted. To prevent soil up-
heaval, an annular surcharge with weight equal to that of the 
base material and the pavement is positioned. According to 
IS 2720 part XVI, 1987, the load is delivered at a strain rate 
of 1.25 mm/min. Strain gauges are used to measure penetra-
tion. At penetrations of 0.0, 0.5, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 7.5, 
10.0, and 12.5 mm, loads are recorded. When standard loads 
are penetrated by 2.5 mm or 5.0 mm, the CBR value is rep-
resented as a percentage of the actual load. The CBR will be 
determined using the highest value for penetrations of 2.5 mm 
and 5.0 mm. The CBR is calculated as follows: 

t

s

PCBR =  x 100
P

Where Pt is the customized test load for the selected penetra-
tion as determined by the load penetration curve and Ps stands 
for standard load at the same penetration depth.

Figure 1: Effect of BMC on compaction characteristics of clayey soil.

Table 5: Compaction characteristics of virgin and stabilized soil.

Soil sample Moisture content % Dry density (g/cc)
Virgin soil 12 1.508

Soil + 2.5% BMC 10 1.550
Soil + 5% BMC 10 1.678

Soil + 7.5% BMC 10 1.455
Soil + 10% BMC 10 1.431

Figure 2: Stress vs strain for different percentage of BMC.

Table 6: UCS of virgin and stabilized soil.
Soil sample Unconfined compressive strength (Kg/cm2)
Virgin soil 1.215

Soil + 2.5% BMC 1.270
Soil + 5% BMC 1.568

Soil + 7.5% BMC 1.368
Soil + 10% BMC 1.223

Figure 3: Comparison of strength characteristics of virgin with stabilized soil.
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The CBR values of stabilized soil with different propor-
tions of biomass powder are explained in table 7. The variation 
of stress with penetration for different percentage of BMC 
is shown in figure 4 and table 8. Clayed soil being unfit for 
subgrade due to its low CBR values. CBR value also increases 
with an increase in BMC of 5%. Hence it will obviously re-
duce the thickness of the pavement. The CBR ratio for 5 mm 
exceeds the CBR of 2.5 mm and CBR is greater than 1. So, it 

fits for subgrade purposes. Figure 5 shows the variation of load 
with penetration for different percentage of BMC.

Conclusions
The adding of BMC increases the properties of clayey soil. 

The conclusions of the study are listed as follows: 

•	 The clayey soil is classified as the intermediate plasticity 
(CI) with MDD and OMC of 1.508 g/cc and 12% 
respectively. The UCS and CBR of virgin soil is 1.215 kg/
cm2 and 1.9 respectively.

•	 BMC is chosen as stabilizer to enhance the shear strength 
property of virgin soil. The various proportions of BMC 
like 2.5%, 5%, 7.5%, and 10% by the weight of the soil 
were added. From the test result of standard proctor 
compaction, it is found that the MDD of stabilized soil 
is 1.678 g/cc and OMC is 10% is achieved at the soil with 
5% BMC proportion.

•	 The value of shear stress increases by 20.57% at the 
optimal 5% of BMC in comparison to virgin soil. After 
that, the value of shear stress gradually drops as BMC is 
added. Thus, it is determined that 5% is the ideal amount 
of BMC to add to virgin soil.

•	 With BMC, there is an inherent difference in CBR. 
Strength gradually declines at the conclusion of 10% as 
BMC percentage rises after initial growth at 5%. With a 
5% increase in BMC, CBR value likewise rises. The CBR 
is discovered to be 3.28% at 5% and 2.18% at 10%. This 
dirt may be utilized as a sub grade, according to Indian 
Road Congress IRC 37-2001. The addition of BMC 
changed the shear strength values c and. As a result, it 

is certain to thin down the pavement. The CBR ratio for 
5 mm exceeds the CBR of 2.5 mm and CBR is greater 
than 1. Hence it fits for subgrade purposes.

•	 From the study it’s found that, the usage of BMC in 
pavement helps to reduce the environmental impacts 
of disposing biomass as waste. Usage of BMC for soil 
stabilization greatly helps to reduce the use of other 
chemical agents like lime, cement and byproducts like 
fly ash and slag which has more problems like pavement 
failure and reduction in strength of building foundation. 

Acknowledgements
None.

Conflict of Interest
The authors have not faced any conflicts and declare that 

this study is relevant to the content of the article.

Funding
The authors have not been supported by any organization 

for this work.

References
1.	 Yan F, Luo SY, Hu ZQ, Xiao B, Cheng G. 2010. Hydrogen-rich gas 

production by steam gasification of char from biomass fast pyrolysis in 
a fixed-bed reactor: influence of temperature and steam on hydrogen 
yield and syngas composition. Bioresour Technol 101(14): 5633-5637. 
https://doi.org/10.1016/j.biortech.2010.02.025 

Table 7: CBR value of virgin and stabilized soil.
Soil sample CBR value
Virgin soil 1.9

Soil + 5% BMC 3.28
Soil + 10% BMC 2.18

Figure 4: Comparison of CBR of virgin with stabilized soil.

Table 8: Load penetration value in CBR test.
Penetration (mm) Load (Kgf)

Virgin soil Soil + 5% BMC Soil + 10% BMC

0 0 0 0

0.5 4.077 154.94 18.34

1 7.136 189.60 46.89

1.5 35.678 203.87 55.04

2 122.32 214.06 89.07

2.5 173.293 223.14 140.67

3 219.17 236.49 195.71

4 303.77 313.96 409.73

5 391.43 489.297 435.42

Figure 5: Variation of load with penetration for different percentage of BMC.

https://www.sciencedirect.com/science/article/abs/pii/S0960852410002968
https://www.sciencedirect.com/science/article/abs/pii/S0960852410002968
https://www.sciencedirect.com/science/article/abs/pii/S0960852410002968
https://www.sciencedirect.com/science/article/abs/pii/S0960852410002968
https://doi.org/10.1016/j.biortech.2010.02.025


S65NanoWorld Journal | Volume 9 Supplement 3, 2023

Analysis of Nano Synthesis Based Enhancing Clayey Soil Behavior Using Biomass Char Palaniswamy et al.

2.	 Chaudhari ST, Dalai AK, Bakhshi NN. 2003. Production of hydro-
gen and/or syngas (H2 + CO) via steam gasification of biomass-de-
rived chars. Energy Fuels 17(4): 1062-1067. https://doi.org/10.1021/
ef030017d 

3.	 Silvani L, Cornelissen G, Smebye AB, Zhang Y, Okkenhaug G, et 
al. 2019. Can biochar and designer biochar be used to remediate per-
and polyfluorinated alkyl substances (PFAS) and lead and antimo-
ny contaminated soils?. Sci Total Environ 694: 133693. https://doi.
org/10.1016/j.scitotenv.2019.133693 

4.	 Fang Q, Chen B, Lin Y, Guan Y. 2014. Aromatic and hydrophobic 
surfaces of wood-derived biochar enhance perchlorate adsorption via 
hydrogen bonding to oxygen-containing organic groups. Environ Sci 
Technol 48(1): 279-288. https://doi.org/10.1021/es403711y 

5.	 Yuan JH, Xu RK, Zhang H. 2011. The forms of alkalis in the biochar 
produced from crop residues at different temperatures. Bioresour Technol 
102(3): 3488-3497. https://doi.org/10.1016/j.biortech.2010.11.018 

6.	 Hmid A, Mondelli D, Fiore S, Fanizzi FP, Al Chami Z, et al. 2014. 
Production and characterization of biochar from three-phase olive mill 
waste through slow pyrolysis. Biomass Bioenergy 71: 330-339. https://
doi.org/10.1016/j.biombioe.2014.09.024 

7.	 Manyà JJ. 2012. Pyrolysis for biochar purposes: a review to establish 
current knowledge gaps and research needs. Environ Sci Technol 46(15): 
7939-7954. https://doi.org/10.1021/es301029g 

8.	 Logesh K, Baskar S, Siddarth BY, Sherwin KA, Naresh P. 2019. Multi-
walled carbon nanotube mixed with isopropyl alcohol nano fluid for 
heat transfer applications. Mater Today Proc 18: 4690-4694. https://doi.
org/10.1016/j.matpr.2019.07.454 

9.	 Budai A, Wang L, Gronli M, Strand LT, Antal MJ, et al. 2014. Surface 
properties and chemical composition of corncob and miscanthus bio-
chars: effects of production temperature and method. J Agric Food Chem 
62(17): 3791-3799. https://doi.org/10.1021/jf501139f 

10.	 Karikalan L, Baskar S, Poyyamozhi N, Negash K. 2022. Experimen-
tal analysis of heat transfer by using nanofluid and impact of ther-
mophysical properties. J Nanomater 2022: 5119797. https://doi.
org/10.1155/2022/5119797 

11.	 Harichane K, Ghrici M, Kenai S. 2011. Effect of curing time on shear 
strength of cohesive soils stabilized with combination of lime and nat-
ural pozzolana. Int J Civ Eng 9: 90-96.

12.	 Mleza Y, Hajjaji M. 2012. Microstructural characterisation and phys-
ical properties of cured thermally activated clay-lime blends. Constr 
Build Mater 26(1): 226-232. https://doi.org/10.1016/j.conbuild-
mat.2011.06.014 

13.	 Yadu L, Tripathi RK, Singh D. 2011. Comparison of fly ash and rice 
husk ash stabilized black cotton soil. Int J Earth Sci Eng 4(6): 42-45. 

14.	 Logesh K, Baskar S, Vignesh RK, Jagadeesh M, Kumar GAR, et al. 
2019. Performance analysis flow and heat transfer characteristics of 
secondary refrigerant based SiO2 nanofluid. Mater Today Proc 18: 4683-
4689. https://doi.org/10.1016/j.matpr.2019.07.453 

15.	 Hossain KMA. 2011. Stabilized soils incorporating combinations of 
rice husk ash and cement kiln dust. J Mater Civ Eng 23(9): 1320-1327. 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000310 

16.	 Kumar SP. 2012. Silica and calcium effect on geo-technical properties 
of expansive soil extracted from rice husk ash and lime. Int Proc Chem 
Biol Environ Eng 32: 119-123. 

17.	 Al Joulani. 2012. Effect of stone power and lime on strength, CBR and 
compaction properties of fine soils. Jordan J Civ Eng 6(1): 1-16.

18.	 Behera B, Mishra MK. 2012. Microstructure and leaching characteris-
tics of fly ash-mine overburden-lime mixtures. Proc Int Conf Chem Civ 
Environ Eng 1-5.

19.	 Zhang Y, Zhai M, Wang X, Sun J, Dong P, et al. 2015. Preparation and 
characteristics of biomass char. BioResources 10(2): 3017-3026.

20.	 Kumaraswamy J, Anil KC, Shetty V, Shashishekar C. 2022. Wear be-
haviour of the Ni-Cu alloy hybrid composites processed by sand mould 
casting. Adv Mater Process Technol 9(2): 1-17. https://doi.org/10.1080/2
374068X.2022.2092684 

21.	 Anil KC, Kumaraswamy J, Sanman S. 2023. Experimental arrangement 
for estimation of metal-mold boundary heat flux during gravity chill 
casting. Mater Today Proc 72: 2013-2020. https://doi.org/10.1016/j.
matpr.2022.07.399 

22.	 Chakravarthy PR, Banupriya S, Ilango T. 2020. Soil stabilization us-
ing raw plastic bottle. AIP Conf Proc 2283(1): 020114. https://doi.
org/10.1063/5.0025143 

23.	 Chakravarthy PK, Gurusamy K, Illango T. 2021. An analysis of pattern 
and architectural aspects of diaphragm barrier for underground met-
ro project. Mater Today Proc 37: 3051-3055. https://doi.org/10.1016/j.
matpr.2020.09.008 

24.	 Sørmo E, Silvani L, Bjerkli N, Hagemann N, Zimmerman AR, et al. 
2021. Stabilization of PFAS-contaminated soil with activated bio-
char. Sci Total Environ 763: 144034. https://doi.org/10.1016/j.scito-
tenv.2020.144034 

https://pubs.acs.org/doi/10.1021/ef030017d
https://pubs.acs.org/doi/10.1021/ef030017d
https://pubs.acs.org/doi/10.1021/ef030017d
https://doi.org/10.1021/ef030017d
https://doi.org/10.1021/ef030017d
https://www.sciencedirect.com/science/article/abs/pii/S0048969719336253
https://www.sciencedirect.com/science/article/abs/pii/S0048969719336253
https://www.sciencedirect.com/science/article/abs/pii/S0048969719336253
https://www.sciencedirect.com/science/article/abs/pii/S0048969719336253
https://doi.org/10.1016/j.scitotenv.2019.133693
https://doi.org/10.1016/j.scitotenv.2019.133693
https://pubs.acs.org/doi/10.1021/es403711y
https://pubs.acs.org/doi/10.1021/es403711y
https://pubs.acs.org/doi/10.1021/es403711y
https://pubs.acs.org/doi/10.1021/es403711y
https://doi.org/10.1021/es403711y
https://www.sciencedirect.com/science/article/abs/pii/S0960852410018201
https://www.sciencedirect.com/science/article/abs/pii/S0960852410018201
https://www.sciencedirect.com/science/article/abs/pii/S0960852410018201
https://doi.org/10.1016/j.biortech.2010.11.018
https://www.sciencedirect.com/science/article/abs/pii/S0961953414004346
https://www.sciencedirect.com/science/article/abs/pii/S0961953414004346
https://www.sciencedirect.com/science/article/abs/pii/S0961953414004346
https://doi.org/10.1016/j.biombioe.2014.09.024
https://doi.org/10.1016/j.biombioe.2014.09.024
https://pubs.acs.org/doi/10.1021/es301029g
https://pubs.acs.org/doi/10.1021/es301029g
https://pubs.acs.org/doi/10.1021/es301029g
https://doi.org/10.1021/es301029g
https://www.sciencedirect.com/science/article/abs/pii/S2214785319326380
https://www.sciencedirect.com/science/article/abs/pii/S2214785319326380
https://www.sciencedirect.com/science/article/abs/pii/S2214785319326380
https://doi.org/10.1016/j.matpr.2019.07.454
https://doi.org/10.1016/j.matpr.2019.07.454
https://pubs.acs.org/doi/10.1021/jf501139f
https://pubs.acs.org/doi/10.1021/jf501139f
https://pubs.acs.org/doi/10.1021/jf501139f
https://pubs.acs.org/doi/10.1021/jf501139f
https://doi.org/10.1021/jf501139f
https://www.hindawi.com/journals/jnm/2022/5119797/
https://www.hindawi.com/journals/jnm/2022/5119797/
https://www.hindawi.com/journals/jnm/2022/5119797/
https://doi.org/10.1155/2022/5119797
https://doi.org/10.1155/2022/5119797
https://www.sid.ir/en/vewssid/j_pdf/86220110202.pdf
https://www.sid.ir/en/vewssid/j_pdf/86220110202.pdf
https://www.sid.ir/en/vewssid/j_pdf/86220110202.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0950061811002650
https://www.sciencedirect.com/science/article/abs/pii/S0950061811002650
https://www.sciencedirect.com/science/article/abs/pii/S0950061811002650
https://doi.org/10.1016/j.conbuildmat.2011.06.014
https://doi.org/10.1016/j.conbuildmat.2011.06.014
https://www.sciencedirect.com/science/article/abs/pii/S2214785319326379
https://www.sciencedirect.com/science/article/abs/pii/S2214785319326379
https://www.sciencedirect.com/science/article/abs/pii/S2214785319326379
https://www.sciencedirect.com/science/article/abs/pii/S2214785319326379
https://doi.org/10.1016/j.matpr.2019.07.453
https://ascelibrary.org/doi/10.1061/%28ASCE%29MT.1943-5533.0000310
https://ascelibrary.org/doi/10.1061/%28ASCE%29MT.1943-5533.0000310
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000310
https://jtatm.textiles.ncsu.edu/index.php/BioRes/article/view/BioRes_10_2_3017_Zhang_Biomass_Char_Preparation
https://jtatm.textiles.ncsu.edu/index.php/BioRes/article/view/BioRes_10_2_3017_Zhang_Biomass_Char_Preparation
https://www.tandfonline.com/doi/full/10.1080/2374068X.2022.2092684
https://www.tandfonline.com/doi/full/10.1080/2374068X.2022.2092684
https://www.tandfonline.com/doi/full/10.1080/2374068X.2022.2092684
https://doi.org/10.1080/2374068X.2022.2092684
https://doi.org/10.1080/2374068X.2022.2092684
https://www.sciencedirect.com/science/article/abs/pii/S221478532205088X
https://www.sciencedirect.com/science/article/abs/pii/S221478532205088X
https://www.sciencedirect.com/science/article/abs/pii/S221478532205088X
https://doi.org/10.1016/j.matpr.2022.07.399
https://doi.org/10.1016/j.matpr.2022.07.399
https://pubs.aip.org/aip/acp/article-abstract/2283/1/020114/948270/Soil-stabilization-using-raw-plastic-bottle?redirectedFrom=fulltext
https://pubs.aip.org/aip/acp/article-abstract/2283/1/020114/948270/Soil-stabilization-using-raw-plastic-bottle?redirectedFrom=fulltext
https://doi.org/10.1063/5.0025143
https://doi.org/10.1063/5.0025143
https://www.sciencedirect.com/science/article/abs/pii/S2214785320366888
https://www.sciencedirect.com/science/article/abs/pii/S2214785320366888
https://www.sciencedirect.com/science/article/abs/pii/S2214785320366888
https://doi.org/10.1016/j.matpr.2020.09.008
https://doi.org/10.1016/j.matpr.2020.09.008
https://www.sciencedirect.com/science/article/pii/S0048969720375653
https://www.sciencedirect.com/science/article/pii/S0048969720375653
https://www.sciencedirect.com/science/article/pii/S0048969720375653
https://doi.org/10.1016/j.scitotenv.2020.144034
https://doi.org/10.1016/j.scitotenv.2020.144034

	Abstract
	Keywords
	Introduction
	Materials and Method
	Nanomaterial synthesis
	Synergistic effects
	Environmental sustainability
	Biomass char
	Physical properties
	Chemical properties
	Proximate analysis
	Clayey soil

	Results and Discussion
	Compaction characteristics
	Strength characteristics
	California bearing ratio characteristics

	Conclusion
	Acknowledgements
	Conflict of Interest
	Funding
	References
	Table 1
	Table 2
	Table 3
	Table 4
	Figure 1
	Table 5
	Figure 2
	Table 6
	Figure 3
	Table 7
	Figure 4
	Table 8
	Figure 5

