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Abstract
Biochar is biomass-derived carbonaceous solid product obtained when plant-based biomass is heated in a closed environ-
ment in presence of little or no oxygen. In the present study, the biochar is produced by slow pyrolysis of Prosopis Juliflora. 
The use of P. Juliflora helps to reduce the threat to biodiversity as well as decrease the transmission rate of malaria, thus 
contributing to a sustainable environment. The biochar is uniformly mixed with expansive black cotton soil at three different 
percentages (5, 10% w/w) at same compaction state. Microstructural (X-ray diffraction, Fourier-transform infrared spectros-
copy, scanning electron microscope, energy-dispersive x-ray spectroscopy), physicochemical (cation exchange capacity, pH, 
specific gravity) as well as geotechnical characterizations (consistency limits, free swell, permeability, California bearing ratio 
(CBR), shear strength) are carried out on soil with and without biochar amendment at different percentage mix by laboratory 
testing. It is observed that addition of biochar increases the shear strength and CBR and decreases the free swell index of 
the expansive soil. Overall, the study revealed that biochar-amended soils can possess excellent geotechnical properties to 
serve as a stabilizing material for expansive soils.
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Introduction

Prosopis juliflora is regarded as invasive in many countries 
such as Asia, Australia and Africa [1, 2] and Hawaii, USA 
[3]. It has created a negative biodiversity in many parts of 
the world [2]. It is known to grow rapidly due to its inbuilt 
mechanism or characteristics to overcome drought and 
salinity stress. This is enhanced by its high ‘proline’ con-
tent under these stress conditions. The invasive species can 
withdraw water from deeper layers due to its deep penetrat-
ing roots.

In addition to the threat to biodiversity, the Prosopis juli-
flora species also contributes immensely in enhancing the 
transmission capacity of disease called “malaria” [4]. Field 
experiments were carried out to investigate Anopheles gam-
biae populations in villages with and without the presence 
of Prosopis juliflora [4]. It was found from the study that 
the Anopheles gambiae population can almost be doubled 
due to presence of Prosopis juliflora. The reason is that this 
invasive plant is an important source of sugar for older and 
larger mosquito population especially during the dry season. 
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This would therefore help in extending the survival rate of 
mosquitos and hence, the transmission season of malaria.

Though, there are various control strategies such as by 
conversion to flour production or charcoal production for 
agricultural yield [5] that has been explored, but its conver-
sion to biochar (BC) for utility as cover material (i.e., when 
mixed with soil) in green infrastructures (green roof, biofil-
ter units; vegetated slopes) is relatively less explored. Some 
recent studies were done by the agriculturalists to analyze 
use of BC produced from Prosopis Juliflora in soil fertility 
and agricultural crops yield [6, 7]. Their studies found out 
that BC from Prosopis juliflora increases plant productiv-
ity and is also able to adsorb chromium contaminant. The 
effects of biochar (5%, 10% and 15% by weight) amendment 
on physicochemical and geotechnical properties of landfill 
cover soil showed that the hydraulic conductivity of the soil 
increases, compressibility of the soil decreases and shear 
strength of the soil increases with an increase in the biochar 
amendment and with a decrease in biochar particle size [8]. 
The engineering properties of seven different types of waste 
wood-derived biochar and biochar-amended soils were stud-
ied for engineering applications [9]. It was observed that bio-
char amendment to soil increases the porosity, water holding 
capacity and organic matter and decreases the density and 
specific gravity of soil. The physical and chemical properties 
of commercially available waste wood-derived biochar fixed 
carbon, volatile matters and ash content vary with the type of 
production [10]. The effects of biochar on shear strength and 
liquefaction properties of cohesionless soils showed that bio-
char-amended soil delays the increase in excess pore water 
pressure and provides some resistance to liquefaction [11]. 
The rate of soil erodibility of biochar-amended soil, to be 
used as a cover material for geo-environmental applications, 
decreased with gradual increment in water content [12]. 
The water retention and gas permeability characteristics of 
biochar-amended soil and its relationship with soil water 
content in unsaturated state were also investigated [13]. The 
microstructural and morphological characterization of lead 
contaminated clay with zero-valent iron treatment exhib-
ited larger particle size and branched particle shape [14]. 
A new model based on model uncertainty characterization 
was proposed for estimating root cohesion of Riparian trees 
[15]. Treating lead contaminated soil with zero-valent iron 
caused an increase in the vane shear strength, stiffness, fric-
tion angle and compression index of the soil [16]. The fea-
sibility of nanoscale zero-valent iron (nZVI) for simultane-
ous stabilization of Pb and improvement of soil strength is 
demonstrated via batch experiments [17]. A correlation is 
derived between the unsaturated shear strength parameters 
of silty sand and its unconfined compressive strength [18].

However, limited studies reported that analyze index 
and engineering properties of soil mixed with biochar are 
produced from Prosopis Juliflora. Further, the soil density 

adopted in green infrastructure (i.e., slopes) is relatively 
higher (i.e., 95% degree of compaction) as compared to 
that in agricultural fields (i.e., 50–60% degree of compac-
tion) [10, 19]. Difference in packing of soil particles may 
influence the soil pores size and arrangement. This may 
further affect how fine biochar interacts with the soil pores. 
Therefore, it is important to understand the influence of bio-
char on the compacted soil properties (i.e., index as well 
as mechanical) often found in green infrastructures. Fur-
ther, there are relatively less studies that analyze changes in 
physio-chemical characterization (using SEM, XRD, FTIR, 
etc.) of compacted soil when mixed with BC produced from 
P. Juliflora. Such characterization is important to understand 
the interaction of compacted soil and biochar and further 
interpret engineering properties of soil. This may help to 
explore feasibility of such BC produced from invasive and 
malaria contributing plant in green infrastructures. This 
might lead to an alternate means of waste management for 
this invasive plant. In addition to this, BC can facilitate the 
stability of the carbon in green infrastructure and help in 
long-term carbon sequestration [20].

The main objective of the present study is to investigate 
the index and engineering properties of an expansive soil 
amended with Prosopis Juliflora BC. The BC is produced 
by slow pyrolysis of local Prosopis Juliflora and uniformly 
mixed with soil at three different percentages (0, 5 and 10) 
at same compaction state. The biochar from a specific weed 
promotes malaria. The usage of such weed for biochar pro-
duction will help to keep malaria in check. Physio-chemical 
characterization is carried out on soil with and without 
biochar at different percentage mix. Their mineralogical, 
microstructural, physical and chemical characteristics are 
compared to assess their potential for the purpose of ground 
improvement.

Materials used

Black cotton soil

In the present study, the expansive black cotton soil (BCS) 
is collected from Nalgonda district of Telangana state in the 
southern part of India. The soil is classified as highly com-
pressible clay (CH) according to Unified Soil Classification 
System. The different physicochemical, index and engineer-
ing properties of BCS are provided in Table 1. The tests are 
conducted according to ASTM 4318-93, ASTM D1557 and 
ASTM D2166-98 (ASTM 2000c; ASTM 2012).

Biochar

Biochar is produced from invasive Prosopis juliflora. The 
production of biochar is carried out using slow pyrolysis 
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process [21, 22] in a muffle furnace. The temperature for 
pyrolysis is kept at around 500 °C. The biochar contains par-
ticles ranging around size equivalent to 55% medium sand, 
40% dense sand and 5% of total fines (silt and clay) fraction. 
Based on the elemental analysis [23], the biochar contains 
around 75% carbon (C) and 0.25% nitrogen (N) content. The 
C/N ratio is found to be around 395, whereas CEC of biochar 
is 21 cmol/kg.

Experimental methodology

Chemical characterization

X-ray diffraction (XRD) analyses are performed using a 
RIGAKU Ultima IV diffractometer to identify the miner-
als present in the untreated and treated BCS. The powdered 
samples are examined through CuKα rays generated at 
40 mA and 40 kV. The operating 2θ range is from 0 to 100° 
with a step of 0.02° for 2θ values and integrated at the rate 
of 2 s per step. Fourier-transform infrared (FTIR) spectros-
copy of BCS is collected using a JASCO FTIR 4200 setup. 

The BCS is powdered and dried in an oven at 105 °C for 1 h 
to remove any residual moisture and then mixed with dried 
KBr powder to prepare pellets. The spectral range is speci-
fied as 4000–400 cm−1 for all the samples. The FTIR spectra 
for BCS are performed to study the change in the formation 
of chemical bonds following the treatment by analyzing the 
transmittance spectra. The SEM–EDS study is conducted 
using Thermo Scientific Apreo SEM provided by FEI (Field 
Electron and Ion Company). The images of different magni-
fication are captured, at various locations of BCS. At each 
location, three different regions are chosen at random for 
detecting the surface topography at 1250 and 2500 magnifi-
cations. The EDS spectra are also provided through software 
system which measures the relative abundance of emitted 
X-rays along with their energy. For the adequate working of 
EDS analyzer, the probe current and working distance are 
maintained at 65.4 ~ 67.0 μA and 8–15 mm. Micrographs 
are randomly chosen for detecting the surface topography 
at 2500 ×, 5000 × and 10000 × magnifications at three dif-
ferent locations. At each location two images are captured 
at different ranges.

Geotechnical characterization

To test the Atterberg limits (LL, PL and PI), the BC blended 
black cotton soil is pulverized and tested as per ASTM D 
4318 (ASTM 2000a). A series of standard Proctor com-
paction tests are conducted on black cotton soil incorpo-
rated with 0, 5 and 10% of BC in order to achieve the den-
sity–moisture relationship of soil stabilizer. The undrained 
shear strength test of cohesive soil is performed according 
to ASTM D2166 standard. Multiple unconfined compressive 
strength (UCS) tests for all composite soil are conducted 
in the laboratory under a fixed strain rate of 1.2 mm/min 
in order to assess the increasing amount of shear strength 
behavior with addition of BC. Before preparing the sample, 
the OMC of the particular soil is evaluated through Proctor 
compaction test at varying percentages of BC. Treated and 
untreated soils are molded in 3.8 cm diameter by maintain-
ing the height as twice the diameter by mixing the particular 
OMC in the soil with respect to that curing period. After 
sample preparation, it is kept in an airtight vacuum desic-
cator for maturation and to preserve the moisture content 
during compressive load application. Free swell index is one 
of the simplest tests used to identify the expansiveness and 
swelling potential of soil by adopting the ASTM D2166-
06 procedure. This test is performed by transferring 10 g 
of BC blended soil passing through IS 4.75 mm sieve in 
two graduated cylinders of 100 cc volume filled with dis-
tilled water and kerosene. After 24 h, the volume of soil 
is measured against the graduated jar and found the differ-
ential swelling percentage. Soaked CBR test is conducted 
for both untreated and BC-treated expansive soil through 

Table 1  Basic properties of black cotton soil

Properties Values

Physicochemical properties
 pH 8.35

Cation exchange capacity (meq/100 gms)
 Calcium 4.832%
 Sodium 0.780%
 Potassium 2.832%
 Magnesium 0.644%
 Silica 42.67%
 Aluminum 13.82%

Index and engineering properties
 Specific gravity 2.59
 Liquid limit (LL) 62%
 Plastic limit (PL) 20%
 Plasticity index (PI) 42%
 Shrinkage limit (SL) 12%
 Grain size distribution
  Gravel (> 4.75 mm) 1%
  Sand (0.075–4.75 mm) 27%
  Silt and Clay (< 0.075 mm) 72%

 Soil classification (according to USCS) CH
 Free swell index (FSI) 76.3%
 Maximum dry density (MDD) 16.5 kN/m3

 Optimum moisture content (OMC) 17.6%
 Permeability (cm/sec) 7.2 × 10−7

 Soaked California bearing ratio (CBR) 1.92
 Unconfined compressive strength 185 kN/m2
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ASTM D1883—16 to evaluate the suitable stiffness of a 
subgrade layer by soaking the soil samples for 96 h in water 
prior to the test. Static load at the rate of 1.25 mm/min was 
applied on the specimen through a loading frame of 50 mm 
dia. plunger. Observations are taken between the test load 
(penetration resistance) versus the penetration of plunger at 
2.5 and 5 mm, respectively.

Results and discussions

Chemical characterization

X‑ray diffraction (XRD)

X-ray diffraction peaks obtained for powdered samples of 
untreated BCS as well as AAB-treated BCS are shown in 
Fig. 1a–d. XRD analysis shows that the raw BCS consisted 
of clay minerals such as montmorillonite (M), quartz (Q) 
illite (I) and muscovite (Ms) (Fig. 1). This is consistent with 
the findings of previous researchers [24–27].

From Fig. 1, it can be observed that for pure biochar, the 
peak at around 20°–22° can be attributed to the mineral apa-
tite (Ap). The broad peak at 26° is indicative of the presence 
of the amorphous carbon in the sample, due to formation of 
turbostratic carbon crystallites. The peaks at around 40° are 
due to the mineral calcite (C) which is a common mineral 
in the biochar. The peaks at around 30° represent quartz (Q) 
and anhydrite (A) (at 29°).

The peak in the graph suggests that at 2θ, the structure 
is more crystalline in nature. It can be observed from Fig. 1 
that as 5% biochar is mixed in the black cotton soil, the 
intensity of the peaks increased because of the attribution 

of crystallinity by hemicellulose and lignin present in bio-
char, hence sharper peak is obtained. As 10% biochar by 
weight is mixed with soil, the inter-planar spacing between 
the soil particles is increased and peaks of low intensity are 
obtained. As black cotton soil is clayey in nature, so it con-
sists the clayey minerals such as montmorillonite (M), quartz 
(Q), illite (I) and muscovite (Ms) which can also be seen 
from the peaks of graphs that correspond to these minerals. 
Because of biochar present in soil, the graphs also show 
some peaks for the minerals that corresponds to sylvite (S), 
calcite (C), whitlockite (W). In 5% biochar-BCS mix, the 
peaks of smaller intensity are obtained that corresponds to 
sylvite mineral, but in 10% biochar-BCS mix, these peaks 
are absent for this mineral. Due to more addition of biochar, 
the inter-planar spacing between the soil particles increases 
and the structure loses its crystallinity.

Fourier‑transform infrared (FTIR) spectroscopy

FTIR spectroscopy compares the presence of different 
chemical bonds and molecular vibrations in untreated and 
BC-treated black cotton soil. The corresponding transmit-
tance spectra are presented in Fig. 2. From the figure, it is 
observed that untreated BCS shows peaks at 2924 cm−1 for 
C–H (asymmetric stretching), C–H stretching at 2855 simi-
larly at 2350 for C=O (symmetric), 1633 for C=O (stretch-
ing), 1439 for C–H (bending), 1033 for Si–O–Si (antisym-
metric stretch), for Al–O (stretching) at 785 and at 527 for 
Si–O–Al (bending) vibrations [26, 27].

In Fig. 2, the peaks for the pure biochar are observed at 
the frequencies—3739.3, 3428.8, 2921.6, 2856.1, 2169.5, 
1897.6, 1583.3, 1444.4, 1147.4, 1004.7, 876.5, 753.1 and 
515.9 cm−1. Vibration of silanol group at hetero-boundary 

Fig. 1  X-ray diffractogram of 
raw BCS, pure biochar and BCS 
amended with 5% and 10% 
biochar
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is captured by the peak at 3739.3 cm−1; similarly hydroxyl 
group’s vibration is captured by the peak at 3428.8 cm−1. 
2921.6 and 2856.1 cm−1 represent the C–H vibration and 
the symmetric C–H bond, respectively. Combination of the 
amide I band with that of the amide III band is captured by 
the peak at 2169.5 cm−1. Presence of Rh − NO + species is 
denoted by the peak at 1897.6 cm−1. Peak at 1583.3 cm−1 
corresponds to C–C stretching of benzene ring. Polymeri-
zation of Si–OH groups forming Si–O–Si bonds in inner 
structures is given by the peak at 1147.4 cm−1. The peaks 
at 876.5 and 753.1 cm−1 represent the asymmetric bending 
of calcite and SiAOAAl symmetric vibration, respectively. 
Stretching vibration of the bond between manganese and 
oxygen is shown by the peak at 515.9 cm−1. The peak at 
469.6 cm−1 represents the  CH2 and  CH3 deformation.

From Fig. 2, it is observed that untreated BCS + 5% bio-
char shows peaks at 3636, 3436, 3147, 3010, 1639, 1398, 
1031, 785 and 467 cm−1. The bands at 3636, 3436, 3147 and 
1639 cm−1 indicate the presence of water and are associated 
with O–H stretching vibrations. The band at 1398 cm−1 rep-
resents symmetric stretching of  COO− groups. The bands 
at 1031 and 693 cm−1 are assigned to symmetric stretch-
ing of Si–O. The Si–O–Si bending is represented by peak 
at 468 cm−1. Figure 2d presents the FTIR spectra of BCS 
with 10% biochar. With increase in percentage of biochar, 
additional peaks were observed in the FTIR spectra. The 
major bands were at 3840, 3408, 3144, 1403, 1039, 875 and 
691 cm−1. The bands at 3840, 3616, 3408 and 1624 cm−1 
are assigned to O–H stretching of water. The deforma-
tional vibrations of methyl groups are indicated by peak at 
1403 cm−1. The Si–O stretching vibrations are associated 
with peaks at 793 and 468 cm−1.

With the increase in the biochar content, the number of 
peaks corresponds to different types of stretching and vibra-
tions increased. This is because of the surface active groups 
like hydroxyl, amine, carboxyl, etc. of hemicelluloses, lignin 

(polymers present in biochar) that are capable to bind with 
the heavy metals and increased the chemical bonding. The 
carboxyl, hydroxyl, amino groups are the hydrophilic groups 
which attract the water and increase the bonding and hence 
liquidity limit (LL) will increase. With the increase in per-
centage of biochar, there is an increase in the number of 
peaks in the FTIR spectra. The chemical shift observed in 
the spectra with an increase in percentage of biochar is pre-
sented in Table 2.

Scanning electron microscopy (SEM)

Figure 3 shows the scanning electron micrographs for BCS 
treated with varying percentages of AAB Typical micro-
graph of raw BCS shows the clay layers in the figure which 
reveals a flaky type microstructure indicating smectite and 
montmorillonite surface layer of clay matrix [24].

The microstructures of biochar depend on wood species 
and post-processing on the raw material (Fig. 4). The magni-
fied images of biochar show the honeycomb structure, and 
regular shape vessels are also visible. A structural deforma-
tion can occur or removal and also relocation of cell wall 
matrix (change in cell structure) due to the effect of a high 
temperature and microwave frequency. Bigger porous holes 
are visible. Porosity of biochar develops the soil in such a 
way that in dry conditions, biochar holds the moisture long 

Fig. 2  FTIR spectral image profile of raw BCS, pure biochar and soil amended with 5% and 10% biochar

Table 2  Chemical shift due to presence of different biochar contents

BCS + 5% biochar BCS + 10% biochar

3142 3144 (− 2)
1639 1625 (14)
1399 1403 (− 11)
784 793 (− 9)
525 516 (− 9)
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after the surrounding soil, and aids to facilitate the behavior 
of water and air in soil and allows microbial life to stay alive 
in periods of drought. In this way, biochar assists to boost 
the soil fertility. As the pyrolysis temperature of biochar 
increases, the maximum carbon content increases and the 
volatile matter decreases. Many white dots are found on the 
surface of biochar. These white dots comprise of silicon. It 
is also possible that crystallinity (more regular packing) of 
mineral components increases and highly ordered aromatic 
structures form with increasing pyrolysis temperature. The 
sphere-like microparticles are formed by the degradation of 
cellulose and lignin during carbonization.

Figure 5a, b shows the SEM images of black cotton soil 
mixed with 5% and 10% of biochar. From the figures, we can 
see flaky layers of black cotton soil accompanied with solid 
framework of biochar matrix. With increase in biochar, the 
cellular matrix density increases and in Fig. 5b, it is seen that 
the cellular matrix places itself in between the flaky layers, 
which can aid in improving the bearing capacity of soil. 
Additionally, the soil looks more porous than it was before 
biochar treatment.

EDS provides the chemical composition in weight per-
cent (Wt%) and atomic percent (At%) for black cotton soil 
treated with different percentages of BC shown in Table 3. 
As expected, silica (Si) and calcium (Ca) are found to be 
the major components of the untreated BCS. Oxygen (O) 
and carbon (C) are also found along with traces amount of 
aluminum (Al) peaks in Fig. 5a.

Geotechnical characterization

Table 4 provides the basic geotechnical characteristics of soil 
amended with 5% and 10% of biochar. The specific gravity 
of biochar is 0.85. The specific gravity of soil amended with 
0, 5 and 10% of biochar are 2.59, 2.50 and 2.45, respectively. 
The reason for the lower specific gravity of soil amended 
with biochar may be attributed to the fact that the soil par-
ticles are replaced by organic biochar particles that have a 
lower dry density than soil particles. 

The MDD and corresponding OMC for raw BCS are 
16.5 kN/m3 and 17.6%, respectively. By adding biochar, 
MDD decreased while OMC increased. It may be stated that 

Fig. 3  SEM-EDS images of raw BCS

Fig. 4  SEM-EDS images of pure biochar
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the decreased MDD is mainly due to the lower specific grav-
ity of biochar particles [28] and the smaller compressibility 
of amended soils at a given compaction energy [29]. The 
higher OMC can be caused by the highly porous structure 
and larger surface area of biochar particles.

Figure 6a shows the variation of plasticity index and 
shrinkage limit in biochar-amended soil. The Atterberg limit 
test on biochar revealed it to be non-plastic. The decrease 
in plasticity index indicates that addition of biochar to 
black soil decreases its plasticity. It is attributed to more 

Fig. 5  SEM-EDS images (at 2500x maginification) of a soil + 5% biochar b soil + 10% biochar

Table 3  EDS elemental analysis for untreated BCS, biochar & biochar-amended soil

Elements/
Samples

Pure biochar BCS + 5% biochar BCS + 10% biochar Untreated BCS

Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)

C 11.86 18.22 22.22 17.60 163.88 23.75 61.01 19.57
O 51.44 59.30 98.51 58.60 59.70 55.45 21.99 53.47
Na 0.62 0.50 0.70 0.29 16.73 12.85 40.73 6.83
Al 6.51 4.45 17.37 6.13 32.27 2.08 36.65 5.23
Si 20.88 13.71 33.95 11.50 82.89 5.14 91.08 12.50
Cl 0.15 0.08 0.00 0.00 0.00 0.00 0.00 0.00
K 1.06 0.50 2.00 0.49 2.22 0.10 4.47 0.44
Ca 2.19 1.01 19.66 4.67 9.33 0.41 8.20 0.79
Fe 3.90 1.29 0.00 0.00 0.00 0.00 9.96 0.69
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Table 4  Physio-chemical 
properties of black cotton soil 
amended with 5% and 10% of 
biochar

Properties Pure biochar 5% Biochar 10% Biochar

Physicochemical properties
 pH 9.25 9.37 9.30

Index and engineering properties
 Specific gravity 0.85 2.50 2.45
 Liquid limit (LL) NP 49% 55%
 Plastic limit (PL) NP 15% 33%

Grain size distribution
 Gravel (> 4.75 mm) 0% 1% 1%
 Sand (0.075–4.75 mm) 38% 27% 27%
 Silt and clay (< 0.075 mm) 62% 72% 72%

Soil classification (according to USCS) CH CH CH
Free swell index (FSI) – 69.3% 60%
Permeability (cm/sec) – 5.9 × 10−6 7.7 × 10−5

Maximum dry density (MDD) (kN/m3) – 16.1 15.6
Optimum moisture content (OMC) (%) – 18 18.5

Fig. 6  a Variation of plasticity 
index and shrinkage limit of 
BCS with biochar amendment. 
b Variation of soaked CBR 
and UCS of BCS with biochar 
amendment
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cohesionless material entering the matrix in a soil having 
more clay particles. This is in contrast to biochar amendment 
in silty soil, wherein addition of biochar results increases in 
liquid and plastic limit [12]. There is no significant change in 
the shrinkage limit of the soil regardless of biochar percent-
age which is consistent to the findings of previous studies 
[12].

With respect to mechanical strength (Fig. 6), it is clearly 
observed that soaked CBR increases with gradual biochar 
addition (almost 2.6 times). The increase in strength by both 
UCS and CBR can be attributed to the hydrophilic surface 
functional groups (mainly hydroxyl) observed in the FTIR 
of biochar. Thus, surface cohesive bonds are magnified with 
biochar addition. Furthermore, as the soil is constituted of 
charged clay particles (indicated in Table 1), the negative 
ions can form bonds with the surface functional groups 
(indicated by change in absorbance through wavelength 
(1000–2000) for biochar-amended soil).

Soil water characteristics curve (SWCC)

Figure 7 shows the soil water characteristic curves for raw 
BCS and BCS amended with 5% and 10% of biochar. It 
is seen from Fig. 7 that the water retention increases with 
addition of biochar. This increase can be attributed to the 
high amount of intrapores within the biochar. Secondly, 
the hydrophilic groups in the biochar surface further attract 
the water molecules. Based on the sensor readings, the air 
entry value potentially increases with addition of biochar 
as well. In previous studies [30–32], the biochar produced 
from water hyacinth also shows significant increase in water 
retention of silty sandy soil. The effect of biochar in case 
of sandy soil appears to be more prominent than that in the 
expansive soil (in current study). This might be due to rela-
tive difference in porous structure of biochar and the soil 
under investigation.

Conclusion

The present study investigates the index and engineering 
properties of expansive black cotton soil amended with 
Prosopis Juliflora biochar, uniformly mixed with soil at 
three different percentages (0, 5 and 10). The use of P. 
Juliflora serves a bifold purpose of reducing the threat to 
biodiversity as well as decreasing the transmission rate of 
malaria, thus contributing to a sustainable environment. The 
following conclusions can be derived from the present study:

• The plasticity index of the biochar-amended soil 
decreased by a considerable amount with increase in per-
centage of biochar addition. The free swell index of the 
soil also decreases with addition of biochar, which leads 
to the stabilization of expansive soil. However, there is 
no significant change in the shrinkage limit of the soil 
regardless of biochar percentage.

• MDD decreased while OMC increased with addition of 
biochar. The decreased MDD is mainly due to the lower 
specific gravity of biochar particles and the smaller 
compressibility of amended soils at a given compaction 
energy. The higher OMC can be caused by the highly 
porous structure and larger surface area of biochar parti-
cles.

• The CBR value increased by almost 2.6 times with addi-
tion of biochar. Also the unconfined compressive strength 
increased significantly with biochar amendment. The 
increase in strength by both UCS and CBR can be attrib-
uted to the hydrophilic surface functional groups (mainly 
hydroxyl) observed in the FTIR of biochar.

• The soil water characteristic curve shows that the water 
retention capacity of expansive soil increases with 
addition of biochar. This is due to the high amount of 
intrapores within the biochar and the hydrophilic groups 
present on the biochar surface.

Fig. 7  Soil water characteristic 
curves for a soil, b soil + 5% 
biochar, c soil + 10% biochar
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The limitation of current study is that only one type of 
soil and biochar has been used. In addition, testing has been 
done for a limited duration of time without considering any 
effects of degradation of biochar. A large-scale study con-
sidering soil–biochar mix with a long-term monitoring is 
required to capture degradation effects of biochar.
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