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Abstract
The adoption of sustainable materials, such as biochar and polymers, for soil amendment provides a low-carbon alterna-

tive to establishing hydraulic barriers in waste disposal facilities. However, the unsaturated behaviour of the amended liner
remains unexplored. The soil water characteristic curve (SWCC) and the soil shrinkage characteristic curve (SSCC) are key to un-
derstanding seepage and unsaturated soil resilience, as they provide intrinsic hydraulic and mechanical information required
to model and predict the behaviour of unsaturated soils. Therefore, this study provides comprehensive experimental research
on the development of SWCC and SSCC for liner soil amended with different dosages of biochar (0%, 5%, 15%, and 25%) and
bis(2-hydroxyethyl) terephthalate (BHET) polymer (0%, 2%, and 3%). Various tests, like compressive strength, volumetric shrink-
age, water retention, electrical conductivity, and scanning electron microscopy (SEM), were conducted. Results showed that
compressive strength, water retention capacity, and electrical conductivity of the samples increased with biochar and polymer
content, while higher biochar dosage decreased volumetric shrinkage significantly, indicating improved performance of liner
soil. Moreover, SEM analysis showed the formation of polymer connections and films at the interparticle contacts of biochar
and soil. The results are promising and provide a framework for using biochar and the BHET polymer as landfill liner materials.

Key words: biochar, bis(2-hydroxyethyl) terephthalate, soil water characteristics curve, soil shrinkage characteristic curve,
suction, electrical conductivity

Résumé
L’adoption de matériaux durables, tels que le biochar et les polymères, pour l’amendement des sols constitue une alternative

à faible empreinte carbone à l’établissement de barrières hydrauliques dans les installations d’élimination des déchets. Toute-
fois, le comportement non saturé du sol de revêtement amendé demeure peu exploré. La courbe caractéristique de rétention
d’eau du sol (SWCC) et la courbe caractéristique de retrait du sol (SSCC) sont essentielles à la compréhension des écoulements et
de la résilience des sols non saturés, car elles fournissent les informations hydrauliques et mécaniques intrinsèques nécessaires
pour modéliser et prédire le comportement des sols non saturés. Par conséquent, cette étude présente une recherche expéri-
mentale approfondie sur le développement des courbes SWCC et SSCC pour un sol de revêtement amendé avec différentes
teneurs en biochar (0 %, 5 %, 15 % et 25 %) et en polymère bis(2-hydroxyéthyl) téréphtalate (BHET) (0 %, 2 % et 3 %). Divers essais,
tels que la résistance à la compression, le retrait volumétrique, la rétention d’eau, la conductivité électrique et la microscopie
électronique à balayage (MEB), ont été réalisés. Les résultats ont montré que la résistance à la compression, la capacité de
rétention d’eau et la conductivité électrique des échantillons augmentaient avec la teneur en biochar et en polymère, tandis
qu’une teneur plus élevée en biochar réduisait significativement le retrait volumétrique, indiquant une amélioration des per-
formances du sol de revêtement. De plus, l’analyse par MEB a révélé la formation de liaisons et de films polymériques aux
contacts interparticulaires entre le biochar et le sol. Les résultats sont prometteurs et fournissent un cadre pour l’utilisation
du biochar et du polymère BHET comme matériaux de revêtement pour sites d’enfouissement.

Mots-clés : biochar, bis(2-hydroxyéthyl) téréphtalate, courbe caractéristique de rétention d’eau du sol, courbe caractéristique
de retrait du sol, succion, conductivité électrique
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1. Introduction
Landfills remain the predominant method for the secure

disposal of municipal and hazardous wastes worldwide. Al-
though modern landfills are generally engineered to high
standards, the basal lining systems may still fail to fully pre-
vent leachate migration and the infiltration of harmful sub-
stances into groundwater. Such failures can lead to the re-
lease of hazardous contaminants into adjacent water bodies
and coastal environments (Rowe 2011; Alves de Godoy Leme
and Gonçalves Miguel 2018; Mei et al. 2020). Contaminant
transport through compacted liners is commonly evaluated
assuming saturated flow during the design stage; however, in
reality, landfill liners typically remain unsaturated. As a re-
sult, unsaturated water movement becomes a critical factor
in predicting contaminant migration through these barriers
and in safeguarding groundwater resources (Liu and Hu 2014;
Khan et al. 2022). The soil water characteristic curve (SWCC)
captures the relationship between soil suction and water con-
tent, reflecting the ability of soil to store or release water
under different suction levels, and serves as a key tool for
interpreting and estimating unsaturated soil property func-
tions (Gitirana and Fredlund 2004). Likewise, the soil shrink-
age characteristic curve (SSCC) depicts soil volume change
with varying moisture content. Because soil shrinkage modi-
fies the void ratio and thereby affects the SWCC, both SWCC
and SSCC are important for evaluating desiccation, shrink-
age, crack formation, and the long-term hydraulic perfor-
mance of compacted barriers (Wen et al. 2021).

Clayey soils with clay contents in the range of 20%–30%
are recommended for use as compacted clay liners (CCLs)
in landfills (Daniel and Koerner 1993). However, compacted
clays used as liners are prone to substantial shrinkage and
desiccation cracking, which increase their hydraulic conduc-
tivity over time and undermine their effectiveness as barri-
ers to leachate migration (Li et al. 2016). Desiccation crack-
ing also reduces the strength of liner soils, leading to higher
compressibility and excessive deformation (Albrecht and Ben-
son 2001). To alleviate desiccation-induced shrinkage, vari-
ous strategies have focused on modifying soil fabric using
chemical additives. Biochar has recently gained attention as
a promising landfill material due to its filtration capability,
low volumetric shrinkage, and high water retention capacity
(Reddy et al. 2015; Cai et al. 2022). Produced via thermochem-
ical conversion of waste biomass under limited or no oxygen
conditions, biochar offers the added benefit of supporting cir-
cular economy objectives by utilizing waste streams and en-
abling the production of efficient thermal backfill materials.
Garg et al. (2019) demonstrated that biochar treatment can
reduce gas permeability and shrinkage while improving wa-
ter retention. Biochar can also increase the air entry value
(AEV) and lower the soil desorption rate, thereby enhancing
soil capillarity (Cai et al. 2022). Furthermore, biochar incorpo-
ration may alter the physicochemical properties of soil min-
erals, such as surface area, pore structure, and ion exchange
capacity, through mechanisms involving surface complexa-
tion with hydroxyl groups or ion exchange with interlayer
cations or anions (Wang et al. 2022). Experimental studies fur-
ther indicate that the influence of biochar on soil behaviour is
highly dependent on the dosage. At low to moderate contents

(5%–10%), reductions in compressibility and improvements in
shear strength have been reported (Reddy et al. 2015). Increas-
ing biochar content has been shown to raise hydraulic con-
ductivity and enhance soil water retention (Sun et al. 2020;
Cai et al. 2022; Wan et al. 2022). An increase in electrical
conductivity (EC) has also been observed in biochar-amended
soils compared to untreated soils, attributed to ion release
(Patwa et al. 2021). Despite improvements in water retention,
a significant reduction in unconfined compressive strength
(UCS) has been reported in biochar-treated soils (Patwa et al.
2024). The UCS is a critical parameter for landfill liners be-
cause it dictates the ability of the liner to maintain structural
integrity and resist deformation under overburden and oper-
ational loads (Ni et al. 2020; Ramachandran et al. 2021). As a
result, the application of biochar in field-scale liner systems
remains somewhat constrained by this limitation.

A wide range of techniques for enhancing soil strength
and lowering hydraulic conductivity have been reported in
the literature. Chemical stabilizers, such as cement and lime,
are commonly employed to improve soil durability and are
generally regarded as cost-effective solutions. Little and Nair
(2009) recommended combining clays with cement to en-
hance hydration and increase the strength of clay-soil mix-
tures. However, concerns regarding the environmental conse-
quences of these materials have become more prominent in
recent decades due to their substantial carbon emissions dur-
ing production. Notably, cement manufacturing contributes
approximately 8%–10% of global annual anthropogenic CO2

emissions (Zhang et al. 2018; Andrew 2019). Consequently,
there is growing interest in eco-friendly binders capable of
improving both the strength and water retention character-
istics of biochar-amended soils. Microbial-induced calcite pre-
cipitation (MICP)/enzyme-induced calcite precipitation (EICP)
have gained recognition as a sustainable soil improvement
technique due to its lower carbon footprint and its capac-
ity to enhance mechanical performance (Li et al. 2023, 2024;
Bhurtel et al. 2024). Recent advances have deepened the un-
derstanding of MICP/EICP-treated soils in relation to strength
development, durability, and large-scale field performance
under challenging environmental conditions (Chandra and
Ravi 2020, 2021; Su et al. 2024; Dong et al. 2025). For exam-
ple, water-glass-enhanced biocementation has been shown to
accelerate early-age strength and improve cementation effi-
ciency in sandy soils, providing valuable insight into MICP
stabilization mechanisms (Dong et al. 2025). In addition, Su
et al. (2024) proposed applying the MICP process for pore den-
sification and surface modification of biochar to strengthen
soil–biochar interactions. Parallel research efforts have ex-
amined polymers as environmentally compatible additives
for soil stabilization. Motivated by these developments, the
present study focuses on polymers as green binders to im-
prove the engineering properties of biochar-amended soils.
When polymers are used for soil modification, only small
dosages (0.1%–5%) by weight are typically required to achieve
strength improvements comparable to much larger cement
dosages (3%–20%) by weight (Piqué et al. 2019; Chang et
al. 2020; Chandra and Siddiqua 2022). Recent investigations
have highlighted the effectiveness of polymer–clay combi-
nations for strength improvement and hydraulic conductiv-
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ity reduction in liners and cover systems. Gopakumar and
Bharat (2025) employed xanthan gum (XG), a biopolymer, for
slope stabilization in clayey soils, demonstrating its poten-
tial for applications such as landfill covers and liners, and
canal lining to reduce infiltration and enhance stability. De-
spite its environmental compatibility, XG is susceptible to
degradation under harsh field conditions (Moghal and Vydehi
2021).

Polyethylene terephthalate (PET), a common non-
biodegradable polymer, constitutes a significant fraction
of solid waste streams. Recent studies from our research
group have examined the use of chemically depolymerized
PET in the form of bis(2-hydroxyethyl) terephthalate (BHET)
polymer (Chandra and Siddiqua 2022, 2023). BHET is pro-
duced by chemically depolymerizing PET waste through
glycolysis with ethylene glycol under catalytic conditions,
yielding BHET monomers after cooling and purification
(Hernández et al. 2015; Şimşek 2020). BHET shares a sim-
ilar molecular structure with PET and contains strong
carbon–carbon (C–C) bonds, rendering it highly resistant to
early-stage natural degradation. BHET is produced as white
crystalline solids, and no harmful emissions or contami-
nation associated with it have been reported (Taniguchi et
al. 2019; Qiu et al. 2020). The hydroxyl (OH) and carbonyl
(C = O) functional groups in BHET facilitate interactions
with charged materials, including clays, semiconductors,
and other polymers, promoting the formation of cross-linked
structures (Liu et al. 2020; Chandra and Siddiqua 2022). For
instance, Hernández et al. (2015) showed that the lone-pair
electrons on the oxygen atoms within these groups enable
coordination bonding with various toxic heavy metals. The
properties of BHET have been assessed across a diverse
range of civil engineering applications. Noteworthy exam-
ples include its use in concrete to enhance crack-healing
behaviour, thermal and electrical responses, and durabil-
ity (Şimşek 2020), as well as its function as a heavy-metal
adsorbent for industrial wastewater treatment (Fatima et
al. 2020). Furthermore, BHET has been incorporated into
polymer–clay nanocomposites to improve thermal stability
and gas barrier performance (Zhang et al. 2004; Chen et al.
2009). Chandra and Siddiqua (2022) evaluated BHET polymer
content in sand–bentonite mixtures (SBMs) compacted at
molding densities of 1.55, 1.65, and 1.75 g/cm3 using three
key criteria: low hydraulic conductivity (<10−7 cm/s), low
volumetric shrinkage (<4%), and high UCS (>200 kPa). All
three requirements, essential for landfill liner performance,
were satisfied with a BHET content of 3% across the tested
densities. One-dimensional consolidation testing by Chandra
and Siddiqua (2023) further showed that the swollen BHET
hydrogel induced pore-clogging, reducing both compressibil-
ity and hydraulic conductivity of the SBM as BHET content
increased. Additionally, increasing the BHET content from
0% to 4% enhanced Pb2+ removal at all initial concentrations
due to the additional adsorption sites provided by BHET
functional groups.

Drawing from the above evidence, we hypothesize that the
incorporation of BHET polymer into biochar-amended soils
will result in a strong, durable, and environmentally sustain-
able composite suitable for landfill liner construction, with

enhanced water retention and reduced volumetric shrinkage.
Despite this potential, the interactions among BHET polymer,
biochar, and soil remain uninvestigated in the existing liter-
ature. Moreover, to the best of the authors’ knowledge, the
effects on the SSCC and soil water retention curve (SWRC)
in biochar-amended soils have not yet been explored. Only
a limited number of studies have explored the use of BHET
for soil stabilization. For instance, Al-Taie et al. (2020) evalu-
ated the application of BHET polymer to reduce compress-
ibility and increase direct shear strength in poorly graded
sand, while Chandra and Siddiqua (2022, 2023) investigated
BHET-treated SBMs to assess hydraulic conductivity and UCS
for potential landfill cover and liner use. Thus, qualitative in-
vestigations are necessary to fully understand the influence
of the polymer on biochar-amended soil and the resulting im-
plications for the SSCC and SWRC before recommending the
BHET–biochar–soil composite as a landfill liner material. Ad-
ditionally, the impact of biochar and polymer amendments
on the EC of compacted liners warrants further study. The
relationship between EC and moisture content can provide
valuable insights into moisture distribution, void formation,
and structural heterogeneity within the liner (Kalinski and
Kelly 1993; Pozdnyakov et al. 2006). Understanding how BHET
addition influences the mechanical strength, moisture reten-
tion, and structural characteristics of biochar-amended soils
is therefore essential. Evaluating the response of such soils
to suction and stress will help identify the most suitable ma-
terial combinations for liners and improve overall durability
and performance.

In this investigation, the SWCC and SSCC of the BHET–
biochar–bentonite–soil system are established to character-
ize seepage behaviour, unsaturated soil resilience, and asso-
ciated hydromechanical properties. The research primarily
examines the unsaturated behaviour of soils amended with
biochar and BHET polymer, focusing on shrinkage, EC, and
water retention performance of the composite liner material.
A series of compressive strength, volumetric shrinkage, wa-
ter retention, and EC tests was conducted, and scanning elec-
tron microscopy (SEM) was employed to assess microstruc-
tural features. This study underscores the potential for re-
purposing PET waste in hydraulic barrier construction due to
its non-toxic nature, cementitious behaviour, heavy metal ad-
sorption capacity, ready availability, and low biodegradabil-
ity.

2. Materials and methods

2.1. Experimental materials

2.1.1. Soil

The soil used in this study was collected from a site adja-
cent to the Thompson River in Kamloops, British Columbia,
Canada. Based on ASTM D-2487, the soil is classified as a
well-graded, non-plastic silty sand (SM) (ASTM 2011). In many
engineering projects, in-situ soils do not meet the required
geotechnical standards for CCLs. Blending locally available
silty sands with bentonite can provide the low hydraulic per-
formance and adequate strength needed for liner systems
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Fig. 1. Particle size distribution for the soils and biochar.

Table 1. Properties of biochar

Properties Values

Density at 20 ◦C (kg/m3) 150

Particle size (mm) <2

Auto ignition temperature (◦C) 450

pH 8.25

Water-holding capacity (%) 257.76

Specific surface area (m2/kg) 371

Electrical conductivity (EC20 w/w) (mS/cm) 0.263

Ash content (%) 2.4

Volatile matter (%) 21.4

Organic carbon (%) 90.4

Hydrogen/carbon (H:C) 0.34

Nitrogen 0.59

while minimizing the transport of natural clays (Lima et al.
2026). For CCL construction, Daniel and Koerner (1993) rec-
ommended using soils containing approximately 20%–30%
clay. In this research, soil passing the 2 mm sieve was used to
prepare the soil–clay mixture (SCM). The bentonite employed
was a sodium bentonite obtained from a local supplier in
British Columbia, Canada. The particle-size distributions of
both soils are shown in Fig. 1.

2.1.2. Biochar

The biochar is obtained from BC Biocarbon, which is manu-
factured at high temperatures between 600 and 800 ◦C, ensur-
ing minimal bio-oil residues. The properties and particle size
distribution curve of the biochar are given in Table 1 and Fig.
1, respectively. The biochar was finely ground using a grinder,

and the powder that passed through a 2 mm sieve was used
in this study.

2.1.3. Polymer

The BHET polymer used in this study was supplied by
Sigma–Aldrich (Canada) as a powder. The BHET was ground
and sieved through a 0.075 mm sieve before being mixed
with the soil, bentonite, and biochar. The specific gravity of
BHET is 1.316 g/cm3, with a molecular formula C12H14O6 and
a molecular weight of 254.24 g/mol. Additionally, it features
low viscosity and has a water solubility of 17.61 g/L (Chandra
and Siddiqua 2023). Figure 2a presents the molecular struc-
ture of BHET, which consists of a benzene ring, two aro-
matic ester groups, two hydroxyl groups, and two primary
alcohol functional groups (Chandra and Siddiqua 2022). Sim-
ilarly, Fig. 2b illustrates the SEM image of the BHET polymer.
Figure 2c illustrates the results of the BHET polymer for the
Fourier transform infrared spectrometer test. It is acquired
using the attenuated total reflectance (ATR) method in the
wavelength range of 500–4000 cm−1. The absorption band at
726 cm−1, signal at 1277 cm−1, peak at 3444 cm−1, and adja-
cent peaks at 2880 and 2964 cm−1 represent the presence of
a benzene ring, C–O–C stretching vibrations in ester groups,
O–H stretching of hydroxyl groups and alcoholic groups, re-
spectively (Castaño et al. 1998; Zhou et al. 2012; Chandra and
Siddiqua 2022).

2.2. Experimental methods

2.2.1. Specimen preparation

This study investigates the influence of biochar and BHET
polymer on the SWCC and SSCC of the soil. Specimens were
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Fig. 2. (a) Molecular structure of bis(2-hydroxyethyl) terephthalate (BHET) polymer, (b) scanning electron microscopy image of
BHET powder, and (c) Fourier transform infrared spectra for BHET polymer.

prepared with four biochar dosages (0%, 5%, 15%, and 25%
by dry weight of the SCM), and for each biochar level, three
BHET polymer dosages (0%, 2%, and 3% of SCM) were pro-
duced. Prior to mixing, the soil, bentonite, and biochar were
oven-dried and cooled, then blended with BHET to form a
dry mixture; deionized water was subsequently added to pre-
pare the specimens. The maximum dry density (MDD) and
optimum moisture content (OMC) for each composition were
determined using the Standard Proctor test in accordance
with ASTM D698 (2012). The Atterberg limits, including liq-
uid limit (LL%) and plastic limit (PL%), were measured follow-
ing ASTM D4318 (2017), and pH was evaluated according to
ASTM D4972 (2019). For SWCC, SSCC, EC, and SEM analyses,
specimens were compacted at their respective OMC and MDD
to ensure consistent initial conditions. Before compaction,
the wetted mixtures were sealed in plastic bags and stored
at room temperature for 24 h to achieve equilibrium mois-
ture content. All tests were conducted in triplicate within a
humidity- and temperature-controlled chamber, resulting in

a total of 36 soil specimens. The OMC, MDD, LL, PL, and pH
values for all mixtures are summarized in Table 2.

2.2.2. Soil water characteristic curve

The relative humidity (RH) sensor (Rotronics Hygroclip Rel-
ative Humidity Sensor–model # HC2-S) was used to measure
the RH at different moisture contents for each specimen.
The RH sensors were calibrated using six calibration points,
including five different oversaturated binary salt solutions
and deionized water. The RH sensor was first connected to
a suction tip, as shown in Fig. 3, and then inserted into a
hole drilled at the bottom of previously saturated specimens
(Tabiatnejad et al. 2016). A broad range of moisture content
was established to get a full SWCC. After each RH measure-
ment, the specimen was left to dry until it reached the de-
sired water content for another RH reading, which was con-
firmed by regular mass measurements. After taking all the
desired readings, the samples were dried in an oven to deter-
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Table 2. Physical characteristics of the samples.

Specimen B (%) P (%) OMC (%) MDD (g/cm3) LL (%) PL (%) pH

SCM-0B-0P 0 0 17.50 1.83 79.00 24.75 6.10

SCM-5B-0P 5 17.50 1.68 79.00 24.72 7.92

SCM-15B-0P 15 25.80 1.33 83.26 22.65 8.48

SCM-25B-0P 25 33.50 1.13 87.60 20.89 8.95

SCM-0B-2P 0 2 18.90 1.80 87.52 30.19 5.52

SCM-5B-2P 5 19.00 1.70 87.58 30.22 7.16

SCM-15B-2P 15 27.20 1.36 91.00 28.31 7.45

SCM-25B-2P 25 34.90 1.15 96.21 27.42 7.62

SCM-0B-3P 0 3 19.80 1.78 89.42 35.25 4.53

SCM-5B-3P 5 20.10 1.71 89.48 35.38 6.22

SCM-15B-3P 15 28.30 1.37 101.04 39.49 6.55

SCM-25B-3P 25 36.00 1.17 107.15 38.46 6.81

Note: B = biochar content; P = BHET polymer content

Fig. 3. Suction tip and relative humidity sensor to measure relative humidity.

mine the final water content. Once the RHs in soil specimens
were measured, total suctions were calculated using Kelvin’s
equation (Fredlund and Rahardjo 1993).

ψ = − RT

Mw

(
1
ρw

) · ln (RH)(1)

where ψ is total suction in soil (kPa), R is the universal (molar)
gas constant (8.314 J/mol·K),

RH is the relative humidity (expressed as a fraction be-
tween 0 and 1), T is the absolute temperature (K), Mw is the
molecular mass of water (18.016 kg/kmol), and ρw is the den-
sity of water (kg/m3).

The gravimetric water content of each specimen was mea-
sured before and after the RH test. The sigmoidal equation de-
rived by van Genuchten (1980) was used to best fit the SWCC
data based on the gravimetric water content designation:

Sr = θ − θr

θs − θr
=

[
1

1 + (αψ )n

]m

(2)

where θ is a given volumetric moisture percentage; θ r and
θ s are residual and saturated volumetric water contents, re-

spectively; α is the inverse of the AEV; and n and m are fitting
parameters.

2.2.3. Volumetric shrinkage

For the shrinkage test, samples compacted at OMC and
MDD, measuring 63 mm in diameter and 22 mm in height,
were fully saturated. The saturated soil specimens were kept
in a chamber with controlled humidity (60 ± 2%) and tem-
perature (23 ± 2 ◦C). The diameter and height of each sample
were measured at regular intervals along the drying path us-
ing a digital vernier caliper until no further volume change
was observed. At the same interval of dimension measure-
ment, the soil specimen was placed on a precision weighing
scale to measure the corresponding gravimetric water con-
tent. The volumetric properties of the soil specimens were
adjusted to account for the addition of biochar. The void ratio
of the biochar-amended soil was calculated using the follow-
ing equation (Cai et al. 2022):

e = e0 − RB (1 + e0)
1 + RB (1 + e0)

(3)

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

15
2.

58
.2

00
.2

08
 o

n 
03

/3
0/

26

http://dx.doi.org/10.1139/cgj-2025-0954


Canadian Science Publishing

Can. Geotech. J. 63: 1–25 (2026) | dx.doi.org/10.1139/cgj-2025-0954 7

Fig. 4. Soil water characteristic curve for biochar-treated soil–clay mixture (SCM) at (a) 0% bis(2-hydroxyethyl) terephthalate
(BHET), (b) 2% BHET, (c) 3% BHET, (d) effect of BHET polymer content on air entry value at varying biochar content.

where e0 represents the initial void ratio of the soil, and RB

is the ratio of the total volume of biochar per unit volume of
soil.

Data points from the measured shrinkage curve were fitted
using the model proposed by Fredlund et al. (2002) to derive
the SSCC. In this model, volume change, expressed in terms
of void ratio (e), for deformable soils is represented as a func-
tion of gravimetric water content (w).

e (w) = emin

[(
w
SL

)Csh

+ 1

] 1/Csh

and,(4)

emin

SL
= Gs

S0
(5)

where, emin is the minimum void ratio attained during the
shrinking process, SL represents the shrinkage limit, Csh is

the curvature of the shrinkage curve, Gs is the specific gravity,
and S0 is the initial degree of saturation.

2.2.4. Electrical conductivity

The soil sample was compacted to a height of 50 mm with
a diameter of 40 mm at its OMC and MDD. A hole was drilled
at the bottom of saturated samples, like the RH test sam-
ples. An EC meter was then used, with its probe inserted into
the drilled hole to record the EC at various moisture levels
(Arnold et al. 2005). The electrical characteristic of soil is fre-
quently represented by the soil resistivity value (ρ) or soil EC
(σ) (Heaney 2003; Samouëlian et al. 2005)

ρ = 1
σ

(6)

A wide range of water content was tested to observe the
general trend of change in conductivity with moisture varia-

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

15
2.

58
.2

00
.2

08
 o

n 
03

/3
0/

26

http://dx.doi.org/10.1139/cgj-2025-0954


Canadian Science Publishing

8 Can. Geotech. J. 63: 1–25 (2026) | dx.doi.org/10.1139/cgj-2025-0954

tion in soil samples mixed with biochar and BHET polymer.
After each measurement, the samples were allowed to dry to
the following target moisture content, with mass measure-
ments taken to verify the water level before the subsequent
readings. At the end of testing, the samples were oven-dried
to determine the final moisture content.

2.2.5. Unconfined compressive strength

The UCS of the biochar and BHET polymer amended SCM
composites was determined according to ASTM D2166 (ASTM
D2166 2006). The UCS test was conducted to assess the
strength properties of the composites and to investigate the
influence of the additives on the clay. Specimens were pre-
pared by compacting the mix at their OMC and MDD in three
equal layers in a 38 mm diameter and 76 mm height mold.
The samples were then taken out with a hydraulic jack af-
ter compaction, wrapped in layers of cling film, and left to
cure for 1 day and 28 days in an environment with a RH
of 60 ± 2% and a controlled temperature of 23 ± 2 ◦C. Ac-
cording to Smitha et al. (2021), Vydehi and Moghal (2022),
and Chandra and Siddiqua (2023), a 28-day curing period is
recommended for evaluating and comparing the long-term
effects of polymer treatment on strength. A total of 36 soil
specimens, containing three replicas of each composition,
were prepared for all testing to ensure the consistency and
reproducibility of the results. A constant vertical load rate of
0.8 mm/min was applied to the specimens until the sample
failed.

2.2.6. Scanning electron microscopy

A small sample of soil was collected from both the un-
treated and treated soil mixture specimens. After oven dry-
ing, the samples were attached to aluminium pin stubs and
coated with a 10 nm thick platinum layer to minimize sur-
face charging and improve secondary electron emission. Fol-
lowing the coating, imaging was conducted using a Tescan
Mira 3 XMU SEM.

3. Results and discussions

3.1. Effect of BHET on soil water characteristics
curve

Figures 4a–4c illustrates the SWCCs of the biochar-
amended SCM at various BHET polymer dosages, respectively.
The van Genuchten (1980) closed-form equation is used to fit
the collected data points, and the fitting coefficients for each
soil specimen are presented in Table 3. The “n” value, an es-
sential parameter of the fitting curve, has followed a decreas-
ing trend with the biochar and the polymer treatment, except
for samples with 5% biochar. A decreased “n” value flattens
the SWCC, Fig. 4a–4c, indicating a wider pore-size distribu-
tion and soil holds more water at higher suctions and reduces
moisture loss. This characteristic can decrease shrinkage and
cracking under drying conditions (Wan et al. 2018, 2021).
Polymers with the capacity to form hydrogels, i.e., BHET, bind
water and coat soil particles, reducing drainage. Hence, the

Table 3. Summary of fitting coefficients for soil water char-
acteristic curve.

van Genuchten (1980) model

Specimen θ s (m3/m3) θ r (m3/m3) n AEV (1/α), (kPa)

SCM-0B-0P 39.78 1.43 2.09 1022.97

SCM-5B-0P 42.21 2.00 2.09 1713.56

SCM-15B-0P 49.16 1.13 1.81 2287.72

SCM-25B-0P 57.89 1.55 1.76 2644.94

SCM-0B-2P 43.14 0.61 1.66 1107.90

SCM-5B-2P 43.56 3.30 2.15 2378.54

SCM-15B-2P 51.95 1.13 1.66 2732.97

SCM-25B-2P 57.92 1.55 1.69 4000.53

SCM-0B-3P 41.99 0.61 1.76 1261.81

SCM-5B-3P 45.44 1.66 1.95 2508.72

SCM-15B-3P 52.33 1.13 1.56 3196.81

SCM-25B-3P 58.59 1.55 1.71 5965.71

Note: SCM, soil–clay mixture; AEV, air entry value.

“n” value is lowered with biochar and polymer content. Nev-
ertheless, the water-holding capacity of the specimens im-
proved with increasing biochar and BHET treatment rates.
Samples with 25% biochar and 3% polymer exhibit superior
water retention capacity. The significant pore size and ele-
vated surface area of biochar are attributed to enhanced wa-
ter retention capacity (Cai et al. 2022).

The comparison of AEV for different dosages of biochar-
and polymer-treated SCM is shown in Fig. 4d. As shown in
Fig. 4d, the AEV of the specimens increased significantly with
the increase of BHET dosage in the biochar-treated soil. With
the addition of 2% BHET polymer to 5% biochar-amended
SCM, the AEV increased by 38.4%. However, small changes in
AEVs were observed upon adding BHET to specimens without
biochar. The most significant increase in AEV was observed
for SCM-25B-3P, with a 582.3% improvement over the con-
trol specimen (SCM only). The significance of higher AEV in
landfill liner design lies in the capacity of soil to remain sat-
urated under varying suction environments, which directly
influences the effectiveness of the liner as a hydraulic barrier.
A similar trend of rising AEV values is also reported for soil
amended with biochar (Wang et al. 2019; Cai et al. 2022). How-
ever, the values of n, one of the fitting parameters of SWCC,
showed no notable trend with increases in the biochar and
polymer percentages.

The enhancement of SWCC depends on soil factors, in-
cluding texture, mineralogy, and cation exchange capacity.
Biochar-treated soils show greater AEV improvement due to
a change in particle orientation, a condition facilitated by the
addition of biochar (Bhardwaj et al. 2009; Öncü and Bilsel
2017; Cai et al. 2022). Furthermore, adding BHET polymer
improves surface soil moisture retention by forming a hy-
drogel network, enhancing water accessibility. The incorpo-
ration of BHET polymer generates a hydrogel that electro-
statically bonds with soil/bentonite particles via ion-dipole in-
teractions and/or hydrogen bonding, resulting in a polymer
hydrogel–soil matrix that establishes a cohesive pore struc-
ture inside the biochar (Narjary et al. 2012; Saha et al. 2021).
This results in the modification of soil pore geometry and
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Fig. 5. A conceptual model for mechanisms for water retention: (a) biochar-soil–clay mixture (SCM) composite and (b) bis(2-
hydroxyethyl) terephthalate–biochar-SCM composite.

an associated elevation in the soil water characteristics curve
due to the prevalence of a capillary pore water system (Ng and
Pang 2000; Salager et al. 2013). A rise in the moisture reten-
tion capacity of soil with higher polymer content has been
documented (Ni et al. 2020; Mahamaya et al. 2021).

The porous structure of biochar holds moisture, while the
BHET polymer forms a network of hydrogel that swells upon
hydration and locks moisture within its cross-linked matrix,
as explained in the conceptual diagram in Fig. 5. Therefore,
in the BHET–biochar–soil matrix, this mechanism enhances
moisture retention beyond pore storage, thereby reducing
moisture loss even at high suction conditions. A higher per-
centage of polymer in a denser configuration tends to hold
moisture as a robust hydrogel, hence minimizing shrink-
age. Pham et al. (2021) studied the behaviour of dry BHET at
33%, 55%, and 75% RH, observing weight gain due to mois-
ture absorption. Şimşek (2020) found that BHET improved
water absorption in concrete blocks due to its hydrophilic
nature, leading to the formation of additional cement hydra-
tion products, including C–S–H gels and calcium hydroxide.

Jing et al. (2022) have documented the filling of clay parti-
cles within the intrapore structure of biochar. The clay ad-
sorbed onto the exterior surface of biochar through “Ca2+

bridging,” likely inducing a flexible deformation of the clay
layers, which in turn facilitated the passage of the space be-
tween layers (Yang et al. 2021). Likewise, Jing et al. (2022)
discovered a significant presence of hydrophilic functional
groups in biochar produced from cellulose-rich biomass
waste. This promotes the collaboration among biochar and
soil minerals, resulting in the production of organo-mineral
compounds (i.e., C–O–Al). It may boost water retention, as
reflected in an increase in AEV (Fig. 4d), and expand the
clay interlayer spacing. The porous structure of biochar facil-
itates moisture retention in SCM altered with biochar during
desiccation-induced shrinkage. In the BHET polymer-treated,
biochar-amended SCM, more water is needed to reach satu-
ration compared to the biochar-amended SCM alone because
the polymer increases water retention. Following pore sat-

uration, any residual unreacted BHET may swell, generating
hydrocolloids that subsequently reduce the pore diameters of
the biochar–soil matrix (Chandra and Siddiqua 2022). Smaller
pores can hold water more effectively due to capillary forces,
and the water requires higher suction for extraction (Yin and
Vanapalli 2022). Thus, the findings of the present study sug-
gest that biochar-amended soil, incorporating BHET polymer,
can serve as an effective adsorption medium while enhancing
the shrinkage potential of the composite material. Further-
more, the drying SWRC shows substantial changes in both
the AEV and the desorption rate with the incorporation of
biochar into the soil at varying BHET concentrations.

3.2. Effects of BHET on soil shrinkage
characteristic curve

Figures 6a–6c demonstrates the relationship between gravi-
metric water content and the void ratio of biochar-amended
SCM at varying BHET polymer content. SSCC is regarded as
a crucial constitutive relationship for interpreting the me-
chanical and hydraulic behaviour of unsaturated soils. The
Fredlund et al. (2002) model was used to fit the collected
data points, and the results are outlined in Table 3. The
model parameters exhibit significant volumetric character-
istics, such as shrinkage limit and void ratio of SCM with dif-
ferent biochar and BHET polymer content, as they dehydrate.
The shrinkage curves for all investigated specimens exhib-
ited three distinct phases: capillary shrinkage phase, pendu-
lar shrinkage phase and no shrinkage phase (Chen and Lu
2018). During the capillary phase, a reduction in pore water
volume in a saturated state will correspondingly reduce bulk
soil volume. Consequently, the shrinkage curve initially fol-
lows a diagonal line, as seen in Figs. 6a–6c, where its gradient
is equal to 1 (Chertkov 2000). As drying progresses, air infil-
trates the intra-aggregate pores, and the rate of water loss
exceeds the reduction in void or bulk soil volume, marking
the beginning of the pendular shrinkage phase. Further dry-
ing causes the SSCC to gradually level off after reaching the
shrinkage limit (SL), indicating that the bulk soil has attained
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Fig. 6. Soil shrinkage characteristic curve of biochar-treated soil–clay mixture (SCM) at (a) 0% bis(2-hydroxyethyl) terephthalate
(BHET), (b) 2% BHET, (c) 3% BHET, and volumetric shrinkage versus biochar-treated SCM at (d) 0% BHET, (e) 2% BHET, (f) 3% BHET.

its densest state, as illustrated in Figs. 6a–6c. No shrinkage
characterizes this stage, as the overall soil volume remains
unchanged despite a further reduction in water content. The

void ratio associated with this soil volume is at its minimum,
also known as a minimum void ratio (emin). The emin estimated
using the Fredlund et al. (2002) model for all specimens is

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

15
2.

58
.2

00
.2

08
 o

n 
03

/3
0/

26

http://dx.doi.org/10.1139/cgj-2025-0954


Canadian Science Publishing

Can. Geotech. J. 63: 1–25 (2026) | dx.doi.org/10.1139/cgj-2025-0954 11

Fig. 7. Effects of the bis(2-hydroxyethyl) terephthalate polymer and the biochar content on (a) minimum void ratio and (b)
shrinkage limit.

presented in Fig. 7a. Figure 7a demonstrates a fall in emin for
biochar-amended SCM with BHET polymer treatment, which
indicates that an increase in polymer content mitigates the
alteration in void ratio for soil. In Fig. 7a, the emin increased
by 62.5% for the specimen SCM-5B-0P compared to SCM-0B-
0P, which demonstrates that emin generally increases with a
higher proportion of biochar.

Similarly, SSCC for SCM treated with varied BHET content
is shown in Figs. 6b and 6c. Figures 6b and 6c for 2% BHET and
3% BHET indicate that the presence of the polymer results in
a decrease of the initial void ratio that at 0% BHET, as reported
in Fig. 6a, demonstrating a downward shift in the void ratio-
gravimetric water content curves. The decrease in the void
ratio is attributed to the substantial water-absorbing capac-
ity of hydroxyl groups (−OH) in the BHET polymer, which

retains water as a hydrogel, coating the voids created by
biochar and resulting in a denser SCM structure. The com-
bination of biochar and a polymer can alter the soil mi-
crostructure. Moreover, BHET acts as a binding agent, which
results in a more compact structure by bringing soil parti-
cles and biochar closer together (Shen and Wei 2018; Şimşek
2020). An experimental study performed by Chandra and Sid-
diqua (2022, 2023) on BHET-treated SBM indicated that BHET
treatment exhibited enhancement in geotechnical proper-
ties, such as increased shear strength and decreased com-
pressibility. These enhancements also suggest that the com-
bined amendments can alter the soil fabric, thereby decreas-
ing void spaces.

The fitted SL derived from the Fredlund et al. (2002) model
for each of the studied specimens is plotted in Fig. 7b. Table 4
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Table 4. Fitting parameters for soil shrinkage characteristic
curve using Fredlund et al. (2002) model.

Fredlund et al. (2002) model

Specimen emin SL (%) Csh R2

SCM-0B-0P 0.36 13.46 7.27 0.98

SCM-5B-0P 0.59 19.69 3.52 0.85

SCM-15B-0P 1.02 27.89 5.52 0.85

SCM-25B-0P 1.67 39.16 9.00 0.98

SCM-0B-2P 0.38 13.47 4.65 0.98

SCM-5B-2P 0.55 19.61 4.63 0.96

SCM-15B-2P 0.97 27.51 7.45 0.97

SCM-25B-2P 1.57 37.39 4.48 0.97

SCM-0B-3P 0.42 14.50 10.24 0.99

SCM-5B-3P 0.53 18.18 4.96 0.99

SCM-15B-3P 0.93 27.25 10.35 0.99

SCM-25B-3P 1.53 36.85 4.51 0.98

Note: SCM, soil–clay mixture.

shows that the SL parameter increases with increasing BHET
concentration in soil. For instance, SL rises by 7.75% as the
BHET dosage increased from 0% to 3% in SCM. For biochar, SL
increased by 46.25% in the SCM-5B-0P specimen compared to
SCM-0B-0P. The incorporation of biochar into clay diminishes
its volumetric shrinkage. The porous structure of biochar fa-
cilitates moisture retention, thereby reducing the potential
for severe desiccation in SCM (Lu et al. 2014; Reddy et al.
2015). Zong et al. (2014) reported that the reduction in shrink-
age is due to changes in the shrinkage behaviour of clay min-
erals resulting from the incorporation of biochar-derived car-
bon particles into the bentonite composite. The SL increases
with the addition of biochar to the SCM, indicating that the
volumetric shrinkage of the soil during desiccation will be
lower than that of unamended SCM samples. However, the
inclusion of BHET led to a slight decrease in the SL, as shown
in Fig. 7b. This is attributed to flocculation of clay particles
induced by the BHET polymer, resulting in decreased SL com-
pared to biochar alone.

Figures 6d –6f represent the relation between gravimetric
water content and the volumetric shrinkage of SCM at vary-
ing biochar and BHET concentrations. Volumetric shrinkage
decreases with increasing biochar and BHET content. When
BHET polymer is combined with soil and water, it envelops
the surfaces of soil grains and clay particles through elec-
trostatic, ion-dipole, and hydrogen-bonding interactions. Fur-
thermore, the BHET polymer interconnects to form a chain
of viscous hydrocolloids that encapsulate soil and biochar
clusters, thereby establishing a robust, finely porous frame-
work. Upon saturation of the pores, any loose BHET that
may have remained unreacted with water during mixing is
likely to swell, forming hydrocolloids that subsequently re-
duce pore dimensions. By limiting the size of pores, the vol-
ume of the SCM samples stays more constant, decreasing the
amount of shrinkage during drying (Chandra and Siddiqua
2022). Moreover, the higher moisture level at the higher poly-
mer concentration prevents capillary force from developing
and causing particle shrinkage. Shin et al. (2021) demon-

strated that polymer-treated soil exhibited reduced shrink-
age due to its superior moisture retention capacity. Similarly,
in this study, the biochar and polymer treatment of SCM spec-
imens resulted in enhanced water retention capacity, lead-
ing to a lower void ratio and reduced shrinkage. Numerous
other studies, including sodium-bentonite with sodium car-
boxymethyl cellulose (Taheri and El-Zein 2025) and Polyvinyl
acetate-treated expansive soil (Liu et al. 2017), have experi-
mentally supported the reduction of the shrinkage potential
of polymer-treated specimens compared to untreated ones.

3.3. Correlation between void ratio and suction
Figures 8a–8c illustrates the relationship between the suc-

tion and the void ratio of the specimens with varying dosages
of biochar and BHET polymer. The correlation between void
ratio and suction in the compacted liner is essential to un-
derstanding the unsaturated soil behaviour. This relationship
helps regulate volumetric changes, moisture retention, and
the overall mechanical properties of the soil. Figures 8a–8c ex-
hibit an inverse correlation between void ratio and suction,
with a high coefficient of determination (R2 > 0.95), demon-
strating a strong statistical fit. This relationship is repre-
sented by eq. 7, with corresponding fitting parameters listed
in Table 5.

e = d + emin − d

1 +
(

�
(AEV)

)b
(7)

where e = void ratio, emin = minimum void ratio, � = suc-
tion (kPa), AEV = air entry value, and a, b, and d are fitting
parameters, respectively.

In Figs. 8a–8c, the void ratio of the specimens increases
with the increase in suction. Research demonstrates that an
increase in suction typically results in a reduction in the
void ratio due to shrinkage and densification of the soil
matrix. Prior studies (Alonso et al. 1990; Fredlund and Ra-
hardjo 1993) indicate that increased suction enhances effec-
tive stress, leading to soil densification and a reduction in
void ratio. The BHET polymer functions as a binding agent,
facilitating interaction between soil and biochar and poten-
tially reducing the spacing between soil particles by pro-
moting closer packing. The hydrophilic groups of hydroxyls
(−OH) in BHET polymer have the capacity to absorb and hold
substantial quantities of water molecules (Chandra and Sid-
diqua 2022, 2023). Consequently, the moisture content in-
creases with polymer dosage, even at higher suction levels,
inhibiting the development of capillary forces and prevent-
ing particle contraction. This results in a reduced void ratio
and increased suction (Chang et al. 2020; Chandra and Siddi-
qua 2022; Wan et al. 2022).

3.4. Electrical conductivity
This study examined the EC of compacted samples as a

function of degree of saturation, as depicted in Figs. 9a–9c.
Figure 9d illustrates the EC of the samples at OMC. The mea-
sured results demonstrate that the EC of all the samples in-
creases, following a sigmoidal trend with an increase in the
degree of saturation. A similar trend of EC (inverse of resistiv-
ity) with water content has also been reported by Pozdnyakov
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Fig. 8. Correlations between void ratio with suction of soil–clay mixture (SCM) at (a) 0% bis(2-hydroxyethyl) terephthalate
(BHET), (b) 2% BHET, and (c) 3% BHET.
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Table 5. Fitting parameters for void ratio and suction
correlation.

Fitting parameters

Specimen a b AEV (kPa) d R2

SCM-0B-0P 0.35 − 2.61 1022.97 1.05 0.99

SCM-5B-0P 0.58 − 2.38 1713.56 1.28 0.99

SCM-15B-0P 1.01 − 2.29 2287.72 1.80 0.99

SCM-25B-0P 1.66 − 2.17 2644.94 2.55 0.99

SCM-0B-2P 0.37 − 1.74 1107.90 1.19 0.99

SCM-5B-2P 0.54 − 2.64 2378.54 1.21 0.99

SCM-15B-2P 0.96 − 2.61 2732.97 1.72 0.99

SCM-25B-2P 1.56 − 2.20 4000.53 2.44 0.99

SCM-0B-3P 0.39 − 2.09 1261.81 1.18 0.99

SCM-5B-3P 0.53 − 2.58 2508.72 1.27 0.99

SCM-15B-3P 0.93 − 2.51 3196.81 1.65 0.99

SCM-25B-3P 1.53 − 2.30 5965.71 2.40 0.99

Note: SCM, soil–clay mixture; AEV, air entry value.

et al. (2006) and Kibria and Hossain (2012, 2015). Prior re-
search also demonstrates that biochar and polymers signif-
icantly influence soil EC. Conductivity is influenced by pore
structure and increases with increased microstructural den-
sification of materials (Bai et al. 2010; Kibria and Hossain
2012; Şimşek 2020). The charge mobility is enhanced as ad-
sorbed charges are released into the solution with increas-
ing soil water content. Furthermore, an increase in soil sat-
uration correlates with enhanced particle bridging. The in-
terconnection within the pore network is enhanced due to
the diminishment of dielectric air voids at increased satura-
tion levels (Kibria and Hossain 2012). Consequently, moisture
bridging and the mobility of electrical charges facilitate the
conduction of electrical current within a soil mass, leading
to increased conductivity with moisture levels. This response
strongly indicates that water serves as the medium for cur-
rent flow in the compacted specimens, as shown in Figs. 9a–
9c. At an equivalent saturation level, the EC of samples sat-
urated with polymer is slightly higher than that of samples
without polymer, indicating that polyvalent cation bridging
elevates EC. A similar trend is observed with biochar, which
improves soil water retention and facilitates greater ion mo-
bility within soil pores due to its high porosity, surface func-
tional groups, and enhanced liquid-phase connectivity that
collectively support the dissolution and transport of ions. The
highest EC is observed in the samples with 3% BHET and 25%
biochar, with a value of 3.95 mS/cm at OMC. This finding
aligns with the observations of Butnan et al. (2015), Burrell
et al. (2016), and Patwa et al. (2024). An increase in EC (reduc-
tion in electrical resistivity) in concrete was also reported by
Şimşek (2020) with the addition of 3% BHET. The increased
EC with polymer content is due to the improvement in the
packaging of soil. Furthermore, functional groups such as hy-
droxyl (−OH) and carbonyl (C = O) in BHET interact with wa-
ter molecules, releasing or attracting ions. These interactions
increase the concentration of free ions in solution, further
contributing to a rise in EC. Thus, the synergistic effect of
both the polymer and biochar increases the availability and

mobility of charge carriers (i.e., ions in water), leading to a
significant increase in EC.

3.5. Correlation between suction and electrical
conductivity

Figures 10a–10c represents the relationship between suc-
tion and EC for SCM composites containing different biochar
contents with (a) 0% BHET, (b) 2% BHET, and (c) 3% BHET poly-
mer. This relationship is best described by a sigmoidal model
as represented by eq. 8, with a high coefficient of determina-
tion (R2 > 0.95). In eq. 8, the EC (f(x)) is expressed as a func-
tion of suction (x), with the corresponding fitting parameters
summarized in Table 6.

f (x) = d + (a − d) e−e−b(x−c)
(8)

where, a = upper asymptote of EC, d = lower asymptote of
EC, b = growth rate parameter, and c = inflection point of
curve.

As seen in Figs. 10a–10c, a nonlinear decline in EC with
increasing suction is observed, reflecting the reduction in
water-filled conductive pathways as soils dry. Similarly, sam-
ples with higher biochar %, for instance, SCM-25B-0P, retain
higher EC at higher suction levels, which can be attributed to
improved water retention (Kibria and Hossain 2015) and en-
hanced pore connectivity (Burrell et al. 2016). In Fig. 10b, the
introduction of 2% BHET polymer further improves conduc-
tivity. Figure 10c shows that the addition of 3% BHET poly-
mer further improves the conductivity of SCM composites,
exhibiting the highest EC over a broad range of suction lev-
els, highlighting the synergistic impact of biochar and poly-
mer in maintaining soil microstructural stability.

These improved outcomes have essential implications for
hydraulic barrier applications. The higher EC at higher suc-
tion levels suggests sustained water-filled connectivity and
ionic transport, which are vital in maintaining the hydraulic
integrity of landfill liners under desiccating field condi-
tions (Daniel and Benson 1990; Albrecht and Benson 2001).
Biochar improves water retention, Figs. 4a–4c and EC, Figs.
9a–9c, while BHET polymer treatment further stabilizes soil
microstructure, and hence reduces the risk of desiccation-
induced shrinkage, cracking, and loss of barrier performance
(Kou et al. 2021; Gopakumar and Bharat 2025). This com-
bined effect of biochar and BHET polymer suggests that BHET
polymer-treated biochar-amended soil can function as more
durable and resilient landfill liners, ensuring long-term im-
proved performance even under fluctuating moisture condi-
tions (Rowe 2001).

3.6. Correlation between void ratio and
electrical conductivity

Figures 11a–11c represents the relationship of EC and void
ratio for the SCM composites with different biochar contents,
with (a) 0% BHET polymer, (b) 2% BHET polymer, and (c) 3%
BHET polymer. In all cases, EC increases with void ratio, re-
flecting enhanced pore connectivity. The SCM composites
with higher biochar content, i.e., 25% biochar, consistently
show higher EC values across the given void ratio range (Fig.
11a). The addition of the BHET polymer further increases
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Fig. 9. Effect of degree of saturation on the electrical conductivity of soil–clay mixture (SCM) at (a) 0% bis(2-hydroxyethyl)
terephthalate (BHET), (b) 2% BHET, (c) 3% BHET, and (d) electrical conductivity of the samples at optimum moisture content.

conductivity, with 3% BHET (3P), suggesting a higher EC re-
sponse (Fig. 11c). This finding highlights the synergistic effect
of biochar and the BHET polymer in maintaining conductive
pathways under varying void ratios.

The relationship between EC and void ratio shows a consis-
tent trend of increasing conductivity with increasing void ra-
tio, due to the continuity of water-filled pores and improved
ionic mobility. A similar trend of correlations has been re-
ported in clayey soils, in which the EC is strongly influenced
by pore geometry and fluid continuity (Kozaki et al. 1998;
Samouëlian et al. 2005). In Fig. 11a, this effect is pronounced
with SCM-25B-0P having the highest EC, which can be at-
tributed to the enhanced porosity and surface charge con-
tributions of biochar, which is consistent with previous doc-
umented literature findings that biochar addition facilitates
ion transport in compacted soils (Butnan et al. 2015; Burrell et
al. 2016; Patwa et al. 2024). The addition of 2% BHET polymer
resulted in a steeper EC increment with void ratio, especially
in SCM with a higher biochar percentage. This result sug-

gests that the biochar and polymer interactions strengthen
the conductive networks as the soil structure becomes more
open due to the biochar. Similarly, for SCM composites with
3% BHET polymer, the influence is most significant, Fig. 11c,
with SCM-25B-3P maintaining the highest EC across the given
range of void ratios. This can be attributed to the synergistic
stabilization of pore networks by biochar and polymer.

3.7. Unconfined compressive strength
Figures 12a and 12b show the UCS values of the SCM com-

posites, which were cured for 1 day and 28 days, respectively.
As illustrated in Fig. 12a, the UCS of the SCM composites de-
creased with the addition of biochar at 0%, 5%, 15%, and 25%
after 1 day of curing. The UCS decreased by approximately
0.5%, 13%, 15.5%, and 54%, respectively. This reduction in UCS
with increasing biochar content is consistent with the result
documented by Jyoti Bora et al. (2021), who also observed a
decline in soil UCS strength after biochar amendments. The
decrease in UCS strength is primarily attributed to the reduc-
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Fig. 10. Correlations between suction and electrical conductivity of soil–clay mixture (SCM) at (a) 0% bis(2-hydroxyethyl) tereph-
thalate (BHET), (b) 2% BHET, and (c) 3% BHET.
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Table 6. Fitting parameters for electrical conductivity and
suction correlation.

Fitting parameters

Specimen a b c d R2

SCM-0B-0P 2.21 − 2.40E-03 1056.00 0.14 0.99

SCM-5B-0P 2.63 − 6.77E-04 2512.40 0.24 0.99

SCM-15B-0P 3.25 − 3.56E-04 4536.10 0.56 0.99

SCM-25B-0P 3.20 − 4.59E-04 7037.00 0.92 0.99

SCM-0B-2P 2.09 − 1.60E-03 1915.40 0.10 0.95

SCM-5B-2P 2.79 − 5.78E-04 2932.80 0.26 0.99

SCM-15B-2P 5.18 − 1.25E-04 4738.60 0.64 0.98

SCM-25B-2P 3.67 − 2.35E-04 14050.00 1.04 0.99

SCM-0B-3P 3.93 − 5.37E-04 1520.90 0.37 0.99

SCM-5B-3P 3.13 − 5.30E-03 4647.50 0.61 0.99

SCM-15B-3P 4.45 − 1.21E-04 10569.00 0.94 0.99

SCM-25B-3P 4.32 − 1.27E-04 24300.00 1.38 0.99

Note: SCM, soil–clay mixture.

tion in the composite’s dry density, resulting from the low
specific gravity and high porosity of biochar. However, after
28 days of curing, as shown in Fig. 12b, the UCS of the SCM
composite with 5% biochar was observed to be 9.5% higher
than that of the control SCM sample without biochar. This
increase in UCS is attributed to the enhanced particle in-
terlocking of clay with biochar and increased internal fric-
tion of the SCM and biochar matrix (Sudhakar et al. 2017).
Similarly, UCS of the soil significantly increased upon sta-
bilization with BHET polymer. The UCS values steadily in-
creased, from 452.97 to 546.83 kPa and 615.03 kPa, with the
addition of 2% and 3% BHET polymer, respectively, for 1-day
curing.

A similar trend is observed in the UCS result for 28 days
of curing as well (Fig. 12b). This increment in strength is pri-
marily attributed to the formation of interparticle bridges,
hydrogen bonding, and the development of cohesive forces
between the BHET polymer and the electrically charged
clay particles. Additionally, after a 28-day curing period, the
BHET polymer hydrogel dehydrates, becomes dense, and be-
comes mechanically strong. This contributes to the enhanced
strength and structural integrity of the soil matrix (Fatehi et
al. 2021; Ramachandran et al. 2021). The overall strengthen-
ing of the samples with BHET polymer is attributed to mech-
anisms such as pore filling, particle coating, and soil particle
bridging (Chang et al. 2020), as well as the conglomeration
and aggregation of soil grains (Patwa et al. 2024). Moreover,
Chandra and Siddiqua (2022) recently reported the formation
of a novel cementitious binder in a sand–bentonite (75:25)
mixture stabilized with BHET polymer. This binder formation
has resulted from a network of hydrogel that bridges and in-
terlocks the soil grains together, as well as hydrogen bonding
interactions between the carboxylic and hydroxyl functional
groups of BHET and the clay minerals. Since the SCM used in
this research also consists of a soil–bentonite clay mix, sim-
ilar mechanisms may be contributing to the increased me-
chanical strength. Most of the SCM composites gained either
increased or comparable strength, except for SCM-0B-3P and

SCM-5B-3P. However, exceptions were observed for SCM-0B-
3P and SCM-5B-3P, as depicted in Figs. 12a and 12b, where a
decrease in UCS was observed when 3% BHET polymer was in-
corporated instead of 2%. This decline in strength for SCM-0B-
3P and SCM-5B-3P is likely attributed to the soft, viscoelastic
property of the hydrated BHET polymer. As polymer content
increases, the formation of a polymer film at soil–biochar and
biochar–biochar interfaces may reduce the interparticle fric-
tion and, as a result, the UCS strength of the composites can
decrease (Patwa et al. 2024). Despite this, all SCM–biochar
composite samples amended with BHET polymer exhibited
higher UCS values than their counterparts without polymer
treatment. This increase in strength is attributed to the com-
bined effects of particle aggregation and interparticle bridg-
ing between soil and biochar, along with electrostatic adhe-
sion of clay particles to the BHET polymer, as reported in pre-
vious studies (Fatehi et al. 2021; Ramachandran et al. 2021;
Patwa et al. 2024).

When BHET polymer was added to SCM, as shown in Figs.
12a and 12b, the UCS for 1-day and 28-days increased sig-
nificantly. Due to lightweight, porous, and brittle nature of
biochar, it alone provides limited cementation and increases
in UCS with curing time are generally modest. In this study,
the observed increase in UCS for 28-days samples is mainly
attributed to the clay matrix and its interaction with the
BHET polymer. With increased curing time, the polymer hy-
drogel gradually dehydrates, forming a denser and mechan-
ically stronger network, which enhances interparticle bond-
ing and contributes to improved UCS values (Ramachandran
et al. 2021; Vydehi and Moghal 2022).

3.8. Scanning electron microscopy
Figures 13a–13f illustrate the SEM analysis of the test

samples. Results indicate an interaction mechanism among
BHET, biochar, and soil. Figure 13a illustrates SCM with
biochar characterized by open voids, in contrast to the
polymer-treated soils of Fig. 13c. Figures 13b and 13d report
SEM images of SCM samples with biochar and BHET, where
the biochar particles are uniformly dispersed throughout the
clay matrix, while BHET polymer encapsulates the soil par-
ticles. Figure 13e shows the flocculation of bentonite clay
and the formation of a “card-house” structure. This is caused
by the combination of electrostatic forces, ion–dipole, and
dipole–dipole (hydrogen bonding) interactions. Comparable
flocculated clay structures have been reported in previous
studies that examined the interaction of anionic polymers
with clay materials; for instance, a BHET polymer-treated
SBM (Chandra and Siddiqua 2022) and plastic silt treated
with XG (Singh and Das 2020). Figure 13f depicts the lay-
ered architecture of the BHET polymer, which appears to
maintain the integrity of the clay clusters and may con-
tribute to enhanced water retention and resistance to shrink-
age and swelling. A polymer coating is observed on soil and
biochar, which is likely attributed to hydrogen bonding be-
tween water molecules and hydroxyl groups present in the
BHET structure. Chandra and Siddiqua (2022) documented
comparable results by combining the BHET polymer with the
SBM.
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Fig. 11. Correlations between void ratio and electrical conductivity of soil–clay mixture (SCM) at (a) 0% bis(2-hydroxyethyl)
terephthalate (BHET), (b) 2% BHET, and (c) 3% BHET.
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Fig. 12. Unconfined compressive strength (UCS) of soil–clay mixture (SCM) samples after (a) 1-day curing and (b) 28-days curing.

The elemental peaks found in spectrum 6 and spectrum
7, as shown in Fig. 14, support the existence of carbon (C),
oxygen (O), and silicon (Si) as primary elements, and iron
(Fe), aluminum (Al), sodium (Na), and others as minor ele-
ments. The presence of the BHET polymer, i.e., C12H14O6, is
validated by the strong peaks of O and C (Chandra and Siddi-
qua 2022). Moreover, the presence of Si, O, Al, Na, and Fe sup-
ports the presence of clay/soil within the BHET polymer ma-
trix. Similarly, the peak at C in Fig. 14 corresponds to biochar
in the composite samples. These results together support the
interaction and the bonding hypothesis for BHET polymer,
biochar, and the clay, and suggest the integration at the mi-
crostructural level.

4. Potential engineering applications
The applications of BHET polymer and biochar in soil stabi-

lization could well be realized in various geotechnical works,

especially where enhanced water retention, reduced shrink-
age, and adequate strength are required. The most common
areas of application would relate to hydraulic barriers in
waste disposal facilities, where maintaining structural in-
tegrity while controlling shrinkage and desiccation cracking
is critical. The use of low dosages of polymers with biochar-
amended soil provides a potentially sustainable alternative
to conventional stabilization methods. A representative oper-
ating procedure for polymer-stabilized biochar-amended soil
liners is illustrated in Fig. 15 and comprises polymer spread-
ing, mechanical mixing, moisture conditioning, compaction,
and preparation of the stabilized liner surface. consistent
with standard liner construction practices.

Beyond landfill applications, the method can be suit-
able to canal linings, erosion control layers, and other low-
permeability barriers. However, further field-scale studies at
full scale are recommended to investigate its long-term per-
formance and durability.
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Fig. 13. Scanning electron microscopy for biochar- and bis(2-hydroxyethyl) terephthalate-treated soil–clay mixture (SCM): (a)
biochar and clay binding, (b) polymer coating on biochar, (c) polymer intact soil, (d) polymer lumps swelled in between soil
and biochar grains, (e) flocculation of bentonite in SCM matrix, and (f) polymer hydrogel filling voids.

Fig. 14. Scanning electron microscopy image and EDS analysis showing elemental peaks for different elements. SCM, soil–clay
mixture.
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Fig. 15. Schematic illustration of a representative field-scale operating procedure for the application of bis(2-hydroxyethyl)
terephthalate polymer for soil stabilization.

5. Conclusion
An experimental investigation was conducted on locally

sourced silty sand soil modified with clay, biochar, and BHET
polymer to assess alterations in essential attributes, includ-
ing water retention capacity, shrinkage potential, and EC.
The practicality of these combinations for geotechnical and
geoenvironmental purposes was examined, leading to the fol-
lowing main conclusions:

1. Both BHET polymer and biochar can significantly enhance
soil water holding capacity, as evidenced by prior studies
and the findings of this research. This increased moisture
retention effectively contributes to shrinkage control in
liner soil, attributed to the polymerization of the BHET
polymer hydrogel, biochar, and soil particles.

2. The AEV of the composites increased with the addition of
biochar and polymer, while volumetric shrinkage was sig-
nificantly reduced. These findings suggest that liners with
improved AEV are more effective at controlling shrinkage
and volumetric changes, which are essential to maintain-
ing the long-term operational quality of the liner. More-
over, establishing an elevated AEV helps delay desatura-

tion, thereby enhancing the stability of landfill liners and
improving their overall performance.

3. The addition of BHET polymer to bare SCM at 2% and 3%
resulted in a rise in emin, roughly by 4.5% and 16.5%, re-
spectively. A significant rise in emin was also observed in
samples with biochar amendments only. However, a re-
duction in emin was observed when BHET was introduced
into biochar-amended SCM, suggesting an interaction be-
tween the polymer and biochar within the soil matrix.
This indicates that a higher polymer concentration miti-
gates the alteration in void ratio induced by biochar treat-
ment.

4. The void ratio for soil–biochar–polymer mixes exhibits an
inverse correlation with suction (R2 > 0.95), which offers
a practical and straightforward approach for estimating
the preliminary suction values of the samples. This rela-
tionship helps regulate volumetric changes, moisture re-
tention, and the overall mechanical properties of the soil.

5. The EC of the samples increased with higher water con-
tent, as higher saturation improves particle bridging and
enhances charge mobility by releasing adsorbed charges.
Similarly, the EC of SCM increases with the addition of
polymer and biochar, as polymers act as binding agents,
enhancing soil–biochar interactions and reducing parti-
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cle spacing through closer packing. Additionally, the hy-
drogel viscosity and polymer–clay interactions, includ-
ing cation bridging, enhance the microstructural stabil-
ity of soil. This stabilized structure improves the continu-
ity of conduction pathways, resulting in higher EC in the
polymer–biochar–soil composite.

6. Among all the SCM composite samples that were tested,
the UCS of the SCM composite with 2% BHET poly-
mer and 5% biochar had the highest value. The im-
provement in strength is attributed to the interaction
among the biochar, BHET polymer, and clay/soil parti-
cles, which increases bonding and cohesion among them
and thereby enhances the structural strength of the SCM
matrix.

7. SEM analysis of BHET-treated specimens suggests clay floc-
culation, the polymer-mediated bridging between biochar
and soil, and the presence of polymer–biochar–soil associ-
ations.

This study emphasizes the potential of the BHET polymer
and biochar as novel stabilizers to enhance the shrinkage re-
sistance and moisture retention of CCLs. The findings suggest
that an interaction mechanism exists between the polymer
and biochar at the microstructural level as well. Derived from
discarded PET bottles, BHET offers the key benefit of improv-
ing liner performance in high-moisture environments, such
as landfill liners. This approach not only addresses civil en-
gineering challenges but also contributes to effective waste
management by diverting PET waste from landfills. Although
BHET is non-biodegradable, its long-term stability in soil envi-
ronments is not yet fully understood. Therefore, future stud-
ies should focus on field-scale validation and long-term dura-
bility assessments to better evaluate both environmental sus-
tainability and engineering performance.
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