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ARTICLE INFO ABSTRACT

Keywords: This paper explores the influence of polymer enhancement on water uptake and retention by geosynthetic clay
Geosynthetics liners (GCLs) across a wide suction range (up to 10° kPa), including the low suction regime (0.1-10 kPa) typically
GCLs omitted in past studies. The suction measurement methods used enabled elucidation of water uptake and
f;:s}::;::te d retention behaviour through the framework of GCL pore structures and their corresponding suction regimes.

Polymer enhanced GCLs (PE-GCLs) have high maximum water uptake, and both the water entry and air
expulsion values tend to be high. Due to high swelling, the onset of geotextile confinement for PE-GCLs was
observed at high suctions. The impact of polymer becomes more apparent when the bentonite achieves a pseudo-
two-layer interlayer hydration state at a suction of about 40 MPa (RH = 75%). The hydration mechanism for the
polymer fraction in bentonite is unique to the specific polymer type, polymer dosage, and manufacturing process.
The water retention behaviour at the low suction range is caused by the in-filling of geotextile pores, bentonite
swelling and extrusion, and polymer water adsorption. Insights from this study can form the basis for developing

Water retention curves

a more suitable bimodal generalised model for fitting the water retention curves of GCLs.

1. Introduction

Geosynthetic clay liners (GCLs) are widely used along with geo-
membranes (GMBs) as part of composite liner systems in various waste
containment facilities such as municipal and hazardous solid waste
landfills, ponds or surface impoundments, heap leach pads, liquors
reservoirs, among many others, to minimise contaminant migration
from these facilities (Bouazza, 2002, 2021; Bouazza and Bowders, 2009;
Hornsey et al., 2010; Bouazza and Gates, 2014; Rowe, 2014; Mazzieri
and Di Emidio et al., 2015; Liu et al., 2015; McWatters et al., 2016;
Touze-Foltz et al., 2016; Bouazza et al., 2017b; Gates et al., 2020;
Ghavam-Nasiri et al., 2020; Rowe and AbdelRazek, 2021; Li et al.,
2021).

An important factor in the long-term hydraulic performance of GCLs
is the in-field hydration when placed on a subsoil, driven by differences
in suction. As water migrates into the GCL, its moisture content increases
concomitantly with a decrease in suction, while the converse transpires
in the subsoil. This process continues until the suction between the two
materials attains equilibrium. Adequate hydration of the GCL ensures
that the bentonite forms a sealing barrier with low hydraulic
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conductivity. However, the hydration process is generally not straight-
forward due to several governing factors, including the subsoil grain size
distribution, mineralogy, initial water content and pore water chemistry
of the subsoil, environmental and operating conditions of the landfill,
bentonite quality and, if present, type of polymer additives (Rayhani
et al., 2008, 2011; Anderson et al., 2012; Chevrier et al., 2012; Rowe
et al., 2011; Sarabian and Rayhani, 2013; Bradshaw et al., 2013; Barclay
and Rayhani, 2013; Bouazza et al., 2017a; Acikel et al., 2018a; Car-
nero-Guzman et al., 2021; Lau et al., 2022). Furthermore, the contact
between GCL and subsoil also dictates whether the transport mode for
water transfer is vapour or liquid (Rouf et al., 2016). Nevertheless, the
overall impact of these factors on GCL hydration can be assessed within
the framework of the fundamental constitutive relationship between
suction and water content, which is typically depicted in the form of a
water retention curve (WRCQC).

Measurement of the WRC for GCLs has received increased attention
in the past two decades (Barroso et al., 2006; Southen and Rowe, 2007;
Abuel-Naga and Bouazza, 2010; Beddoe et al., 2010; Bannour et al.,
2014; Acikel et al., 2015, 2018b, 2020, 2022; Bouazza et al., 2017a; Lu
et al., 2017, 2018; Ghavam-Nasiri et al., 2019; Yesiller et al., 2019;
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Carnero-Guzman et al., 2019; Tincopa et al., 2020; Yu and El-Zein, 2020;
Bouazza and Rouf, 2021; Tincopa and Bouazza, 2021) due to its proven
role in understanding the redistribution of moisture between the subsoil
and the GCL. Quantifying their WRC across the entire relevant suction
range has proven challenging due to the complex nature of GCLs, which
consist of materials with vastly contrasting water retention behaviours
(Abuel-Naga and Bouazza, 2010; Beddoe et al., 2011; Acikel et al.,
2018a; Tincopa et al., 2020; Tincopa and Bouazza, 2021). The hydration
process of GCLs is even more complicated with the emergence of poly-
mer modified bentonite for applications where exposure to very high
electrolyte concentrations occurs or is expected (Katsumi et al., 2008; Di
Emidio et al., 2011, 2015; Scalia and Benson, 2014; Salihoglu et al.,
2016; Tian et al., 2016; Mazzieri et al., 2017; Scalia et al., 2018).
Although their hydraulic conductivity performance has been extensively
investigated in recent years (Liu et al., 2012; Bohnhoff and Shackelford,
2014; De Camillis et al., 2016; Fehervari et al., 2016; Ozhan, 2018;
Scalia et al., 2014; Tian et al., 2019; Chen et al., 2019), except for Lau
et al. (2022), there is a dearth of information in the literature on their
hydration and water retention behaviours.

The low suction regime has been typically omitted in previous
studies on GCL water retention behaviour due to difficulties in repro-
ducible measurements. Thus, the resulting GCL water retention behav-
iour is often incomplete and truncated. This paper provides further
insight into the bimodal (trimodal if considering the dual-porosity of
bentonite) water retention behaviour of polymer enhanced GCLs (PE-
GCLs) on the wetting path (i.e., hydration process). This investigation
tracks the hydration process of the PE-GCLs through the understanding
of pore structures and the fundamental suction regimes governing its
water retention behaviour.

2. Materials

Five different commercially available needle-punched GCLs were
used in the current study. Here, they are referred to as GCL1, GCL2,
GCL3, GCL4, and GCL5. GCL1 contained polymer enhanced powdered
sodium bentonite. GCL 2 contained non-modified conventional granular
sodium bentonite, while GCL3, GCL4, and GCL5 contained polymer
enhanced granular sodium bentonite with polymer contents ranging
between 3.0 and 9.9% and the same bentonite as GCL2. The GCLs’ mass
per unit area (MgcL) was measured according to ASTM D5993 on a
sample size of <24 specimens taken randomly from the GCL rolls. Their
representative Mgc, was selected for this study to minimise the effects of
mass per unit area variation on the experimental results and was based
on the most frequent range (mode) of a histogram data set. The relevant
characteristics of the five GCLs are summarised in Table 1.
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The raw bentonite for GCL1 was enhanced with a proprietary poly-
mer that included polyanionic cellulose (PAC) and anionic acrylic
polymer (PAA). The polymer used for GCL3, GCL4, and GCL5 is un-
known as it is proprietary information. The polymer contents of the
enhanced bentonites were estimated using loss on ignition (LOI) tests
(Scalia et al., 2014; Tian et al., 2016, 2019; Chen et al., 2019; Wireko
et al., 2020). The LOI of the non-modified bentonite in GCL2 (0.8%)
formed the baseline for GCL3, GCL4 and GCL5. The baseline LOI value is
attributed to the removal of strongly bound water, calcites and other
organic matters associated with the bentonite (Scalia et al., 2014; Tian
et al., 2016, 2019). Complete combustion of the polymer additives used
in GCL3, GCL4 and GCL5 was assumed to have occurred at 550 °C in this
test (Tian et al., 2016, 2019; Chen et al., 2019; Wireko et al., 2020). The
pure polymer fraction for GCL1 was provided by the manufacturer; thus,
in this case, the relative mass loss of the polymer was taken into
consideration.

The term “bentonite” presented in this paper always refers to the
bentonite core in the GCL where, if present, the polymer was not sepa-
rated from the bentonite. The index properties of the polymer enhanced
bentonite, extracted from the GCLs, were obtained based on the pro-
cedures outlined in ASTM D5890 and ASTM D5891 for comparative
purposes only, given that current guidelines indicate these standards do
not apply to polymer modified bentonites. The cation exchange capacity
(CEC) measurement of the <2 pm fraction was obtained using the
barium chloride (BaCly) compulsive exchange method (Sumner and
Miller, 1996) with barium (Ba®>") analysis by X-ray fluorescence (Nor-
rish and Hutton, 1969; Battaglia et al., 2006). This method differs from
ASTM D7503 as Ba®" is used instead of ammonium (NH4 ) as the index
ion because (i) Ba%t has a higher affinity for the exchange complex than
NH, " and (ii) Ba?" very rarely naturally occupies the exchange complex
of smectites, whereas NH;" can and does (e.g. Ernstsen et al., 1998).
Therefore, much smaller sample sizes and lower reactant concentrations
can be used because the analysis is conducted directly on a dried
filter-deposited powdered sample. The mineralogical composition of the
bulk bentonite was determined using quantitative X-ray diffraction
(XRD) analysis. The bentonite’s geotechnical properties and physical
and mineralogical characteristics are summarised in Table 2.

3. Experimental methods

Multiple measurement methods were employed to cover the wide
suction range of bentonite and establish the water retention curve on the
wetting path of the GCL. The following section presents the techniques
used in the current investigation.

Table 1
Summary of the general characteristics of GCLs used in this study.

Properties GCL1 GCL2 GCL3 GCL4 GCL5

Polymer enhancement Yes No Yes Yes Yes

Polymer Type Linear - Linear Crosslinked Crosslinked

Estimated Polymer Content (%) 1.6 - 3.0° 9.9% 4.4%

Bonding Needle punched Needle punched Needle punched Needle punched Needle punched

Thermal treatment Yes No No No No

Carrier GTX type Nonwoven + woven scrim Nonwoven Nonwoven + woven Nonwoven Nonwoven
Reinforced composite

Cover GTX type Nonwoven Nonwoven Nonwoven Nonwoven Nonwoven

Bentonite type Sodium Sodium Sodium Sodium Sodium
Powder Granular Granular Granular Granular

Mgcr, Range (Representative Mgcr) 5.52-6.58 (5.90-6.10) 5.83-6.75 4.85-6.61 (5.30-5.60) 5.04-5.72 4.89-5.90

(kg/mz) (6.40-6.60) (5.20-5.40) (5.20-5.40)

Mearrier (kg/m?) 0.570 0.200 0.308 0.200 0.200

Meover (kg/m?) 0.350 0.200 0.300 0.300 0.200

Mpent (kg/m?) 4.60-5.66 5.43-6.35 4.24-6.00 4.54-5.22 4.49-5.50

As-received GWC (%) 7.3+0.7 9.2+1.0 6.3+0.3 74+04 7.9+ 0.5

Maximum GWC at saturation (%) 186-189 147-155 175-190 218-225 205-223

Initial GCL thickness (mm) 7.6-8.8 8.1-8.7 7.6-8.3 7.5-7.8 7.2-7.6

2 Estimation does not take into consideration the relative mass loss of the base polymer.
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Table 2
Properties of the bentonite component of the GCLs.
Parameter GCL1 GCL2 GCL3 GCL4 GCL5
Swell index (mL/2 g) 331+ 25.7 + 36.3 + 57.6 + 423 +
0.6 0.7 0.7 6.6 1.7
Fluid loss (mL) 13.8 + 12.4 + 59+ 8.7 £ 9.3+
0.2 0.1 0.1 1.4 0.2
Cation exchange capacity 85 76 78 79 84
(cmol/kg)
Particle Size
D1 (mm) 0.007 0.65 0.45 0.36 0.10
D3p (mm) 0.018 0.90 0.69 0.66 0.19
Dgo (mm) 0.042 1.25 1.00 1.00 0.31
Coefficient of uniformity,  5.88 1.92 2.22 2.78 3.10
Cu
Coefficient of curvature, 1.10 1.00 1.06 1.21 1.10
Ce
Mineralogical
Composition
Montmorillonite (wt%) 74 81 80 80 82
Cristobalite (wt%) 8 12 12 12 12
Quartz (wt%) 12 1 1 1 1
Albite/Anorthite (wt%) 4 4 4 4 3
Calcite (wt%) <1 <1 1 1 <1
Kaolin (wt%) 1 - - — —
Anatase (Wt%) <1 - - - -
Zeolite (wt%) 1 1 1 1 1
Mica (wt%) - 1 1 1
Gypsum (wt%) - <1 <1 <1 <1

3.1. Vapour sorption method

A Vapour Sorption Analyzer (VSA) (METTER Group, Pullman, WA)
was used to measure the water retention over the range of 5 x 10°-5 x
10° kPa suction. The measurements were conducted on the bentonite
component of the GCL only due to the chamber size limitation of the
equipment. Furthermore, previous studies have proven the dominance
of the bentonite in controlling the behaviour of GCLs in the high suction
range (Beddoe et al., 2011; Rouf et al., 2016; Acikel et al., 2018a; Tin-
copa et al., 2020; Carnero-Guzman et al., 2019, 2021; Bouazza and Rouf,
2021). The vapour-equilibrium process is diffusion-limited and can take
considerable time, depending on the method used, especially for high
relative humidity (RH) (>95%, Rouf et al., 2016) or low RH (<15%,
Gates et al., 2017). Thus, measurements using the VSA were obtained
with the Dynamic Vapour Sorption (DVS) method, which produces
equilibrium isotherms, albeit taking a longer time. In this method,
extracted bentonite was placed in a closed chamber and kept at a tem-
perature of 20 °C £ 0.2 °C. Its mass was continuously measured as it
underwent hydration through vapour adsorption under various pre-set
RH. The wetting cycle started from 5% RH to 95% RH at 10% step in-
crements. The chamber’s humidity was controlled by drying the air
using desiccant tubes or wetting it using vapour saturated air from its
internal water reservoir. The specimen was held at the controlled pre-set
humidity until the mass change over time was <0.05%/hr over multiple
measurements, typically taken every 5-6 min, when it was deemed to
have reached equilibrium. The equilibrium mass was recorded with a
corresponding suction value. The instrument then proceeded to the next
step at a higher RH by repeating the above process.

3.2. Super-saturated salt solution controlled free swell method

A vapour equilibrium technique (VET) using super-saturated salt
solutions based on the methodology presented by Rouf et al. (2014,
2016) was used to obtain the GCL water retention properties over suc-
tions ranging from 2000 kPa to 10° kPa. These suction measurements
were also used to validate the data obtained using the VSA. GCL speci-
mens (30 mm in diameter) were prepared based on their representative
mass per unit area. Once cut, they were sealed around the edges using
silicone gel to minimise bentonite loss during handling. The specimens

Geotextiles and Geomembranes xxx (XXXX) XXX

were placed on a wire mesh platform in sealed humidity-controlled
containers that contained different salt solutions targeting various RH
values. The super-saturated salt solutions were prepared following
ASTM E104 and included the following: KoCOs (43.2% RH), NaBr
(57.6% RH), KI (68.9% RH), NaCl (75.3% RH), KCI (84.2% RH), K;NO3
(93.7% RH), K3SO4 (97.3% RH). They were used to generate and
maintain a stable RH environment in the container during the experi-
ment. The experiments were conducted in a climatic chamber at 20 °C
+ 0.2 °C. The specimen mass measurements were periodically taken
until mass equilibrium was deemed to have been attained (i.e. consec-
utive measurements of <1% mass change). This process allowed the
calculation of the GWC for the corresponding suction.

3.3. Chilled mirror hygrometer method

A WP4C dew-point potentiometer was chosen for GCL intermediate
suction range measurements. This method overlaps with the suction
range covered by the VSA and the VET but attains lower suctions. While
the WP4C can be used to measure from 0 to 3 x 10° kPa, the accuracy of
the measurements decreases significantly below 5000 kPa, where the
accuracy is +50 kPa (£1%). Thus, measurements using the WP4C were
limited to around 1000 kPa, with a measurement accuracy of +5%. All
the WP4 tests were conducted at a temperature of 20 °C. Measurements
at higher suction using this method were also used to validate VSA and
VET data. The chilled mirror hygrometer method measures the total
suction via the dew point of the enclosed chamber environment by
assuming vapour phase equilibrium between the GCL sample and the air
in the measurement chamber. The two primary considerations that must
be excogitated when taking measurements of the GCL are the effects of
the conditioning time and the testing time (Acikel et al., 2018b). Thus,
this test was undertaken following the procedures outlined in Acikel
et al. (2018b). The GCL specimens were placed in metal containers and
hydrated to various target gravimetric water contents. The containers
were sealed and given a conditioning time of one week to ensure
moisture homogenisation in the GCL specimen. Before taking mea-
surements, the specimens were left undisturbed in the WP4C overnight
to minimise testing time dependency. Multiple measurements of each
specimen were taken, and the average suction measurement was taken
to be the representative total suction of each specimen.

3.4. Initial wet contact filter paper test

Experimental measurements for GCLs at very low suctions are scarce
due to the difficulty in achieving accurate measurements. Conventional
filter paper methods, as outlined in ASTM D5298, were shown by Acikel
(2016) to yield unrealistic suction values (i.e., matric suction > total
suction) for GCLs and require a longer testing time than the seven days
recommended due to the bentonite component necessitating a lengthier
moisture homogenisation process. The initial wet contact filter paper
test (IWCFPT) was deemed most appropriate for the wetting path where
matric suction measurements can be made accurately up to 146 kPa as
reported in Acikel et al. (2015). The main issue with longer
pre-conditioning and testing times is that microbial contamination on
the filter papers may taint measurements made during the experiment;
thus, sterilisation, conditioning and test duration protocols, appropriate
for GCLs, were used following Acikel et al. (2015). GCL specimens (50
mm in diameter) were cut, sealed around the edges using polyurethane
sealant, and then hydrated to various target gravimetric water contents
using sterilised distilled water. The specimens were wrapped in sealable
bags and stored in an insulated box under two kPa confining pressure at
a temperature of 21 °C for six weeks to allow moisture homogenisation.
Whatman no. 42 filter papers were sterilised using 2% formaldehyde
(ASTM D5298), and subsequently oven-dried. The GCL specimen was
sandwiched between two sterilised filter paper stacks (each consisting of
two 50 mm diameter cover filter paper with a 42.5 mm diameter sensor
filter paper in between). For the IWCFPT, the sensor filter paper was first



Z.C. Lau et al.

soaked in sterilised distilled water for 1 h, and a 2 kPa pressure was
applied to ensure good capillary contact between the filter paper stacks
and the GCL. The test specimens were sealed in new zip-close plastic
bags and stored for a further four weeks to ensure that equilibrium was
achieved between the sensor filter paper and the GCL. Subsequently,
both the water contents of the filter paper and the GCL were measured.
The equilibrium suction value was calculated from the filter paper water
content using the bilinear equation proposed by Leong et al. (2002), as
shown in Equations (1) and (2) below, which is the most accurate
method of calibration for the filter paper type used (Acikel et al., 2011).
It should be noted that the data points used for calibration did not
include data points with suction <10 kPa. However, an assumption is
made that the wetting behaviour of the filter paper beyond its water
entry value (wy > 47) would trend similarly at suctions <10 kPa.

logy =2.909-0.0229 x w; wy > 47 )}

logy =4.945-0.0673 x wy wy < 47 )
where the v is the matric suction and wy is the filter paper water content
in percentage.

4. Results and discussions
4.1. Water retention regimes and suction mechanisms

The water retention curves (WRC) for each of the GCLs on their
wetting paths, with each WRC built from four different, largely over-
lapping measurement methods, are shown in Fig. 1. The high suction
range (>5000 kPa) is populated using the data from VSA and, for GCL1,
this includes data from VET. The intermediate region (primarily 800 —
10* kPa) was populated using the WP4C data, while the low suction
region (<146 kPa) was constructed using the IW-CFPT data. It can be
observed that at very low suction (very wet specimens), the GCLs exhibit
a bimodal characteristic rather than the typical unimodal, sigmoidal
curve reported by several researchers (Barroso et al., 2006; Southen and
Rowe, 2007; Beddoe et al., 2011; Bannour et al., 2014; Acikel et al.,
2018a; Ghavam-Nasiri et al., 2019; Tincopa et al., 2020; Tincopa and
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Bouazza, 2021). Most of these studies did not extend their suction
measurements below 10 kPa, likely because the behaviour of the
bentonite component was adequately captured at suctions higher than
10 kPa, which masked the bimodal behaviour of the GCL. While a small
gap in the data exists between ~50 and ~ 1000 kPa, the WRC depicted in
Fig. 1 indicates how all these different methods can be used to access the
full suction range for various GCLs, including PE-GCLs.

Polymer type, polymer loading, and GCL structure play a role in the
bentonite swelling and, consequently, the amount of water uptake,
especially at the low suction region. When comparing the WRC of the
various GCLs gravimetrically, as shown in Fig. 2a, it can be observed
that the saturated gravimetric water content varies widely. GCLs with
higher polymer loading tend to achieve a higher maximum gravimetric
water content than their equivalent non-modified product: e.g. w =
183% for GCL3, w = 223% for GCL4, and w = 214% for GCL5 compared
to w = 151% for GCL2. Thus, gravimetric WRCs (G-WRC) are dependent
on the GCL product.

The WRC was quantified volumetrically to account for volume
changes in the GCL during hydration, as shown in Fig. 2b. It can be
observed that while the GWC of the various GCLs varies widely from
123% to 235% (i.e. at 0.1 kPa suction), this variation becomes signifi-
cantly less in terms of volumetric WRC (V-WRC), where the VWC was
within the range of 0.66-0.80. Furthermore, the V-WRC also reveals that
the water retention behaviour of the GCLs at suctions higher than 1000
kPa was the same regardless of the different types of GCLs. Generally,
the GCLs follow a similar wetting path and hydrate up to a VWC of 0.55
(0.52-0.57 based on Fig. 2b), coinciding with the air expulsion values
(AEV). At lower suctions (0.01 kPa-146 kPa), V-WRCs (0.50-0.80)
respond within a significantly narrower range compared to the gravi-
metric WRC (100%-235%). This observation indicates that, as expected,
the bulk of the volume change occurs in the low suction region, where
increased bentonite swelling increases the GCL volume. Because of this,
the bimodal shape of the GCL G-WRCs observed is not as apparent in the
V-WRC, particularly for the PE-GCLs, which exhibited higher swelling
behaviour.

The WRC of a material is commonly associated with its pore size
distribution, pore structure, chemical and mineralogical composition of
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Fig. 1. Water retention curve (WRC) of the respective GCLs.
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Fig. 2. The overall combined water retention curve (WRC) of the GCLs in terms of (a) gravimetric water content, (b) volumetric water content.

materials like bentonite (Likos et al., 2010; Lu, 2016). The WRCs
described in Fig. 2 indicate the presence of at least four different slopes:
between the suction ranges of 0.1-0.3 kPa, 0.3-1000 kPa, 1000-4000
kPa, and >4000 kPa, where there is generally a small increase in water
content corresponding to a large decrease in suction and then a large
increase in water content over a small drop in suction. Such a response is
indicative of the presence of multiple segregated pore sizes in the ma-
terial corresponding to a bimodal water retention behaviour (Burger and
Shackelford, 2001; Zhang and Chen, 2005; Satyanaga et al., 2013). This
observation aligns with the composite nature of GCL, where its con-
stituent elements have vastly different pore sizes. The geotextile
component typically has an apparent opening size of 0.1-0.2 mm
(Bouazza et al., 2006a; 2006b), while the granular bentonite has an
inter-grain pore size of 15-30 pm (Seiphoori et al., 2016) and approxi-
mately 0.1 pm for powder bentonite (Liu et al., 2020). Furthermore,
bentonite itself has often been characterised using a bimodal pore
structure by many researchers regardless of the bentonite form (Gens
and Alonso, 1992; Alonso et al., 1999; Sanchez et al., 2006, 2016;
Delage, 2007; Villar and Lloret, 2008; Romero et al., 2011; Seiphoori
et al., 2014; Navarro et al., 2015; Cui, 2017; Acikel et al., 2018a). The
dual-porosity of bentonite is delineated where the pores between

bentonite aggregates (inter-aggregate pores) are considered macropores
and the pores within the bentonite matrix (i.e. intra-aggregate pores and
smaller interlayer pores of the clay mineral component) are deemed to
be micropores. It should be noted that the intra-aggregate and
inter-particle pores, usually between 2 and 50 nm in diameter, are also
referred to in the literature as bentonite mesopores (Villar et al., 2012).
However, within the context of bentonite swelling in GCLs,
intra-aggregates pores can also be the same size as interlayer pores
(micropores: <5 nm, Gates et al., 2021). Therefore, when viewed in its
entirety, taking into consideration both the geotextile and bentonite
pores, the GCL is considered to have a trimodal pore structure (Acikel
et al., 2018a, 2020; Gates et al., 2018).

This fundamental understanding of GCLs pore structures provides a
frame of reference when examining the suction mechanism that dictates
their water retention behaviour. A conceptual model of the GCL water
retention curve is illustrated in Fig. 3, along with the corresponding
suction regime and pore structures. It should be noted that the polymer
bentonite interaction shown in the conceptual model is reflective of
GCL1 only, as the composition of the polymers in GCL3, GCL4, and GCL5
is unknown (proprietary information). During hydration, water trans-
ported through the pores exists as capillary water and adsorbed water
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(Tuller et al., 1999; Frydman and Baker, 2009; Lu, 2016). Under a
typical wetting process scenario, the GCL starts from a relatively dry
state (~10% GWC). At various points in its transition to a fully saturated
state, the pore water in the GCL is held in an unsaturated state under
different suction regimes. The important suction regimes for GCLs are
the tightly adsorbed, adsorbed film and capillary regimes (Fig. 3)
(McQueen and Miller, 1974; Lu and Khorshidi, 2015). The tightly
adsorbed water discussed in this paper is often referred to in the clay
minerals literature as tightly bound water (TBW). By extrapolation,
other adsorbed water relates to weakly bound water (WBW)

(Kuligiewicz and Derkowski, 2017). While this framework would
adequately capture the water retention behaviour of the GCL’s bentonite
component, it is proposed that for GCLs, further considerations should
be placed on the capillary regime of the geotextile component and, if
present, the adsorbed water of any polymer fraction.

4.2. Bentonite micropores (adsorption water)

At its as-received water content, the GCL is relatively dry and has low
matric potential or high suction, where it is assumed that there is no
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water in the capillary pores. Thus, indirect measurement techniques
using the VSA, VET and WP4C were employed to measure its total
suction. The high suction range behaviour of GCLs have been shown in
previous studies to be governed by the bentonite fraction. Thus, to
support this assertion, comparisons between suction measurements of
the GCLs and their bentonite component were conducted, as shown in
Fig. 4. It should be noted that the measurements for the bentonite using
WPA4C have an accuracy of +50 kPa.

Fig. 4 indicates that the relationship between GWC and suction for
both the GCL and its bentonite follows a similar wetting path in the
intermediate to high suction range (at suctions larger than ~1000-5000
kPa). However, the bentonite WRC is slightly higher than GCL WRC. The
differences between the GCL and bentonite WRCs can be attributed to
the GWC of the GCLs also incorporating the mass of their geotextile
components. Thus, the GCL water contents were normalised to their
proportional mass of bentonite (Mpent) from Table 1, as shown in Fig. 4
using the cross marked data points to allow for a more valid direct
comparison to their bentonite-only WRC (Carnero-Guzman et al., 2019).
The conversion was estimated using the following equation:

WecrMaer
Woorm = Mypers )
where Wy, is the normalised GCL GWC considering only its bentonite
component, Wgc;, is the measured experimental GCL GWC, Mg, is the
mass per unit area of the GCL, and Mj,,, is the mass per unit area of the
bentonite in the GCL (calculated by deducting the mass per unit area of
the geotextile components, Mpe,; = Mgcr — Mearrier — Meover)- The nor-
malised GWC of the GCL at the high suction range (>1000 kPa) showed
better agreement with the measured bentonite WRC data, highlighting
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that the bentonite core almost entirely controls the water retention
behaviour of the GCL at these suctions. The only exception to this
observation is GCL4, where GCL4’s bentonite-only WRC is higher
around its water entry value (WEV) compared to its normalised GCL
WRC. It is inferred herein that due to GCL4’s high polymer loading and
high swelling behaviours, the onset of geotextile confinement on the
polymer modified bentonite core probably occurred in this suction
regime.

Overall, this result is consistent with the findings of Beddoe et al.
(2011) and Carnero-Guzman et al. (2019), where comparisons made
with other published data on the wetting path showed the dominance of
the bentonite component at suctions » 10 MPa. These findings are un-
surprising as the exchange cations in montmorillonite clay minerals
(which controls the water sorption regime above ~10* kPa) have high
hydrating energies allowing the bentonite to absorb and retain water at
high suction (Bordallo et al., 2008; Gates et al., 2012, 2017). The posi-
tively charged exchangeable cations in the mineral interlayers attract
dipolar water molecules, with subsequent shells having weaker bonds.
Since the Coulomb force is responsible for this interaction is within the
atomic scale, it operates within the suction range in the order of a
hundred thousand of kPa (Lu, 2016). Furthermore, hydration of the
interlayer and intra-particle pore surfaces also accounts for the adsorbed
water for suctions above 3000 kPa. Although it is likely that the surface
hydration mechanism only occurs at suctions lower than the cation
hydration mechanism because the attractive van der Waals forces be-
tween the mineral surface and water molecules are orders of magnitude
smaller (Israelachvili, 2011). Other interactions leading to surface hy-
dration occur through hydrogen bonding (H-bonding) attraction of
water to negatively charged mineral surface (Likos et al., 2010).
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A conceptual description of the water adsorption process in GCLs will
start from bentonite micropores being in an unsaturated state until
capillarity forms in the bentonite macropores. Since capillary connec-
tions have not formed, the hydration process occurs through vapour
phase transport. As the initially dry material begins to wet, the smectite
forms a metastable pseudo monolayer hydrated (1LW) state with a
~1.2-1.3 nm basal spacing (Laird, 1996). Subsequently, as observed in
Fig. 4, as the suction decreases, the gravimetric water content increases,
which corresponds with more discrete layers of water molecules, as
many as four discrete hydration layers (Mooney et al., 1952; Norrish,
1954), forming around the exchangeable cations and an increased
interlayer surface hydration coverage (Khorshidi et al., 2017). This
process underpins the crystalline swelling of the bentonite, where the
introduction of water into the interlayer space causes partial disassoci-
ation between the unit layers held together by weak electrostatic bonds.

The water around the exchangeable cations and the interlayer sur-
faces of bentonite make up the tightly adsorbed water regime. The upper
bound of this regime is the highest suction value of the bentonite (Jensen
etal., 2015; Lu and Khorshidi, 2015), and the lower bound of this regime
is demarcated by the suction value corresponding to the amount of
strongly adsorbed water in the micropores, which ranges between 25%
and 40% GWC for different bentonites (Gates et al., 2017,2021; Car-
nero-Guzman et al., 2019, 2021). Both boundaries are a function of
bentonite mineralogy and cation type and the resulting microstructural
changes induced by changing hydration conditions. Although the suc-
tion mechanism for capillary water and adsorption water is distinct,
there is an overlap where both mechanisms operate within the same
suction range. This intermediary water retention regime is considered to
be the adsorbed film regime. Here, the water adsorbed through surface
hydration forms a continuous film on particle surfaces and, closer to the
lower limit of the suction range, capillary water forms within corners of
contact between particles (Tuller et al., 1999). The total adsorption
water in the system is considered to be the lower boundary of this regime
and is a unique physical parameter in models proposed by Lu (2016). As
with the highest suction parameter, the total adsorption capacity of the
bentonite is also dependent on its mineralogy (Tuller and Or, 2005; Revil
and Lu, 2013; Rouf et al., 2016).

4.3. Bentonite mesopores and macropores (capillary water)

As described in the preceding section, the initial hydration process of
the exchangeable cation results in crystalline swelling, where an
increased separation between the crystallites and separation of quasi-
crystals forming intra-particle pores occurs (Acikel et al., 2018b). The
decrease in crystallite layer number per particle (separation of
quasi-crystals) was reported to be most evident over the 2800-6900 kPa
suction range (Saiyouri et al., 2004). Both interlayer and intra-particle
pores bridge the micropore-mesopore boundary. Whilst the exchange-
able cations are restrained within the interlayer space, the attractive
electrostatic forces of the smectite surface no longer dominate their in-
teractions. Thus, the interlayer water is deemed a region with higher
ionic strength due to the cations compared to the pore water in the
mesopores. The transition beyond crystalline swelling begins in the
adsorbed film regime, where absorbed film forms around the partially
swollen bentonite quasi-crystals and particles (in the mesopores). The
resulting osmotic suction exerted between the interlayer water and the
capillary pore water in the mesoporous intra- and inter-particle pore
space initiates water movement into the microporous interlayer space,
where the clay unit layers continue to disassociate as the bentonite en-
ters a gel phase (Likos et al., 2010). This phenomenon generally initiates
at clay domains with smaller pore sizes, where, with decreased suction, a
meniscus develops in the pores (starting at intra-particle pore surface
contacts) that gradually forms capillary connections and induces the
movement of capillary water into these pores. Subsequently, as the
water in the system reaches its adsorption capacity, capillary water
becomes the main contributor of water retained in the intermediate
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suction range (less than 2-5 MPa, see Table 3). This transition is typi-
cally demarcated by the water entry value (WEV) of the GCL; a point
that indicates the mean water entry suction value at which capillary
connections of the residual water (residing in micropores of the inter-
layer and intra-particle pores) form between particles in the bentonite
mesopores and macropores as described above (Fredlund et al., 2012;
Acikel et al., 2018b). Therefore, this regime initiates when capillarity
gradually establishes between the clay particles. Nonetheless, it should
be noted that the capillary action in the mesopores does not restrict the
osmotic swelling regime; in reality, the osmotic suction regime initiates
in the bentonite around the pseudo 2- to 3-layer hydrate state as long as
there is access to water for this interaction. This is typically associated
with the osmotic (or bulk) swelling regime of the bentonite.

In the intermediate suction range, the meso- and macro-pores dictate
the water sorption behaviour of the GCL through capillary action Gates
et al. (2021). For GCLs in general, the meso- and macro-pore size
boundary depends on the bentonite form, i.e., granular or powder,
presence of disturbances by needle punching and rolling. The white
arrows in Fig. 5 indicate capillary water in the inter-particle pores,
which contributes to the bentonite’s osmotic (bulk) swelling and in-
creases bentonite interlayer volume. As the bentonite core in the GCL is
confined by the interlocking geotextile fibres, swelling of smectite in-
terlayers partially fills up the interparticle pores to offset the increased
volume (Likos and Lu, 2006), gradually shifting the pore size distribu-
tion of the bentonite clay domains to sub-micron sizes Acikel et al.
(2018a). The partially hydrated bentonite can also intermix/incorporate
into the geotextile pores within the thermal joins of the needle punched
fibre bundles (Gates et al., 2018). The needle-punched fibre bundles,
indicated by the white rectangles, were considered to be important
transits in the hydration process of the bentonite core, where water can
move directly into the macropores. Furthermore, largely isolated mac-
ropores (“roll pores™) associated with non-destructive dry-shearing from
the rolling/unrolling action during the manufacturing process are also
interspersed within the GCL bentonite matrix as shown by Gates et al.
(2018) using micro X-ray computed tomography (XCT). These “roll
pores” are indicated by the white circles in the high resolution (7 pm
pixel resolution) XCT image presented in Fig. 5 and are a few orders of
magnitudes larger than the mesopores. The bentonite surrounding these
pores was better hydrated, indicating that these pores probably played a
substantial role in the further hydration of the GCL bentonite core (i.e.,
acted as a water source for bentonite osmotic swelling).

If the bentonite were to swell freely, it is capable of large volume
changes and attracting significant amounts of water where the osmotic
swelling leads to complete disassociation of the quasi-crystal in a
dispersed phase. However, in GCL applications, the geotextile and the
fibres encapsulating the bentonite, in addition to any overburden stress,
exert a confining stress on the swelling bentonite. This restricts the
bentonite volume change, and consequently, the amount of water the
bentonite effectively absorbs. Thus, the GCL behaviour here closely re-
lates to the GCL’s peel strength, where higher peel strength provides a
higher degree of confinement. This phenomenon is observed in the WRC
of GCLs in the capillary zone, where it diverges from the WRC of their
extracted bentonite around 1 MPa (Fig. 4), coinciding with their air
expulsion values (AEV) shown in Fig. 4. Thus, as air is expelled from the
GCL pores due to bentonite swelling, the geotextile fibres are activated,
and the imposed confinement restricts swelling. An exception is GCL4,
where the WRC of its extracted bentonite component separates from its
GCL WRC at suctions near 10 MPa, perhaps due to its extremely high

Table 3
Summary of the AEV and WEV values of the GCLs presented in Fig. 6. See Table 1
for polymer contents of the various GCLs.

GCL1 GCL2 GCL3 GCL4 GCL5

Air Expulsion Value, AEV (kPa) 800 550 900 1200 950
Water Entry Value, WEV (kPa) 3000 2600 5000 3300 3200
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Fig. 5. High resolution micro XCT image showing the longitudinal cross-
section of the partially hydrated bentonite (Gates et al., 2018).

swelling capacity (Swell Index = 55.8 mL/2 g), so the onset of geotextile
fibre activation begins at higher suctions. Adequate confinement pro-
vided by either the vertical stress or fibres is essential to ensure optimal
hydraulic performance by the GCL (Abuel Naga and Bouazza, 2013;
Rowe, 2013). Under confinement, the bentonite fabric structure
changed because quasi-crystals rearrange and fill in void spaces,
resulting in a lower void ratio and reduction in hydraulic conductivity
due to the increased tortuosity of flow paths (Gates et al., 2009).

The properties typically used to define the starting point of the
capillary regime are the points for cavitation suction of the pore water or
the residual capillary suction obtained from the water retention curve
(Fredlund and Xing, 1994; Or and Tuller, 2002; Frydman and Baker,
2009). While an area of ongoing research, it is generally understood that
cavitation occurs gradually over a range of suctions and can be best
described using a distribution function (Herbert et al., 2006; Lu, 2016).
Most studies on water cavitation in soil mechanics were investigated
under desorption conditions as the results were more reproducible.
Nonetheless, it can be inferred for the wetting path that the onset of
capillary connection would only develop at a suction value less than the
cavitation point and would occur as a gradual process. Thus, the cor-
responding key characteristic that can be obtained from the WRC to
delineate the capillary regime and adsorption regime is the water entry
value (WEV) (Yang et al., 2004; Acikel et al., 2018a). The water entry
value (WEV) is taken to be the suction value at the point of intersection
between the tangent line of the capillary regime slope and the straight
line approximating the high suction adsorption regime (Fig. 6). This
point indicates the mean suction value at which capillary connections
form between particles in the bentonite macropores that enable water
entry. Moving along the wetting path of the WRC, the bentonite swells as
more water migrates into the GCL and air is expelled from the pores until
eventually, the bentonite in the GCL becomes fully saturated. The suc-
tion at which saturation occurs is defined by the air expulsion value
(AEV) on the WRC wetting path as labelled in Fig. 6, similar to the air
entry values obtained on the drying path. This point indicates the region
in which the bentonite transitions from an unsaturated to a saturated
state (Pasha et al., 2017).

The intermediate suction range of the GCL WRCs measured in this
study and their corresponding AEV and WEYV are illustrated in Fig. 6 and
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summarised in Table 3. The results show that GCLs with higher polymer
loading like GCL3, GCL4, and GCLS5 tend to have higher WEV and AEV
than their unmodified counterpart, GCL2. This suggests that the
increased water uptake by the polymer modified bentonite has led to the
onset of water entry in bentonite capillary pores at higher suctions.
Similarly, the air voids in the bentonite are also being expelled at higher
suctions. An interesting feature of the WRCs depicted in Fig. 6 is that the
shape of the curve near the WEV transition is more curvilinear for the
GCLs with higher polymer loading. For example, GCL2 has a distinct
inflection point, whereas the others reveal smoother responses of VWC
with suction (GCL1 < GCL3 < GCL5 < GCL4). A plausible explanation is
that because the polymer adsorption sites become active around 40 MPa
(see Section 4.5), more water is attracted into the bentonite pores at
suctions higher than the WEV. Thus, the water retention behaviour of
the polymer masks the typical transition between the bentonite
adsorption and capillary suction regime (as depicted by the WRC of
GCL2), creating a more curvilinear shape at the WEV region.

4.4. Geotextile pores

Due to the composite nature of GCL, it is postulated that macropores
within the geotextile (GTX) dominate the water retention regime in the
low suction range <1 MPa. As the GCL undergoes wetting, the hydrating
water will first fill up the bentonite pores, causing it to swell. Eventually,
the suction of the GCL will correspond to the low suction region where
capillary water fills the comparatively larger geotextile pores. This
phenomenon is supported by the observations made in the data shown in
Fig. 7. Note, however, the geotextile can also contribute to the water
retention behaviour at the intermediate suctions when bentonite ex-
trudes into the geotextile pores, as seen in Fig. 9.

Most GCLs experience increased volumetric water content in the very
low suction range around 0.1-0.3 kPa, the exceptions being GCL3 and
GCL4 (Figs. 6 and 7). This increase is due to the onset of water filling
capillary pores, as characterised by a WEV for the GTX, leading to these
GTX pores being saturated. This is consistent with the observations
made by Bouazza et al. (2006a, 2006b), who reported water entry values
for two geotextiles to be in the range of 0.2-0.3 kPa; whilst Iryo and
Rowe (2003) indicated that most WEVs varied from 0 to 0.8 kPa.

For GCL3, no steep increase of VWC is observed in the low suction
ranges, unlike the other GCLs. A probable explanation for this behaviour
could be that when polymers react with water, they diffuse to the geo-
textile surface under low suctions (as observed in Fig. 8). When the
suctions measurements of GCL3 were taken at low suctions using IW-
CFPT, it was observed that polymer had eluted to the surface of the
geotextiles and created a film at the GCL surface. Because the filter
papers were directly in contact with the polymer layer rather than the
GCL, measurements were adversely impacted. As shown in Fig. 8a, this
phenomenon was more evident in GCL3 (with high polymer content)
probably because it contained highly water-soluble linear polymers
rather than the crosslinked polymers found in GCL4 and GCL5. Thus,
suction measurements conducted using the IW-CFPT could be consid-
ered as more reflective of the polymer water retention curve than the
water retention behaviour of the GCL as a composite material shown in
Fig. 7. As for GCL4, a slope was observed at higher suctions around the
region of 30-50 kPa (Fig. 7), which is higher than typically expected for
geotextile pores. However, GCL4 has a very high swelling capacity
which might explain this phenomenon. In addition, during wetting at
low suctions, hydrated polymer granules squeezed out of the geotextile
fibres and accumulated within the geotextile pores. Thus, it is consid-
ered that the slope observed in the low suction range for GCL4 shown in
Fig. 7 indicates that hydration and swelling of bentonites and polymers
take place within the geotextile pores.

The proportion of geotextile pores is smaller than the bentonite pores
in the GCL. Thus, the volumetric water content influx due to the capil-
lary water of geotextile pores seen in 0.2 kPa suction range is not as
drastic as the slope seen at 1 MPa due to the bentonite capillary water.
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Fig. 6. Bentonite capillary zone for the various GCLs indicating air expulsion value (AEV) and water entry value (WEV). See Table 1 for polymer contents of the

various GCLs.

Furthermore, the wetting path of the GCL WRC, as shown gravimetri-
cally in Fig. 2a, depicts a proportionally larger increase for the slope in
the geotextile regime compared to when shown volumetrically in
Fig. 2b. This difference can be attributed to the large volume change that
occurs in this region. As more water enters the GCL, the bentonite
gradually swells and activates the geotextile fibres that confine it.
Although they restrict the bentonite from freely swelling, the high
swelling pressure at very low suctions causes the fibres to stretch out.
Additionally, the bentonite swelling also results in the gradual intrusion
of bentonite into the geotextile pores, where it absorbs more water. This
is reflected in this region’s relatively modest volumetric water content
increase (Fig. 2b) despite the increase in gravimetric water content
(Fig. 2a), accounting for almost 40% of the total gravimetric water
content. Additionally, this also explains the slight incline in the GCL
WRC across the whole low suction range (<146 kPa) instead of the
presence of a flat plateau after the air expulsion value (AEV). Both
phenomena (bentonite extrusion and geotextile fibre stretching/
breakage) were observed by Gates et al. (2018) using micro XCT im-
aging. The high contrast cross-sectional XCT image of the GCL shown in

10

Fig. 9 shows the intrusion of hydrated bentonite into the nonwoven
cover geotextile pores (indicated by the white box).

As discussed earlier, the low suction regime has been largely omitted
in past studies on the water retention behaviour of GCLs, primarily due
to reproducibility issues and the relatively small impact geotextiles have
on the overall water retention behaviour. Nonetheless, a more in-depth
understanding of the water retention regime in this suction range is
crucial as it could shine some light on the phenomenon in which the final
water content of the GCL on the wetting path is lower than its initial
water content on the drying path. While typically attributed to air being
trapped in voids during the wetting process, it is herein postulated that
the lower final water content of the GCL on the wetting path could be a
consequence of the GCL wetting path being terminated at a suction
range before all the capillary pores in the geotextiles being filled. Thus,
the difference in the water contents, in addition to possible entrapped air
voids, is a remnant of an incomplete suction measurement range. This is
supported by the measurements made in this study, as presented in
Fig. 7, where a bimodal curve is observed when the WRC is shown up to
0.1 MPa.
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(a)

o]

Fig. 8. Picture of (a) GCL3 with eluted polymer layer forming on the geotextile surface; (b) GCL4 with small, hydrated polymer granules indicated by the black

circles forming in the geotextile pores.

4.5. Water retention behaviour of polymer bentonite

There exists a lack of information regarding the water retention
behaviour polymer enhanced bentonite. Water retention by various
products would likely differ from one to the other due to the multitude of
polymer types, polymer loading (Liu et al., 2012), and different
manufacturing processes involved. Thus, to study the onset of hydraulic
activation by the polymer in the polymer enhanced bentonite, an
investigation into the water retention behaviour at the high suction
range was made between GCL1, its unmodified base bentonite, and its
raw polymer and a suite of dry blended polymer-bentonite mixtures. The
results are presented in Fig. 10, where it can be observed that the
polymer itself has a significantly higher water adsorption capacity
compared to the bentonite component (Fig. 10a). Its water content at the
lowest measured suction (7 MPa, equivalent to RH = 95%) is almost 17
times higher than the base bentonite at the same suction level. A com-
parison was also made between the dry blended polymer bentonite
mixture and the base bentonite, as seen in Fig. 10b. The vapour sorption
isotherms between the materials on the wetting path were largely
identical to about 39 MPa suction (equivalent to RH of 75%). After

11

which, as the suction decreased, the polymer-modified bentonites
(2.0%, 4.0% and 8.0% polymer bentonite mixtures) adsorbed appre-
ciably more water. This point of divergence coincides with the region
where the monolayer water adsorption around the exchangeable cation
is completed, and beyond which it transitions to a two-layer hydrate
state (Likos and Lu, 2002; Likos and Wayllace, 2010; Gates et al., 2017).
The results shown in Fig. 10 are consistent with the findings reported in
Akin and Likos (2016), which support the theory that the bentonite
exchangeable cation hydration energies dominate the initial adsorption
behaviour. The adsorption characteristics from active polymer sites only
become apparent after the monolayer adsorption is completed in the
bentonite. As the polymer starts to retain water, it forms a hydrogel
structure around the bentonite particle or aggregate pores. It is
hypothesised that such a situation applies to the dry-blended polymer
bentonite mixtures, where the bentonite and polymer components are
phase-separated and largely immiscible (Alexandre and Dubois, 2000).
The water retention behaviour of the polymer and bentonite compo-
nents thus function independently, where the moisture uptake of each
component depends on its sorption strength. This also explains why the
point of divergence of the polymer bentonite mixtures and the
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Fig. 9. High-resolution micro XCT image depicting the cross-section of a
partially hydrated GCL (Gates et al., 2018).
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unmodified base bentonite overlaps with the suction region, indicating
the onset of significant moisture uptake for the pure polymer vapour
sorption isotherm.

On the other hand, it was found that the moisture uptake of GCL1 at
7 MPa suction (RH = 95%) was lower than for the various polymer
bentonite blends and even the base bentonite. On the wetting path, the
GCL1 initially follows the same path as the other bentonite samples until
a suction of 59 MPa (RH = 65%) where the path diverges, and GCL1
moisture adsorption becomes comparatively less. As GCL1 was manu-
factured using the same base bentonite and polymer, its mineralogical
and chemical properties are similar to the various polymer bentonite
blends. It can thus be posited that this phenomenon is due to the heating
treatment of GCL1 during its manufacturing process, resulting in poly-
mer adsorption where the polymer bentonite interaction changes at the
vapour sorption range. It is possible that the polymers have intercalated
and adsorbed to the bentonite interlayer surfaces due to the thermal
treatment, therefore, ensuring that the water retention behaviour of the
polymer and bentonite components function as a composite. As the
vapour sorption range measured in this test is limited to RH = 95%, it
only captures up to two to three layers hydration state of the bentonite
interlayer. It is believed that due to the manufacturing process, the
polymer enhancement in the GCL1 will only become more dominant at
lower suctions or possibly when there is capillarity. However, further
studies need to be conducted to fully understand how the polymer
bentonite’s manufacturing process can impact its behaviour at the high
suction range.

It is therefore hypothesised, as shown in the conceptual model
illustrated in Fig. 3, that the onset of polymer water retention in polymer
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Fig. 10. Vapour sorption isotherm of (a) Pure polymer and various polymer bentonites, (b) GCL1 and the various polymer bentonite mixtures. See Table 1 for

polymer contents of the various GCLs.
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enhanced bentonite would occur as soon as possible after the monolayer
water adsorption in the bentonite interlayer is completed, which cor-
responds to around 40 MPa (RH = 75%) for dry blended polymer
bentonite mixtures, and at lower suctions for polymer bentonites like the
GCL1. Nonetheless, it should be emphasised that this hydration mech-
anism for the polymer fraction in bentonite is unique to the specific
polymer type, polymer dosage, and manufacturing process.

4.6. Comparison with published data

Comparison with other water retention curves on the wetting path
published in literature is presented in Fig. 11. The comparison was re-
ported in terms of GWC as not all published data reported the WRCs
volumetrically. The WRC wetting path of 2 powdered bentonite GCLs
reported by Acikel et al. (2018b) were fitted using the Fredlund and Xing
(1994) model (FX). The reported experimental data stopped at around
100 kPa, with the fitted curve extending to 10 kPa using measured
saturated GWC. As discussed in the previous section, and shown in
Fig. 11, omission of the low suction range data would bypass the suction
behaviour of the geotextile. Hence, this would result in the fitted curve
overestimating water content in the low suction range. Beddoe et al.
(2011) reported the wetting path WRC of 4 GCLs that was measured
using capacitance relative humidity sensors in the high suction range
and high capacity tensiometers in the low suction range. The data were
curve fitted using the FX model as well. The lower bound of the reported
suction measurements and fitted curve was set at 1 kPa. There were no
measurements made in the intermediate suction range where the
capillary zone of the bentonite is dominant. Thus, the shape of the fitted
curve is less defined in an area where there are significant water volume
changes. Consequently, the output fitted parameters a and y, would not
provide values with relevant physical explanations. Comparing these
literature data with the experimental data obtained in this study high-
lights the importance of having measurements for GCL over a wide range
of suction to fully capture its water retention behaviour, understanding
that it is affected by multiple different suction regimes. It also highlights
the limitations of commonly used unimodal fitting curves in predicting
the water retention behaviour of GCL, especially when having to ac-
count for its bimodal nature. Thus, this study provides the experimental
data and framework to assess and validate a proposed fitting model for
GCL water retention behaviour in future work.
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5. Conclusions

This study was undertaken to provide greater insight into the wetting
path water retention behaviour of GCLs through the framework of their
pore structures and resulting suction regimes. The theoretical explana-
tions were provided alongside the experimental WRC data measured for
the GCLs used in this study. Due to the composite nature of GCLs, a
combination of test methods like the vapour sorption method, vapour
equilibrium technique, chilled mirror hygrometer method, and the
initial wet contact filter paper test was used to chart out water retention
behaviour fully. The salient conclusions that can be drawn for this work
include:

1. When measured across an extended suction range which includes
suction <10 kPa, it was observed that GCLs exhibit a bimodal curve
(trimodal if considering the bentonite micropores and macropores as
separate pore structures) on the wetting path consistent with its
composite nature where the geotextiles and bentonite component
have widely different pore sizes. The water retention behaviour of
GCLs can be explained through their pore structures, from smallest to
largest: bentonite micropores, bentonite macropores and geotextile
pores.

2. The results indicate that the water retention properties of the GCLs
and their bentonite component were very similar. The high suction
regime, where the bentonite micropores are dominant, comprises the
tightly adsorbed and adsorbed film regime with adsorption water,
which is largely responsible for any water change. GCL4 was an
exception, likely due to its high polymer loading and high swelling
behaviour, which indicates the onset of geotextile confinement at
higher suctions. Overall, this study showed that the behaviour of
GCLs in the high suction range was almost entirely governed by the
bentonite fraction, consistent with other literature findings.

3. Bentonite macropores dictate the water retention behaviour in the
intermediate suction range (between 1 and 20,000 kPa depending on
the water entry values). As the water in the system reaches its
adsorption capacity, the main water intake is mainly comprised of
capillary water in the inter-aggregate pores. The behaviour of the
GCL diverges from pure bentonite due to the confinement provided
by the geotextile fibres. Its air expulsion value demarcates this re-
gime’s boundaries, and the water entry value was shown to occur at
suctions lower than the pore water’s cavitation suction. It was found
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Fig. 11. Comparison with published literature data.



Z.C. Lau et al.

that GCLs with higher polymer loading tend to have higher WEV and
AEV. It indicates that the increased water uptake by the polymer
modified bentonite has led to the onset of water entry into the
bentonite capillary pores and expulsion of voids from said pores at
higher suctions.

4. The WRC of the GCL indicates that the geotextile pores influence the
low suction range behaviour. The WEV of the slope in the low suction
range is around 0.2 kPa, consistent with literature data. The capillary
water retained in the geotextile pores can account partially for the
gap between the final water content of the GCL on the wetting path
and the initial water content on the drying path. Other contributory
factors for water uptake in the low suction range include bentonite
swelling and extrusion and polymer water adsorption. The relatively
modest volumetric water content increase in this region despite the
increase in gravimetric water content in the same region, accounting
for almost 40% of the total gravimetric water content, still indicates
that the GCL undergoes large volume changes. It also explains the
slight incline in the GCL V-WRC across the low suction range beyond
the AEV.

5. The polymer loading can impact the dominant hydraulic mechanism
of the polymer bentonite. If polymer additives are present, their ef-
fect becomes more apparent after the completion of monolayer
cation hydration. Due to its higher water sorption capacity, the most
evident impact of polymer modifications on GCL hydration is the

Acronyms

AEV Air expulsion value

ASTM  American standard testing methods

BPA Bentonite polymer alloy

BPN Bentonite polymer nanocomposite

CEC Cation exchange capacity

DPH Dense pre-hydrated

DVS Dynamic vapour sorption

FX Fredlund and Xing (1994).

GC Glycerol carbonate

GCL Geosynthetic clay liner

GMB Geomembrane

GTX Geotextile

GWC Gravimetric water content

GWRC Gravimetric water retention curve

IWCFPT Initial wet contact filter paper test

MSB Multi-swellable bentonite

Na-CMC Sodium carboxymethyl cellulose

PAA Anionic acrylic polymer

PAC Polyanionic cellulose

PAM Polyacrylamide

PC Propylene carbonate

RH Relative humidity

RSS Residual sum of squares

SEM Scanning electron microscopy

SI Swell index

VET Vapour equilibrium technique

VG Van Genuchten (1980)

VSA Vapour sorption analyser

VWC Volumetric water content

VWRC Volumetric water retention curve

WEV Water entry value

WRC Water retention curve

XCT X-ray computed tomography

XRD X-ray diffraction

Notations
[ Cavitation deviation
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increased water uptake. For GCL1, it was found that it was still
dictated by osmotic swelling and its polymer bentonite interactions
serve to promote this mechanism. Furthermore, it was found that
onset of polymer water retention in polymer enhanced bentonite
would occur at the earliest after the monolayer water adsorption in
the bentonite interlayer is completed, which corresponds to around
40 MPa (RH = 75%) for dry blended polymer bentonite mixtures,
and at lower suctions for polymer bentonites like the GCL1. It should
be emphasised that the hydration mechanism for the polymer frac-
tion in bentonite is unique to the specific polymer type, polymer
dosage, and manufacturing process.

This paper shows that the water retention behaviour of GCL can be
wholly explained by the influence of its pore structures within various
suction regimes. Current models are inadequate at capturing the full
water retention behaviour of the GCL considering its composite nature.
A bimodal general equation would be a more suitable solution for
describing the water retention regimes of a GCL.

Acknowledgement
This research project was supported by the Australian Research

Council’s Discovery Projects funding scheme (project number
DP190103682). This support is gratefully acknowledged.



Z.C. Lau et al.

a Air expulsion value
m Curve fitting parameter related to overall WRC geometry
n Curve fitting parameter related to pore size distribution

R2 Coefficient of correlation

o Inverse of AEV

0 Volumetric water content

0a Adsorption water content
famax  Total adsorption water capacity
Oc Capillary water content

or Residual water content

Os Saturated water content

\'] Suction

ye Mean cavitation suction

ymax  Maximum suction value

yr Suction value corresponding to residual water content
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