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Abstract
Significant chemical influence on the swelling potential of MX-80 bentonite was observed during swelling tests where

specimens were hydrated with highly concentrated brine. The maximum swelling pressure for specimens hydrated with

brine was about 30% of the maximum swelling pressure for the same specimens hydrated with de-ionized water. The

maximum swelling pressure was attained within tens of hours of brine infiltration and further decreased by half within a

year. A fully coupled hydro–mechanical–chemical (HMC) dual-porosity model is proposed in this paper to interpret the

swelling behaviour of MX-80 when infiltrated with brine. The dependence of hydraulic and mechanical properties on such

factors as porosity, salinity and water content was investigated. A nonlinear elastic constitutive model was proposed to

correlate the swelling pressure with the variation in the microporosity. The chemical effects on the mechanical behaviour

were coupled at the micropore level. A number of relationships have been developed for MX-80, i.e. micropore perme-

ability as a function of void ratio, water retention characteristics of micropores and macropores, micropore dependence on

water content and the diffusion coefficients of the two types of pore structure. The proposed model was successful in

reproducing both quantitatively and qualitatively the experimental results from two sets of infiltration experiments on

compacted MX-80 bentonite.
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1 Introduction

Bentonite has been widely considered as seal materials in

nuclear waste disposal facilities [1, 13, 15, 43, 44, 53].

Bentonite is primarily composed of montmorillonite min-

erals. Montmorillonite is characterized with high specific

surface area, high swelling potential and a strong tendency

to bound water. These characteristics could ensure a very

low permeability and high sealing capacity of the bentonite

when wetted. Deep geological disposal is being considered

in Canada and many other countries for the long-term

management of nuclear waste. Deep geological repositories

(DGR) for nuclear waste rely on a system of engineered

and natural barriers to contain and isolate the waste.

Bentonite-based buffer and seal engineered barrier systems

(EBS) are major components of this multi-barrier system.

Once emplaced between the waste containers and the host

rock, the swelling potential of the bentonite upon saturation

with porewater from the host rock is relied on in order to

seal gaps and fissures that may exist in the EBS itself and/

or the surrounding host rock in the vicinity of the waste

emplacement areas. The chemical characteristics of the

pore fluid, i.e. pH, salinity, cation types, have been shown

to affect the swelling behaviour of the bentonite

[13, 21, 32, 49]. In Canada, the porewater in deep geo-

logical formations is characterized by high salinity. For

example, the total dissolved solids (TDS) of the porewater

at the Bruce site, Ontario, where a DGR for low- and

intermediate-level wastes is being proposed, are up to

450 g/L at depths of more than five hundred metres. The

highly concentrated brine in the host rock would seep into

the EBS, triggering complex hydraulic (H)–mechanical

(M)–chemical (C) processes that could affect the swelling

potential of the bentonite. These HMC processes are
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coupled and are far more complex than the swelling

behaviour of bentonite infiltrated with de-ionized (DI)

water. Herbert et al. [18] found that brine with elevated salt

concentration in contact with MX-80 bentonite can

decrease its swelling pressure to a steady-state value that

might take years to be reached. Swelling pressure tests

were conducted at Queen’s University, Canada, in collab-

oration with the CNSC [42]. The results showed that the

swelling pressure of MX-80 bentonite hydrated with DI

water reached a plateau in a monotonous manner after

approximately 1 month. On the other hand, for the same

specimens hydrated with brine, the swelling pressure

increased to a maximum value within tens of hours but

reduced slowly to an equilibrium state after approximately

1 year. The final values of the swelling pressure of speci-

mens hydrated with brine are approximately one order of

magnitude smaller compared to the DI case. In order to

interpret the observed chemical effects on the swelling

behaviour of bentonite, the authors have developed in this

paper a fully coupled HMC model that takes into account

the dual-porosity structure of the bentonite. Although most

of the assumptions used in this work might be applicable to

other types of bentonite, the focus is on MX-80, a sodium

bentonite.

Hydraulic–mechanical (HM)- or thermal–hydraulic–

mechanical (THM)-coupled models incorporating dual-

porosity structures have been developed and successfully

validated against experimental observations in a number of

pioneering studies [3, 12, 16, 17, 19, 37, 46, 47, 50, 55].

Momentum and mass conservation equations for each pore

structure are required for the simulation of water flow and

vapour transport processes [37]. Dual-porosity-based

hydraulic flow and chemical transport models were repor-

ted with respect to unsaturated bentonite soils

[31, 33, 41, 54]. Recently, a HMC-coupled dual-porosity

model was developed by Musso et al. [34] to address the

volume change of expansive soil under cycling of chemical

permeation. This approach, although only addressing the

fully saturated situation, provides an excellent framework

to interpret the chemical influences on the swelling beha-

viour of bentonite [8]. In the present study, the authors

developed a HMC-coupled model taking into account the

dual-porosity structure of bentonite. The model was based

on the dual-porosity HMC-coupled model from Musso

et al. [33], but it was extended to address a full spectrum of

hydraulic flow in both unsaturated and saturated states.

Two types of pore structures were considered: the micro-

pores within the clay aggregates and the macropores

between those aggregates. The model considers porewater

flow and solute transport in both pore structures and

hydraulic and chemical exchange between the two struc-

tures through a semi-permeable membrane. This paper is

structured as follows: (1) characterization of hydraulic and

transport properties of bentonite; (2) derivation of gov-

erning HMC equations; (3) development of finite element

(FE) models; and (4) mathematical simulation of swelling

tests.

1.1 Characterization of hydraulic and transport
properties of bentonite

1.1.1 Double-porosity in bentonite

The microstructure of bentonite has been the focus of many

porosimetric and microscopic studies [2, 9, 30, 31, 34, 45].

An illustration of the bentonite microstructure is shown in

Fig. 1. The fundamental structural units are the clay pla-

telets or layers, separated by several layers of water

molecules and assembled in stacks of 2–3 platelets at full

saturation to about 300 platelets at high suctions [48]. The

stacks are assembled together in aggregates. From the

above microstructural organization, bentonite could con-

ceivably be characterized by three types of pores: the

nanopores (at nm scale) that exist between the clay plate-

lets within a stack; the micropores (in the size range of

0.01–2 lm) between the clay stacks within the aggregate;

and the macropores (in the size range of 2–300 lm) that

exist between the clay aggregates and other macrograins

such as quartz grains.

When water is added to an unsaturated bentonite sam-

ple, it infiltrates first into the macropores and then into the

micropores and nanopores, resulting in an expansion of the

aggregate. This process is involved with a subdivision of

the stacks, as well as an increase in the thickness of the

diffuse double layer (DDL) [48]. The DDL is generally in

the scale of tens of nm to a few micrometres. The pro-

portion of macropores in the size range of 2–300 lm
reduces significantly, while micropores in the size range of

0.01–2 lm increase in a wetting cycle with DI water.

Manca et al. [29] studied the microstructural evolution of

bentonite and noticed a steady and quasi-linear increase in

micropore volume with decreasing suction in the wetting

path. Under confined conditions, the tendency for the

aggregate to expand results in the development of a swel-

ling pressure.

Concentrated polyvalent cations in infiltrating waters

have been found to decrease the swelling potential of

montmorillonite due to a reduction of interlayer expansion,

thinner bound water, flocculation of fine minerals and

contraction of aggregates [20]. This effect further con-

tributes to the formation of macropores even when the soil

is saturated, as evidenced by elevated hydraulic conduc-

tivity [20, 29]. Melkior et al. [30] studied the microstruc-

ture of various types of bentonite and found that a gel phase

in the material governs the pore structure. A homogeneous

gel structure is developed in low salinity (typically NaCl,
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10-3 M), showing an isotropic network of clay stacks with

5–10 clay layers. In a concentrated solution (NaCl,

10-1 M), a heterogeneous structure consisting of thicker

mineral stacks (40–60 clay layers) is observed. It is shown

that increased salinity results in thicker stacks of mineral

layers and a closer, denser pack of clay aggregates, which

can be illustrated by Fig. 2b, where brine causes the

macropore fraction to increase compared to DI water. The

simultaneous transport of water and solute in the double

structures takes place in such a manner that water moves

faster than solute in the micropore and causes the aggregate

to expand in the early stage; the solute gradually migrates

into the micropore at a later stage and causes the aggregate

to shrink to an equilibrium state. This is illustrated in

Fig. 2c. The chemical influence on the dynamics of the

double structures appears to be somewhat reversible, as

leaching of salts from porous media can cause enhanced

dispersion and deflocculation in clay slurry [24], which

turns out to enhance its swelling potential [32, 34].

The mathematical model that is described in this paper

is based on the multiple porosity concept as previously

discussed. We did not take into account the nanopore and

only consider the micropore structure within an aggregate

and the macropore structure between the aggregates. This

simplification seems to be sufficient in order to explain the

main phenomena associated with the swelling of com-

pacted bentonite [17]. Microstructural morphological

studies on bentonite under wetting paths indicate a gradual

reduction of the macropores and steady cumulative growth

in the abundance of micropores [29]. As shown in Fig. 2c,

when full saturation occurs with DI water, the macropores

would practically disappear. However, when the bentonite

is saturated with brine, the reduction of macropores is

much less pronounced with increasing salinity in the pore

fluid, as demonstrated in Fig. 2a, b.

1.2 Hydraulic conductivity of a dual-porosity
medium infiltrated with brine

Assuming that Darcy’s law is applicable, porewater flow in

a dual-porosity medium depends on the hydraulic con-

ductivity of the bulk medium, which is a function of the

hydraulic conductivity associated with each pore type. In a

dual-porosity medium, the effective saturated hydraulic

conductivity (keff) representative of the overall medium

could be expressed as the arithmetic mean of the respective

components associated with each porosity type, assuming

that flow takes place in parallel in each porosity type:

keff ¼
em

em þ eM
kms þ eM

em þ eM
kMs ð1Þ

where e is the void ratio, ks is the saturated hydraulic

conductivity and the subscripts m and M, respectively,

indicate the micropore and the macropore.

We will now propose a methodology to estimate the

three types of hydraulic conductivity considering the

influence of salinity of the infiltrating water. We start first

with the adoption of the semi-theoretical equation from

Kozeny [22] and Carman [6] for a single-porosity medium:

(nanopore)

(micropore)

(macropore)

Fig. 1 Illustration of the microstructure of bentonite (from [36])
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k ¼ c
lCkcS2

e3

1þ e
ð2Þ

where k is the saturated hydraulic conductivity (m/s) of the

single-porosity medium, c is specific gravity, l is pore fluid

viscosity (Pa s), S is specific surface area in unit volume of

solid phase, Ckc is the Kozeny–Carman empirical coeffi-

cient, e is void ratio. Using experimental data from various

sources for bentonite infiltrated with DI water (Fig. 3), the

effective hydraulic conductivity (m/s) of the bulk medium

can be represented by a power law function that is very

similar to the Kozeny–Carman equation:

k ¼ 10�13 e3:74

1þ e
ð3Þ

We have c
l ¼ 7:6� 106 1/m s. The specific surface area

S in unit volume of typical MX-80 can be calculated from

specific surface area (SSA) value of 561 m2/g [5], which

leads to S ¼ SSA � cs � 106 ¼ 1:51� 109 1/m.

Therefore, the model constant Ckc can be estimated for

bentonite as

Ckc ¼
c

lS2
1013e�0:74 ¼ 33:3 � e�0:74 ð4Þ
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Fig. 2 a Pore size distribution, b cumulative pore fraction of sand/bentonite mixture saturated with various concentrations of pore fluids (after

Manca et al. [29], initial void ratio e = 0.78) and c schematic diagram for sequential development of structures and water (blue line) and solute

(red line) migrations under brine infiltration (color figure online)

638 Acta Geotechnica (2020) 15:635–653

123



This Ckc value could be much larger than the well-rec-

ognized value of 5 for packed sandy soils as indicated by

Carrier III [7]. This is likely due to the thick electric double

layer of clay particles, that greatly hinders the transmis-

sivity of compacted clay, through electric–hydraulic-cou-

pled effects [25] and thus increases the Ckc factor. It is

shown by the above analysis that the Kozeny–Carman

equation is suitable for permeability estimation regarding

the specific case of MX-80 bentonite hydrated with DI

water.

As previously discussed, when bentonite is saturated

with DI water, the macropores practically disappear;

therefore, keff ¼ kms , and the effective hydraulic conduc-

tivity of bentonite in this case, and as represented by Eq. 3,

is assumed to be equal to the micropore permeability.

Therefore, the saturated micropore hydraulic conductivity

kms is assumed to be given by:

kms ¼ 10�13 e3:74m

1þ emð Þ ð5Þ

em, the micropore void ratio could be determined by the

micropore gravimetric water content (wm) as

em ¼ wmGs ð6Þ

Note that wm is distinct from the total water content

w and is governed by the osmotic suction of chemical

solution.

The effective hydraulic conductivity of compacted MX-

80 bentonite with brine was determined by experiments.

The data that come from different sources as shown in

Fig. 3 can best fit with an empirical equation of

keff ¼ 10�9e11:86 ð7Þ

where e is the total void ratio given as e ¼ em þ eM.

Being orders of magnitude higher than the micropore

permeability, the macropore hydraulic conductivity with

brine infiltration could be treated as equivalent to the

overall effective permeability of the sample, i.e.

kMs � keff ð8Þ

1.3 Chemical transport properties: tortuosity
and diffusion

For the macropores, the free diffusion coefficient is

assumed to prevail, i.e. De = D0. For the micropores, tor-

tuosity significantly affects the diffusion of solutes. The

relation between tortuosity and diffusion in the micropores

can be illustrated by looking at the 1-D solute transport

equation:

oC

ot
¼ De

nþ qbKd

o2C

ox2
¼ Da

o2C

ox2
ð9Þ

where n is porosity, qb is bulk density, Kd is the partition

coefficient that takes into account sorption of the solutes on

the solid phase, C is solute concentration, De is the effec-

tive diffusion coefficient, Da is the apparent diffusion

coefficient (Da ¼ De

nþqKd
), t is time and x is the length.

For non-sorptive chemicals like Cl-, ClO4- and I-, Kd

is negligible. Then we can simplify the diffusion coefficient

into

De ¼ Dan ð10Þ

Many test data [4, 35, 51] show an exponential decay or

power law relationship (Fig. 4) between the ratio of

apparent diffusion coefficient to free diffusion coefficient

(D0) and porosity for bentonite infiltrated with DI water or

slightly salt solution in the following form:
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Fig. 3 Dependence of hydraulic conductivity of bentonite on void

ratio and salinity (solid symbols with chemical concentrations

represent the FEBEX bentonite from Musso et al. [32]; the MX-80

data from Queen’s University [42]; the DI_NWMO data from Man,

Martino [28])
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Fig. 4 Diffusion coefficients of non-sorptive species in compacted

bentonite
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Da

D0

¼ exp �6ð1� nÞ½ � ð11Þ

Therefore,

De ¼ nD0exp �6ð1� nÞ½ � ð12Þ

1.4 WRC for MX-80 bentonite

Soil suction is defined as the energy required for extracting

a unit volume of water from a soil in order to overcome

retention mechanisms that exist in that soil [14]. For the

current problem under study, three distinct water retention

mechanisms are considered: water adsorption, capillary

retention and osmosis. The total suction (Su) is equal to the

sum of matric suction (pm) and osmotic suction (p),
according to the definition of soil suction by the Interna-

tional Society of Soil Science and others [23, 52]. Water

adsorption upon clay minerals at high suction levels and

capillary retention at lower suction levels [10, 48] are

responsible for matric suction. Water adsorption is mainly

governed by the physicochemistry of clay minerals and

takes place in the intra-aggregate micropores in terms of

electric double layers between the clay stacks [48].

Experiments have shown that the total void ratio or dry

density has no effect on the WRC of MX-80 bentonite at

suction levels higher than 10 MPa, suggesting that the

predominant mechanism of water retention is adsorption in

that high suction range. The second mechanism of retention

is mainly attributable to capillarity effects in the inter-ag-

gregate macropores when the soil approaches a saturated

state, e.g. suction becomes less than the air entry value

(AEV). For the purpose of modelling water flow in MX-80

within a dual-porosity framework, we need relationships

for the WRC in both types of pores that take into consid-

eration the above three types of water retention mecha-

nisms. These relationships are derived as follows.

1.4.1 Macropore WRC

The macropore WRC is derived from Dieudonne et al.

[10], who proposed a model for the macropore water

retention curve and calibrated it successfully against

experimental results for MX-80 bentonite. Their approach

is based on the following assumptions:

(1) Adsorption and capillarity are the respective mech-

anisms for water retention in the micropore and

macropore; osmosis is not considered;

(2) the AEV a could be expressed as a function of

macropore void ratio eM, a ¼ 0:2=eM (MPa);

(3) the micropore void ratio (em) could be expressed as a

function of water ratio (ratio of volume of water over

solid volume) ew, em ¼ 0:48 ewð Þ2þ0:1ew þ 0:31;

(4) the water ratio is dependent on the gravimetric water

content, ew = Gsw.

Based on the above assumptions, Dieudonné et al. [10]

fitted the van Genuchten equation to experimental data.

The data points from those authors for compacted MX-80

bentonite at a dry density of 1.6 g/cm3 are plotted as square

dots in Fig. 5. We applied the following Brooks–Corey

equation in order to best fit the data points as shown in

Fig. 5:

Se ¼ ð0:4SuÞ�
1
1:6 ð13Þ

where Se is the saturation degree.

1.4.2 Micropore WRC

The total suction of MX-80 bentonite hydrated with both

DI water and brine solution has been measured by the

chilled mirror technique [42] and are plotted against

gravimetric water content as shown in Fig. 6. The chilled

mirror technique measures the vapour pressure and gives

the total suction of the bentonite specimen. For the case of

DI water, no osmotic suction exists; therefore, the total

suction is equal to the matric suction. For the case of brine,

assuming thermodynamic equilibrium, the measured total

suction Su should be the same for both pore structures.

Furthermore, due to the relatively short duration of the

WRC test, the amount of solutes migrating into the

micropore could be neglected. Therefore, osmotic suction

in the micropore could be neglected, and matric suction in

the micropore would be approximately equal to the total

suction (i.e. pm = Su). We propose the following empirical

relationship for the WRC of MX-80 bentonite hydrated

with DI water:

0

0.2

0.4

0.6

0.8

1

0.1 1 10 100

Sa
tu

ra
�o

n 
de

gr
ee

Suc�on  (Mpa)

Fig. 5 The predicted WRC (line) for the macropore by the Brooks–

Corey model Se ¼ aSuð Þ�n
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qd = 1.6 fitted to experimental data on MX-80 (square dots) from
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ffiffiffiffi

w
p

¼ �0:2 � log pm

Sut

� �

; Sut ¼ 2800 for DI water ð14Þ

where pm is matric suction, w is water content and Sut is the

suction at which w = 0. As previously discussed, when

MX-80 is infiltrated with DI water, the clay aggregates

break down and eventually all macropores disappear.

Therefore, Eq. (14) is regarded as representative of

micropore WRC for DI water.

Se ¼ 0:4Suð Þ
�1
1:6

The WRC for the case of brine as shown in Fig. 6 is not

in its equilibrium state when bentonite is in contact with

brine solution, since those measurements were performed

in a relatively short period of time. With the migration of

chemicals into the micropore space, the WRC will evolve

due to the gradual increase in osmotic suction in the

micropores. In this study, we address this chemical-de-

pendent variation of micropore WRC by generalizing

Eq. (14). This generalization is done by making the suction

toe (Sut) dependent on the solute concentration inside the

micropore. An exponential function is proposed for this

relationship as below, and its parameters were obtained by

calibration against swelling test data from Queen’s

University by an iterative regression method:

Sut ¼ Sur þ #e�A�Cm ð15Þ

where the calibrated model parameters Sur = 100 MPa;

# = 2700 MPa; A = 0.0006; Cm is the micropore solute

concentration in the unit of mol/m3.

1.5 Swelling pressure at various dry densities
and salinities

Figure 7 shows the variation of swelling pressure of MX-

80 bentonite with effective montmorillonite dry density

(EMDD) at various salinity conditions. EMDD is defined

as the mass of swelling clay minerals present in a sample

divided by the volumes of voids and swelling clay miner-

als. Brine generally leads to a decrease in swelling pressure

for bentonite. The logarithm of swelling pressure is found

to change linearly with EMDD. The test data for model

water obtained from Queen’s University follow the general

trend as reported in existing studies [11]. As discussed

later, in the case of brine infiltration, the data from Queen’s

University show that the swelling pressure increases

rapidly to peak values. Those peak values are shown in

Fig. 7a. At very long periods of time (of the order of 1 year

or more), the swelling pressure decreases to smaller steady-

state values, as shown in Fig. 7b. That long-term reduction

in swelling pressure is likely attributed to the chemistry of

the model water, i.e. the high concentration of Ca, Mg, K.

Herbert et al. [18] observed a similar trend in swelling

pressure decrease under chemical influence.

1.6 HMC-coupled model for MX-80 bentonite

1.6.1 Key assumptions

(a) Dual-porosity structure

As discussed previously, two types of pore structures,

the intra-aggregate micropores and the inter-aggregate

macropores, are considered in this study. The relevant

proportion of each porosity varies with both matric suction

and osmotic suction. The microstructural volume change

could cause changes in various parameters such as

hydraulic conductivity, water retention capacity, diffusion

coefficient and swelling pressure measurement. Therefore,

a conceptual model was established in the dual-porosity

framework as shown in Fig. 8. According to this concep-

tual model, fluid flow and chemical transport processes

occur simultaneously in both pore structures, with

exchange of fluid and chemicals between the two

structures.

(b) Chemical-dependent WRC

Hydration with brine solution through the macropore

may cause perturbation to the salinity in the micropore.

The salts entering the micropore modify the electrochem-

ical equilibrium in the electric double layer in the micro-

pore space, resulting in a change in the WRC. Therefore,

an appropriate treatment of the chemistry-dependent WRC

is critical to reflect the time-dependent dynamic process of

clay–chemical interactions.

(c) Water content-dependent microporosity

In highly expansive bentonite, water is preferentially

sorbed to the mineral surface and interlayers due to elec-

trochemical interactions. Navarro et al. [38] believed that at
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high suction levels, most of the water is sorbed water in the

micropores, and the water in the macropores can be drained

completely even though the micropores remain saturated.

In this study, the microporosity is assumed to be solely

dependent on the gravimetric water content when matric

suction Su[AEV. The swelling of bentonite is primarily

attributed to the penetration of water into the diffuse layer

and interlayer space of clay minerals (or intra-aggregate

space). Therefore, the microporosity varies with the change

in water content in the micropore. This assumption is

consistent with Navarro et al. [39].

(d) Membrane effect

Semi-permeable membrane effect is prominent for

bentonite in contact with saline water [21, 25, 27]. The

membrane has a filtering effect: it delays movement of

(a)  Peak values of swelling pressure from Queen’s University
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Fig. 7 Variation of swelling pressure of MX-80 bentonite with effective montmorillonite dry density (EMDD) for various salinity conditions—

Modified from [11]; QU stands for Queen’s University, with peak values reported in a and steady-state values reported in b
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solutes with respect to the flow of water into the

micropores.

1.7 Hydraulic flow equations

Let us consider a representative element of porous media

with a single-porosity structure, and let n be porosity, Se the

degree of saturation, ql the fluid density, Gs the specific

gravity of solid and w the gravimetric water content. By

assuming that Gs stays constant over time (i.e. no disso-

lution or precipitation reactions taking place), we can write

the following equation of fluid mass conservation:

o

ot
qlnSeð Þ � r kskr

l
qlrP ¼ Q ð16Þ

where P is the net pore pressure, ks is saturated intrinsic

permeability, kr is the relative permeability and Q is the

source term. The net pore pressure P is composed of water

pressure (p) and osmotic suction (p) in the form of

P ¼ p� p ð17Þ

where p = ua - pm if Se\ 1.

In the saturated state, p represents the pore pressure

measurable by pore pressure transducer. The relationship

between different suction and pore pressure parameters is

as follows. Let Su be the total suction, then Su = pm ? p.
The matric suction pm = ua - p, with ua the air pressure,

considered as atmospheric (0), and p the water pressure,

then p = - pm. Then, the net pore pressure P is the neg-

ative of total suction as P = - Su = p - p
From fundamental phase relationship, we get

nSe ¼ 1� nð ÞGsw ð18Þ

Differentiation of the first term of Eq. (16) leads to

o

ot
qlnSeð Þ ¼ o

ot
ql 1� nð ÞGsw½ � ¼ 1� nð ÞGs

o

ot
qlwð Þ

þ qlGsw
o

ot
1� nð Þ

¼ að Þ þ bð Þ
ð19Þ

Since pore fluid is compressible and water content is

suction dependent, we can further differentiate the above

equation with respect to net pore pressure P as

að Þ ¼ 1� nð ÞGs

o

oP
qlwð Þ oP

ot
ð20Þ

The osmotic suction is dependent on solute concentra-

tion C in the form of

p ¼ kcC ð21Þ

where kc = RT for dilute salt solutions (C\ 0.1 M), R is

ideal gas constant (8.314 kPa L/(K mol)), T is temperature

(K), in which case kc = 8.314 kPa�L/(K mol) * 300 K &
2.5 MPa L/mol. For concentrated brine, this formula has

to be corrected, i.e. 1 M NaCl solution has an osmotic

suction of 4.8 MPa. For multivalent chemical mixtures

such as the model saline water used in this study

(C = 4.6 mol/L in terms of total molarity of chemicals

including 2.6 M NaCl, 0.54 M CaCl2, 1 M KCl, 0.43 M

MgCl2 and 0.01 M MgSO4), its osmotic suction cannot be

predicted by the above correlations. Instead, it was mea-

sured to be 40.6 MPa with the chilled mirror device, sug-

gesting a constant kc = 8.83 MPa L/mol. Note that the

parameter kc is assumed as constant in the following

derivations for simplicity, though it is somewhat nonlinear

within a large range of concentrations.

Then equation part (a) becomes

að Þ ¼ 1� nð ÞGs

o

op
qlwð Þ op

ot
þ o

op
qlwð Þ op

ot

� �

¼ 1� nð ÞGs vfqlwþ B

p
ql

� �

op

ot
þ o

oC
qlwð Þ oC

ot

� �

ð22Þ

where B is the slope of w-log(Su) relationship for bentonite

and vf is the compressibility of pore fluid.

Note that fluid density varies with chemical concentra-

tion, which leads to

o

oC
qlwð Þ ¼ w

oql
oC

þ ql
ow

oC
¼ k2wþ k1ql ð23Þ

Fig. 8 Schematic illustration of a the dual-porosity structure in pore

space and b the conceptual model for fluid and solute fluxes and

exchange between pore structures
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where k1 and k2 are material properties that are given as

k2 ¼ oql
oC
, and k1 ¼ ow

oC
¼ 0 as water content is independent

of salinity.

Therefore,

að Þ ¼ 1� nð ÞGs vfqlwþ B

p
ql

� �

op

ot
þ k2w

oC

ot

� �

: ð24Þ

Meanwhile,

bð Þ ¼ qlGsw
o

ot
1� nð Þ ¼ �qlGsw

on

ot

¼ �qlGsw
on

or0
or0

ot
þ on

oP

oP

ot

� �

: ð25Þ

Then,

bð Þ ¼ �qlGsw � oev
ot

þ vsn
op

ot
� op

ot

� �� �

¼ �qlGsw � oev
ot

� vsnkc
oC

ot
þ vsn

op

ot

� �

ð26Þ

where vs is the compressibility of the solid matrix, ev is the
volumetric strain and r0 is the effective stress.

Finally, we get a general expression for the flow equa-

tion in a deformable unsaturated porous medium, taking

into consideration variable water density

Gsqlw 1� nð Þ vf þ
B

pw

� �

� nvs

� �

op

ot
�r kskr

l
qlrp

þ Gsqlw nvskc þ 1� nð Þ k2
ql

� �

oC

ot

þr kskr

l
qlkcrC ¼ �Gsqlw

oev
ot

þ Q:

ð27Þ

1.7.1 Dual-porosity flow equations

Based on Eq. (27) for a single-porosity medium, we can

derive the flow equations for a dual-porosity medium as

follows, where the superscripts m and M for a parameter,

respectively, qualify that parameter as associated with the

micropore or the macropore.

In micropore,

Gsqlw
m 1� nmð Þ vf þ

B

pmwm

� �

� nmvs

� �

opm

ot

�r kms kr

l
qlrpm þ Gsqlw

m nmvskc þ 1� nmð Þ k2
ql

� �

oCm

ot

þr kms kr

l
qlkcrCm ¼ �Gsqlw

m oemv
ot

þ Qm:

ð28Þ

Taking into account the constitutive relationship for the

microporosity, it is inferred that the micropores are mostly

saturated or are close to full saturation

ðSme ¼ wmGs=e
m ¼ wmGs=w

mGs ¼ 1Þ. Then, the flow

equation for the micropores can be reduced to the Darcy’s

flow form

o

ot
qln

mð Þ � r kms
l
ql rpm � kcrCmð Þ ¼ Qm: ð29Þ

In macropore,

Gsqlw
M 1� nM

� �

vf þ
B

pMwM

� �

� nMvs

� �

opM

ot

�r kMs kr

l
qlrpM þ Gsqlw

M nMvskc þ 1� nM
� � k2

ql

� �

oCM

ot

þr kMs kr

l
qlkcrCM ¼ �Gsqlw

M oeMv
ot

þ QM:

ð30Þ

The volumetric strain can be linked to the porosity

variation in the following form:

oemv
ot

¼ � onm

ot
ð31Þ

oeMv
ot

¼ � onM

ot
: ð32Þ

The water exchange rates between micropores and

macropores take the following form:

QM ¼ �aM ð33Þ

Qm ¼ aM ð34Þ

where

aM ¼ �a pm � pM � pm þ pM
� �

ð35Þ

where �a is the fluid exchange rate that is assumed to be a

function of the hydraulic conductivity of the micropore, i.e.

�a ¼ Nkql, where N is a factor.

1.8 Solute transport equations

For solute transport in unsaturated porous media,

o hCð Þ
ot

¼ r DerCð Þ � r vCð Þ þ Qc ð36Þ

where h is the volumetric water content, De is effective

diffusion coefficient, v is the Darcy’s velocity of the pore

fluid and Qc is the source flux of chemicals.

Since,

h ¼ nSe: ð37Þ

Then, we have

ohC
ot

¼ Cn
oSe

ot
þ CSe

on

ot
þ Sen

oC

ot
: ð38Þ

By neglecting the compressibility of solid matrix and

pore fluid, the variation of porosity is assumed to be
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dependent only on volumetric deformation due to variation

of pore volume.

Therefore, we have

Sen
oC

ot
¼ r DerCð Þ � r vCð Þ þ Qc � C n

oSe

ot
þ Se

oev
ot

� �

:

ð39Þ

By taking into account the chemo-osmosis effect, or the

so-called semi-permeable membrane effect of expansive

soils [25], the solute transport equation can be given as

Sen
oC

ot
¼ r DerCð Þ � 1� xð Þr vCð Þ þ Qc

� C n
oSe

ot
þ Se

oev
ot

� �

ð40Þ

where x is membrane coefficient, qb is the bulk density.

In the macropore, a simplified version is obtained as

follows by neglecting the semi-permeable membrane

effect,

nMSMe
oCM

ot
¼ Der2CM �r vMCM

� �

þ QM
c � CMnM

oSMe
ot

� CM oeMv
ot

:

ð41Þ

In the micropore, the full equation has to be

implemented

nmSme
oCm

ot
¼ r DerCmð Þ � 1� xð Þr vmCmð Þ þ Qm

c

� Cm nm
oSme
ot

þ Sme
oev
ot

� �

:

ð42Þ

It is hypothesized here that the micropore is always

nearly saturated. Therefore, the solute transport equation

for the micropore can be reduced to

nm
oCm

ot
¼ r DerCmð Þ � 1� xð Þr vmCmð Þ þ Qm

c

� Cm oemv
ot

: ð43Þ

Note that the membrane coefficient x is calibrated here

with data from Rowe and Brachman [42] and is found to be

in the range 0.97–0.98. This gives an effective diffusion

coefficient ratio (also given by Musso et al. [34]) in the

range of 0.02–0.03,

De=D0 ¼ 1� xð Þ ð44Þ

According to Eq. (11), the apparent diffusion coefficient

Da/D0 = 0.05–0.075 when n = 0.41 falls exactly on the

regressed line in Fig. 4. Therefore, the calibrated mem-

brane coefficient reasonably reflects the constricting effect

of the diffuse layer at the clay–water interface. It also

suggests the viability of the above form of expression

Eq. (44).

The mass exchange flux Qc is given as a function of fluid

exchange rate aM (flow out of micropore as aM[ 0) and

mass transfer coefficient �D,

QM
c ¼ 1� xð Þ �aMC

�M þ �D Cm � CM
� �

h i

ð45Þ

And

Qm
c þ QM

c ¼ 0: ð46Þ

The convective mass flux is directional with respect to

which concentration (i.e. Cm or CM) is carried by the fluid

flow. We define

C
�M ¼ Cm; if aM � 0

CM; if aM\0

	

ð47Þ

The fluid exchange rate aM is governed by pore pressure

and osmotic suction differences. The mass transfer coeffi-

cient can be approximated to be

�D ¼ De

Lc
ð48Þ

where Lc is the characteristic length of the clay aggregate.

Musso et al. [34] proposed a similar concept of mass

exchange between dual porosities and developed a math-

ematical equation in exponential form for the transfer

coefficient

�D ¼ aexpð�HCMÞ ð49Þ

where a and H are two parameters to be calibrated by

experiments, which were reported to be 0.8 and 8,

respectively, for MX-80 bentonite in contact with NaCl

solution [34].

It is assumed in this study that the salinity in the

micropore dominates the mass exchange rate. Inside the

clay aggregate, the void ratio is greatly dependent on the

DDL behaviour. We modify Eq. (49) to correlate the

transfer coefficient with the chemical concentration in

micropore

�D ¼ De

Lc
expð�HCmÞ: ð50Þ

Our numerical simulation of brine–bentonite interaction

leads to the following set of parameters, i.e. Lc = 10 lm,

H = 0.004 (B_1.6 sample) for salinity Cm in the unit of

molar/m3.

1.9 Constitutive relationship for mechanical
behaviour

The general constitutive relationship for the mechanical

behaviour of unsaturated expansive soil can be given as
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r ¼ D � e� ep � es
� �

ð51Þ

where r is the total stress, D is the elastic stiffness matrix,

ep is the plastic strain and es is the swelling strain that

occurs mainly from the expansion/shrinkage of the DDL in

the micropore. In the case of constant volume swelling, the

plastic strain is assumed to be negligible.

Assuming that the degree of saturation in the micropore

is close to 1, the void ratio em is related to the water content

wm through the phase relationship em = Gsw
m = (qs/qw)-

wm, where qw is the density of pure water. The microp-

orosity is then linearly correlated with the gravimetric

water content (w) in the form of

wm ¼ emXql
qs

ð52Þ

where X is mass ratio of water over total mass of saline

water and ql is the density of saline water, which is larger

than that of pure water. Therefore, the swelling strain

associated with the micropore deformation is given as

des ¼
qs
Xql

dwm

1þ e0
ð53Þ

where wm is gravimetric water content in the micropore. In

accord with model assumption (c), and supported by the

analysis of WRC in the double structures, the micropore

water content can be approximated as equal to the total

gravimetric water content, i.e. wm ffi wtotal.

The mass ratio X is not a constant. A linear function of X

for saline water of various concentrations leads to the

following correlation

X ¼ 1� 5:87� 10�5 � C: ð54Þ

In this study, the mass of 1 L model water was measured

as 1223.1 g. The total dissolved salt (TDS) of the Queen’s

University’s model water (MW) supernatant was 328.9 g/

L. In this case, the mass of DI water (894.2 g) was cal-

culated as 73% of the mass of 1 L of MW2 supernatant.

Therefore, X = 0.73 is justifiable for saline water of

ql = 1223 kg/m3. Then, em ¼ wqs
Xql

¼ 2:75
0:73�1:223w ¼ 3:08 w.

Using the above relationship, we can predict the ratio of

micropore to total pore void ratios, defined as

fm ¼ em

e0
: ð55Þ

This parameter can be a viable measure to evaluate and

validate the assumption of the micropore constitutive

equation. Manca et al. [29] conducted MIP test to deter-

mine the macropore (r[ 1 lm) void ratio for bentonite

under permeation of 4 M saline at eM = 0.35 for e0 = 0.78,

corresponding to the portion of microporosity fm ¼ 0:55.

The osmotic suction of 4 M NaCl solution is reported as

p ¼ 22:5MPa [26]. This leads to a calculated w = 0.16

from the WRC (Fig. 6). Then the micropore void ratio is

given as em = 2.9*0.16 = 0.464, where the ratio 2.9 is the

average of 2.75 and 3.08 for DI and brine solution,

respectively. This corresponds to the portion of microp-

orosity fm = 0.59 and is close to the experimental results of

fm = 0.55 (7% variance error). Therefore, the proposed

model is an acceptable approximate that can correlate the

microporosity with water content.

Using this formula, we can analyse the double-porosity

proportion by the water content and suction level for any

bentonite samples. For instance, the initial condition of the

as-compacted bentonite specimen (by Queen’s University)

is w0 = 0.11, qd = 1.6 g/cm3, which indicates em ¼ 0:3.

and fm ¼ 0:42. When saturated with brine, the osmotic

suction level of 40 MPa corresponds to a gravimetric water

content of 0.15. At a dry density of 1 g/cm3, this results in a

micropore void ratio em ¼ 3:08 w and the portion of

microporosity fm ¼ 0:643, which is much less than 1.0,

suggesting a significant portion of macropore even at full

saturation.

1.10 Finite element model for constant volume
swelling test

The following governing equations of the model are

implemented and solved in COMSOL (V 5.3).

r � r ¼ 0

nm
oCm

ot
¼ rDerCm � 1� xð Þr vmCmð Þ

þ Qm
c � Cm oev

ot

nMSMe
oCM

ot
¼ D0r2CM �r vMCM

� �

þ QM
c � CMnM

oSMe
ot

o

ot
qln

mð Þ � r kms
l
ql rpm � kcrCmð Þ ¼ Qm

Gsqlw
M Cm

opM

ot
þ Cs

oCM

ot

� �

�r kMs kr

l
ql rpM � kcrCM
� �

¼ �Gsqlw
oeMv
ot

þ QM

ð56Þ

where the storage terms are given as Cm ¼ 1� nMð Þ
vf þ B

pMwM


 �

� nMvs and Cs ¼ nMvskc þ 1� nMð Þ k2ql.
Table 1 shows the input parameters. Extensive simula-

tion trials have been carried out to determine an appro-

priate range for these input parameters. The parameters

shown are to the ones that best reproduce the experimental

data.
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Figure 9 shows the finite element discretization and

boundary conditions of the compacted bentonite specimen

infiltrated with either DI water (Posiva test) or brine

(Queen’s University test). The bottom boundary is con-

nected to the supply of permeant at constant pressure,

while the top boundary is left open to ambient atmospheric

pressure prior to flow through. Once pore fluid penetrates

through the specimen, the top boundary is maintained as

highly permeable and well drained to avoid water pressure

build-up. This is a mixed Robin-type boundary condition

given as

op

oz
¼ 0; p
 0

L p� pextð Þ; p[ 0

	

ð57Þ

where L is a flow transfer coefficient shown in Table 1, pext
is the target pressure (0 MPa in this work). The side wall is

as assumed to be impermeable. The bottom boundary is

kept at a constant chemical concentration equal to the one

of the brine inflow. The top end is Neumann-type boundary

for solute transport.

Table 1 Model input parameters

Variable Unit Value/expression

Validation A

(Posiva data)

Validation B

(Queen’s U data)

Initial conditions

Gs 2.75 2.75

qd 1.7 1.6

e0 Gs/1.7–1 Gs/1.6–1

w0 0.05 0.11

em Equation (6) Equation (6)

Saturated permeability

kMs m/s 4*km Equations (7–8)

kMs m/s 2*Equation (5) Equation (5)

Relative permeability

kmr Se
3 1

kmr (0.8)6 1

Chemo-osmosis

x – 0.97–0.98

kc Pa m3/mol – 8.83E3

Mass

exchange

�a m/Pa s 2* km*ql 10*km*ql
De m2/s – Equation (12)

Lc m – 1E-5

�D m/s – Equation (50)

H m3/mol – 0.004–0.005

QM m/s – Equation (45)

Solute transport

D0 m2/s – 1E–9

sm – – D0/Eq. (12)

sM – – 1

Water retention curve

Smu Pa From Eq. (14) From Eq. (14)

Sut Pa 2800 Equation (15)

SMu Pa From Eq. (13) From Eq. (13)

Mechanical property

K MPa 36.4 19.3 (DI) 19.3

(MW)

Boundary

condition

L m/s 0.5E7*kM 0.5E7*kM

Pin MPa 2 0.015

Cin M 0 4.6

Dimension

Radius mm 25 19

Height mm 65 12

C is chemical concentration in (mol/m3)

C=Cin

P=Pin

(a)

(b)

Fig. 9 FEM model for the constant volume swelling test (a) and

hydraulic–mechanical–chemical boundary conditions (b)
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1.11 Simulation of Posiva test

This case addressed the experimental results of Posiva

THM-coupled investigations, from a single series of test

data (#100416) reported by Pintado et al. [40]. As a first

step of validation of the HM coupling, the data on infil-

tration of low salinity water through MX-80 bentonite

column were selected for analysis and modelling. A com-

pacted MX-80 bentonite column with dry density at 1.7 g/

cm3 and initial water content of about 5% was infiltrated

with low salinity water (salinity 0.87 g/L). The pressure

head was maintained at 2 MPa for the inlet, while the

outlet was open to ambient atmospheric pressure. The

specimen has a diameter of 5 cm and a height of 6.3 cm.

Figure 10 shows the sketch of the test and the

instrumentation.

Due to the very low salinity of the permeant, the mod-

elling ignored the effect of pore fluid chemistry and con-

sidered mainly the interaction between macropores and

micropores. As shown in Table 1, most of the model

parameters are the same as what we derived theoretically

for MX-80 bentonite. These include the micropore void

ratio and the water retention curves for both the micropore

and macropore. Only minor adjustments were made with

respect to the permeability and unsaturated state variables

Figures 11, 12, 13 and 14 show the modelling results

and the comparison with experimental data in terms of

water content profile, suction profile, inflow volume and

measured swelling pressure. It can be seen from those

figures that the water infiltration volume and the suction

profile are both well reproduced. The modelled swelling

pressure compares well with the measured value, both in

trend and magnitude. Although a discrepancy is found in

the water content profile, the movement of the water front

from the inlet towards the outlet is consistent with the

experimental results. This is likely due to the variability in

WRC, as the water content is computed on the basis of the

water retention curve. It is shown that the total volume of

water injection at the end of test after 2 months remains

very small compared to the total volume of the soil spec-

imen (32 mL vs. 124 mL), indicating a very low perme-

ability in the specimen. Using a bulk modulus

(K = 36.4 MPa) in the model is found to result in a satis-

fying prediction of the swelling pressure. However, the

oedometer measurement (K = 43.5 MPa) is somewhat

higher than the modelling input.

Fig. 10 Schematic diagram of the Posiva infiltration test set-up [40]
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1.12 Simulation of Queen’s University tests

1.12.1 Experimental results of temporal variation
of swelling pressure

The CNSC initiated a collaborative research with Queen’s

University to study the chemical influences on swelling

behaviours of MX-80 bentonite under various dry densities

with permeation of two types of pore fluid, i.e. DI water

and MW (highly concentrated brine). The MW has a

molarity of 4.6 M and is mainly composed of NaCl, KCl,

CaCl2 and MgSO4. Both bentonite and sand/bentonite

mixture were investigated. The experimental results for the

variation of swelling pressure under constant volume

conditions are presented in Fig. 15. Table 2 provides a

summary description of the tests with their acronyms.

Pore fluid chemistry has a significant impact on the

swelling of bentonite as shown in Fig. 15. With the same

dry density, DI water infiltration results in a peak swelling

pressure about three times higher than the MW case.

Within 500 h, no obvious variation in swelling pressure for

the case of DI water can be noticed from the test data. After

500 h, the swelling pressure gradually decreases and

reached a stable value by 2000 h for DI water, while for

MW, the swelling pressure took much longer to stabilize

after 8000 h of continuous permeation. The swelling

pressure for DI water decreases by approximately 10%

from the peak, whereas for MW, a decrease of 80–90%

from the peak was observed. Sand–bentonite mixtures (SB)

show a very similar swelling behaviour with bentonite with

the same value in EMDD. Our modelling efforts will focus

on reproducing the gradual decrease in swelling pressure

under hydration of brine water.
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Fig. 14 Posiva test: the measured and modelled temporal variation of

swelling pressure

Fig. 15 Variation of swelling pressure with elapsed time for MX-80

at different dry densities and pore fluid scenarios a long-term

behaviour and b short-term behaviour [42]

Table 2 Experimental conditions for Queen’s University dataset

Sample ID Soil

composition

Dry density (g/

cm3)

Permeant

B_1.61_DI Bentonite

MX-80

1.61 DI water

B_1.60_MW Bentonite

MX-80

1.60 Model water

(brine)

B_1.42_MW Bentonite

MX-80

1.42 Model water

(brine)

SB_1.8_MW Bentonite 70%

Sand 30%

1.80 Model water

(brine)
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1.12.2 Modelled temporal variation of swelling pressure

Figure 16 compares the modelling and measured results for

swelling pressure. It is shown that the model simulates very

well the pressure transient. Consistent with the experi-

mental data, the model was able to reproduce the sub-

stantial long-term decrease in swelling pressure in the MW

case. The model also shows that a much higher swelling

pressure was developed for the DI water case, at early time,

and did not decrease in the long term. The experimental

data show, however, a decay of swelling pressure even for

the DI case, although it is less pronounced as in the MW

case. It is believed that this is due to a redistribution of

chemicals like sodium ions between the double-porosity

structures. Sodium ions are originally present in MX-80

bentonite crystalline structures predominantly in the

Fig. 16 Temporal variation of swelling pressure of MX-80 bentonite

under permeation of DI water and brine

Fig. 17 Variation of pore fractions with time and matric suction for bentonite permeated with DI water (a, b) and brine solution (c, d)
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micropores, but later migrate into the macropore space and

reducing the balance of osmotic suction between the two

pore types. Using the current theoretical framework, this

phenomenon can be further investigated in order to provide

better understanding and quantification. This will be the

subject of future investigations.

Figure 17a–d shows the modelled results for variation of

microporosity and macroporosity with time and suction.

The micropore fraction is found to increase generally with

decrease in suction. The brine solution substantially sup-

presses the expansion of micropores, with a much smaller

growth rate in wetting stage compared to DI water. The

trend of micropore variation is consistent with the experi-

mental observation of the swelling pressure.

Figure 18 shows the modelled profile of several vari-

ables at different permeation periods. The macropore

reaches full saturation within a few days. In the meanwhile,

micropore water content and matric suction is still chang-

ing. Mass exchange between the two pore structures leads

to a gradual increase of micropore salinity, which remains

lower than that of the macropore for the whole simulation

period.

Figure 18 gives a brief illustration of the overall HMC-

coupled processes occurring in MX-80 bentonite under

permeation of brine. It is shown that the micropore water

content wm varies significantly with time at different

locations. At 100 h, the modelled wm reaches a peak value

at regions close to the outlet boundary, where eM remains

in a low level before the chemical front passes that point. In

the beginning, the macropore becomes saturated quickly,

while chemical transport therein is delayed compared to the

water movement due to chemical exchange with the

micropore. In regions further away from the inlet, water

would be preferentially absorbed into the micropore

because of the lack of osmotic suction gradient. The

swelling pressure peak may be correlated with the chemical

front in the macropore. The extremely concentrated brine

poses a very high osmotic suction on the clay aggregate

that draws water from the micropore, causing a decrease of

the microporosity and then a decline of the swelling pres-

sure. This observation corresponds well to the conceptual

model and seems well justified.
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2 Conclusion

In this study, a HMC-coupled model was developed for

compacted unsaturated bentonite. The model is based on a

dual-porosity framework and considers the effect of

salinity on various hydraulic and mechanical properties. A

series of relationships for HMC properties have been pro-

posed for MX-80 bentonite. Effective approaches to esti-

mate the WRC and hydraulic conductivity for each

porosity component were proposed and verified. The cou-

pled HMC model was used to simulate laboratory swelling

experiments on compacted MX-80 bentonite specimens

infiltrated with DI water and brine, respectively. A good

agreement between the model results and the experimental

data, both in trends and absolute values, suggest that the

main processes have been captured.

Many of the parameters representive of the hydraulic–

chemical characteristics of the bentonite are derived by

best-fit correlations of available data from the literature

combined with the ones determined from laboratory tests at

Queen’s University. Despite the variability of the data

sources, these empirical correlations when used as input to

the proposed model are able to reproduce the main pro-

cesses found from swelling tests performed at two different

laboratories. Further in-depth microporosimetric studies, as

part of CNSC’s ongoing regulatory research, are being

conducted at Queen’s University in order to verify, cali-

brate and further refine the current model and improve our

understanding of the effects of salinity on the swelling

potential of bentonite.
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