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What is the significance of pore pressure in a

saturated shale layer?

J. Gonc;alvés,l’2 P. Rousseau-Gueutin, ' G. de Marsily,l’4 P. Cosenza,'” and S. Violette'*
Received 7 April 2009; revised 22 September 2009; accepted 23 October 2009; published 29 April 2010.

[11 Electrostatic interactions, associated with negatively charged surfaces of clay
minerals, produce a so-called “disjoining pressure” when diffuse layers overlap, i.e., at low
porosity. Disjoining pressure is the pressure difference between the water in the clay pore
space and that in a bulk solution at the same depth. Another widely used concept in
clay-rocks is the “swelling pressure.” It corresponds in fact to the macroscopic average of
the disjoining pressure. This study proposes to determine the value of the swelling pressure
of a natural material by a simple volume-averaging approach of the disjoining pressure,
calculated for each clay mineral present in the material. The swelling pressure, which is
dependent on the salinity of the pore fluid, is introduced into a hydrochemomechanical
coupling, yielding a more general pressure diffusion equation. The results are compared to
swelling pressure measurements for natural shale samples. The implications of this
swelling pressure for water pressure measurements in natural formations are also

discussed.
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1. Introduction

[2] Pore pressure in a clay material is challenging to
measure due to the low filtration rates in such media. Esti-
mating the pressure field in the porosity of a shale layer is
nevertheless crucial to identify the Darcy velocity through
this medium. Furthermore, in case of a substantial Peclet
number, this velocity comes into play for solute transport in
the so-called advective term of the dispersion-advection
equation [de Marsily, 1986; de Marsily et al., 2002]. The
great difficulty of acquiring pressure fields as well as the
small fluxes, explain the low interest so far in such mea-
surements. Pressures are usually measured in the sur-
rounding aquifers in order to estimate leakage fluxes.
However, some in situ pressure measurements in shales are
currently made in the context of research on the feasibility
of nuclear waste repositories in deep geological formations.
This in situ pressure is denoted as hydrostatic or bulk
pressure hereafter. The specificity of the clay mineral
structure, associated with its surface charge, has prompted
scientists to consider specific forces that can affect the
pressure in the pores of such materials. In that respect,
besides the hydrostatic pressure, two major concepts pre-
dominate in the abundant literature devoted to clay-rocks
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(see reviews by Mitchell [1993] and Horseman et al.
[1996]): the disjoining pressure and the swelling pressure.
Consequently, in clay-rich materials, three pressures; that is,
hydrostatic, disjoining and swelling pressure have to be
considered. Bennethum and Weinstein [2004] discussed this
diversity in terms of bulk, thermodynamic and swelling
pressures. In the present paper, we analyze and discuss their
real hydrodynamic significance as well as the relations be-
tween these three pressures.

[3] At the sample scale, the hydrostatic pressure is the
pressure that can be measured (or prescribed) in reservoirs in
contact with the clay-rock sample. In geological formations,
hydrostatic pressures are measured in closed chambers, e.g.,
limited by two packers in a borehole. Introduced in colloidal
sciences at the beginning of the 20th century [Langmuir,
1938; see also Derjaguin et al., 1987], the disjoining pres-
sure is defined as the pressure difference between a thin film
of fluid present between two platelets of a clay mineral and
the solution (termed bulk or equilibrium solution) where
these possibly charged platelets are embedded. This pressure
difference which only exists when interfacial zones (e.g., the
diffuse layer) overlap is attributed to surface forces (e.g., of
electrostatic nature) that differ from the simple gravity in the
bulk solution. This concept can be applied to clay-rock
systems where the pore water is located between charged
clay particles. The disjoining pressure is thus a microscopic
concept which must be analyzed at the pore scale. The
macroscopic swelling pressure which can be measured in
natural materials [see, e.g., Madsen and Vonmoos, 1985;
Huang et al., 1986; Wong, 1998] is associated with the well-
known swelling properties of certain clays (e.g., smectite).
This pressure is currently described as the external stress
that has to be applied to a clay-rock sample in order to
maintain its mechanical equilibrium (prevent swelling). This
external stress is then equated to the pore pressure. By this
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experimental definition, the swelling pressure is a macro-
scopic concept which applies to a representative elementary
volume (REV, e.g., a sample).

[4] In this paper, the question that we discuss is the
possible occurrence of a disjoining pressure in the porosity
of a compacted clay-rock and its potential impact. How can
we describe and introduce such a pressure in the hydro-
geological formulation of groundwater flow and solute
transport? Are pressure gages embedded in shale layers
influenced by this local disjoining pressure? In order to
answer all or part of these questions, it is necessary to return
to the theory of pressure structure in thin films introduced by
interface physicists. In their theoretical analysis of surface
forces, Derjaguin et al. [1987, p. 282] conclude that the
swelling pressure represents in fact the macroscopic average
disjoining pressure. Since it is associated with a deformation
of a clay-rich porous medium, the swelling pressure should
be considered in the hydromechanical coupling accounted
for in transient hydrodynamic calculations. Certain authors
introduced explicitly the notion of disjoining pressure or
surface forces in their hydrochemomechanical models
[see, e.g., Barbour and Fredlund, 1989; Hueckel, 1992;
Bennethum et al., 1997; Murad and Cushman, 1997, 2000],
in the framework of poroelasticity. Other ones followed
directly a thermomechanical development for deforming
porous media [Coussy, 2004] in the framework either of
elastoplasticity (e.g., the cam-clay approach [Loret et al.,
2002] or elasticity [Heidug and Wong, 1996]) without
introducing explicitly microscopic surface force concepts.
Despite their rigor, the practical use of these latter
approaches for hydrogeological applications is difficult,
computer time consuming and their parameter determination
is often problematic. The extension to electrochemical
interactions of “Terzaghi’s type” hydromechanical coupling
introducing explicitly the notion of disjoining pressure
offers a more convenient (although simplified) and practical
approach. This is the approach which is followed in this
paper. For those studies which accounted for the surface
forces explicitly, alternative conceptual basis with respect to
the disjoining pressure were considered. Some authors
considered a disjoining pressure almost equivalent to its
electrostatic (“osmotic”) component [Barbour and Fredlund,
1989; Hueckel, 1992; Moyne and Murad, 2002; Revil et al.,
2005] while others considered the “hydration” or structural
forces as prominent [Bennethum et al., 1997; Murad and
Cushman, 1997, 2000] following the view advocated by
Low [1987]. Here, no a priori assumption on the relative
importance of the different components of the disjoining
pressure is made. In addition, in the previous studies, the
way to obtain disjoining pressure and then swelling pressure
relationships as a function of the salinity of the equilibrium
solution and the mean interparticle spacing is often left to
the reader’s appreciation (except for the partial data of Low
[1987]). In the present work, a synthetic view of the avail-
able microscopic disjoining pressure data for expansive
clays which allows identifying such relations is proposed.
The swelling pressure is then introduced in the hydrome-
chanical coupling proposed, e.g., by de Marsily [1986]
to establish a simple and practical pressure diffusion
equation involving an explicit electrochemical term. The
corresponding equation is then compared to experimental
results.
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[5] In the first part, after a brief outline of the electro-
chemical properties of clays, the concept of disjoining
pressure is presented and reviewed. Then, some disjoining
pressure data for 2:1 swelling clay minerals are used in a
simple averaging approach to estimate the macroscopic
swelling pressure for natural materials. Finally, the hydro-
dynamic consequences of the swelling pressure are analyzed
especially by the introduction of a simple electrochemical
storage term in the pressure diffusion equation used in
hydrogeology.

2. Pore Pressure in Clay Materials: Theoretical
Background

2.1. Electrical Properties of Clay-Rocks

[6] Due to isomorphic substitutions in the crystal lattice
as well as to complexation reactions at the surface of the
minerals, these lattices are characterized by a negative sur-
face charge at natural pH values [see, e.g., Mitchell, 1993;
Horseman et al., 1996; Sposito et al., 1999]. An electric
field related to an electrical potential distribution develops in
the pore space between clay surfaces. This electrical
potential decreases (in absolute value) from the surface
toward zero within an equilibrium solution or toward the
midplane if this equilibrium solution is not reached. Ions of
opposite charge are attracted by electrostatic forces. These
ions, referred to as counterions, balance the negative charges
guaranteeing the overall electroneutrality of the medium.
The counterions are distributed between a compact layer
(Stern layer) and a more dispersed layer (diffuse layer).
These interactions are represented schematically in Figure 1
in the case of truncated adjacent diffuse layers. The equilib-
rium solution is an important concept in interface sciences.
It is the solution that would be at total thermodynamic
equilibrium with the solution present in the porosity of the
shale. In an infinitely developed diffuse layer, it is the
solution at some distance from the surface where the elec-
trical influence vanishes. As described below, it can also be
seen as the bulk solution of a reservoir in contact and at
local equilibrium with a clay material. But, according to
Coussy [2004], this solution is generally fictitious within a
real shale layer (as illustrated in Figure 1). In the following,
a subscript ‘f” is used to denote the properties and variables
in the equilibrium solution. The distribution of the coun-
terions can be calculated from Boltzmann’s distribution
[see, e.g., Van Olphen, 1963; Mitchell, 1993]:

i i qi¥
¢ =crexp (_kBT)’ (1)

where c’: (ions m ) is the concentration of ion i in the pore
space, ¢y is its concentration in the equilibrium solution (see
below), ¢; (C) is the ionic charge (£ where v; is the
valence, e = 1.6 10 ' C is the elementary charge), kj is the
Boltzmann constant (1.3810°% J K'), ¢ is the electrical
potential (V) and T the temperature (K) (see the notation
section).

[7] Different models accounting for these interactions
between pore fluid electrolytes and charged surfaces are
available. They allow the calculation of the electrical
potential distribution as a function of the distance to the
charged surfaces. Among these models, electrical triple
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Figure 1. Schematic representation of the ion surface

interaction in the case of a truncated diffuse layer with the
electrochemical variables of the triple layer model (TLM).
All the electrical potentials ¢; are in V, and the surface
charges Q; are in C m 2. Q, 0Op, and Qs are the charge den-
sity at the surface, in the Stern layer, and in the diffuse layer.
IHP and OHP stand for inner and outer Helmoltz plane,
respectively.

layer models (TLM) describe the distribution of the ions
within the porosity using three domains [see, e.g., Davis and
Leckie, 1978; Hiemstra and Van Riemsdijk, 1996; Leroy and
Revil, 2004; Gongalves et al., 2007]: (1) the Stern layer is a
compact layer formed by ions that are directly bound to the
surface (covalent or ionic bonds) plus strongly attracted
hydrated ions [Sposito et al., 1999]; (2) the diffuse layer,
where the ions are attracted by the surface but more dis-
persed, which is thus considered as part of the solution; and
(3) the last layer, when it exists, which is the free electrolyte
or equilibrium solution where the electrical field is null and
where the electroneutrality is achieved by the ionic balance.
These models, introducing a compact Stern layer, are known
as Stern-Grahamme models. If the Stern layer is absent
(a diffuse layer directly in contact with the surface), the
models are referred to as Gouy-Chapman models. The latter
overestimate the ionic concentrations as ions are considered
as point charges while the Stern-Grahamme models take
into account the finite size of ions [Mitchell, 1993;
Horseman et al., 1996]. In a TLM, surface reactions such as
complexation or protonation/deprotonation are taken into
account at the solid surface and in the Stern layer. These
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reactions make it possible to calculate and no longer to
impose the surface charge densities and the electrical
potentials close to the mineral surface. In the diffuse layer,
the description of the electrical potential distribution is
obtained through the resolution of the Poisson-Boltzmann
equation, which for a single cation and anion of the same
valence v/ and assuming the ideality of the solution [see, e.g.,
Van Olphen, 1963; Mitchell, 1993] is

d*o  2cryre vrep
2 Sginh (£ 2
a2 N\ ) @)

where e (F m ') is the permittivity of the solution, ¢, = ¢; =
¢s, ¢y and ¢; are the concentration of the anion and the
cation in the equilibrium solution (ions m ) and z is the axis
perpendicular to the solid surface. Once the electrical
potential distribution is known, the concentration can be
calculated from equation (1). Figure 1 summarizes this brief
description in the case of a Stern-Grahamme model and
presents the main variables to be estimated with a TLM. A
classical parameter in the domain of interface science is the
Debye length 1/x which provides an order of magnitude of
the diffuse layer thickness:

1 7 €kBT (3)
Kk ZCerZ/}.

Typical values for the Debye length are discussed by
Horseman et al. [1996] for monovalent ions such as Na',
CI'. This length is almost 10 nm at ¢, = 107 mol L™! and
3 nm at ¢y = 102 mol L™". If the lengths are compared to
classical values of the pore size in a compacted clay, i.e.,
from a few nanometers to a few tens of nanometers, it can be
seen that the diffuse layers of adjacent charged surfaces are
probably interacting [Mitchell, 1993] creating a truncated
diffuse layer as shown in Figure 1. The pore space as de-
scribed in Figure 1 represents approximately the porous
medium structure as it is generally considered by hydro-
geologists, the Stern layer corresponds to the adsorbed layer
of fluid accounted for in the concept of kinematic porosity
[see, e.g., de Marsily, 1986]. From Figure 1, it can also be
seen that the pore space corresponding to the diffuse layer is
subjected to an electric field. In case of overlap, the overall
interplatelet space is subjected to this electric field which is
perpendicular to the clay mineral surfaces. This electric field
and related ionic content is thought to strongly modify water
properties such as density or viscosity in the first nanometer
from the surface [see, e.g., Martin, 1960; Mitchell, 1993;
Hribar et al., 2002; Gong¢alves and Rousseau-Gueutin,
2008]. As described in the introduction, it is plausible that
the pore fluid pressure is influenced by, e.g., the electrostatic
forces specifically at work in such media (aquitards),
whereas they are absent in more classical hydrogeological
formations (sands, limestone).

2.2. Surface Forces and Disjoining Pressure

[8] At the end of the 1930s, interface scientists working
on colloids showed that the pressure in water films between
two charged particles differs from the pressure of water at
the same depth in the reservoir containing these particles
[Langmuir, 1938; Derjaguin, 1939] (cited by Derjaguin et
al., 1987]). They attributed this difference to electrostatic
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and molecular interactions between the charged surfaces and
the interplate electrolyte. The more extensive and quantita-
tive development proposed by Derjaguin et al. [1987] is
reviewed below. Note that in a more intuitive and qualitative
approach, Langmuir [1938] obtained similar results. A full
discussion on the conceptual differences between the two
approaches can be found in work by McBride [1997].
According to Derjaguin et al. [1987, p. 27], this “departure
from the hydrostatic law” only occurs if the interfacial
zones, here the diffuse layers, overlap. If there is no overlap
(large pore size or high-concentration solutions), the inten-
sive variables such as pressure are equivalent to those in the
bulk or equilibrium solution. This difference in pressure,
named disjoining pressure, is caused by the action of surface
forces induced by the overlap. Two types of surface forces
can be identified: repulsive and attractive. Repulsive and
attractive forces per unit surface area are translated into
positive or negative (traction in a mechanical sense) pres-
sure, respectively. The balance between these two kinds of
forces per unit surface area determines the sign of the dis-
joining pressure. Furthermore, noting that the surface forces
at work in overlap conditions are mostly perpendicular to
the surface (in the direction of the electric field), these au-
thors argue that the “pressure” in thin films is no longer a
scalar but becomes a tensor. This result was established by
Derjaguin et al. [1987] by writing a generalized Maxwell
stress tensor, i.e., the stress tensor for a body under the
influence of an electromagnetic field. This consists in encap-
sulating the hydrostatic pressure, electrostatic and molecular
forces per unit surface in a generalized “pressure” whose
anisotropy is imposed by the surface forces. Hence, this
fluid “pressure” in a film adjacent to clay surfaces is no
longer a pressure in the strict sense but has the significance
of a local stress, which, in the local coordinate system at-
tached to the clay surfaces, is

P 00
p(}xyz =10 P Yy 0 ’ (4 )
0 0 p=

where the z axis is perpendicular to the clay surface.
Refining their initial definition, Derjaguin et al. [1987]
interpreted the disjoining pressure as the difference between
the pressure normal to the solid surfaces in the film, i.e., the
direction of surface forces, and the pressure in the equilib-
rium solution. This concept, that introduces an alteration of
the “pressure structure” (anisotropy and contrast in pres-
sure), is illustrated below by writing a local volume force
balance to identify one of the components of the disjoining
pressure. In fact, these authors identify two main compo-
nents of the disjoining pressure, a repulsive electrostatic
component and an attractive molecular or Van der Waals
component. The extensively used electrostatic component of
the disjoining pressure can be formally established by a
thermodynamic or a mechanical approach. According to
Derjaguin et al. [1987], the mechanical volumetric force
balance equation within a film of water between two
charged surfaces imbedded in a bulk (equilibrium) solution
is

1 de
grad(p) + pgrad(p) + grad ( =~ psE> | =0, (5)
2.dpr
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with p(z, b) (Pa), the hydrostatic pressure, p the charge
density (C m™) in the film of solution [see Van Olphen,
1963], ¢ (V) is the electrical potential, p, the density of
the fluid (kg m™>), e (F m ') is the permittivity of the fluid
and E the electric field (V m™"). The second term on the left-
hand side of equation (5) is the electric force acting on the
volume charge and the third term is the so-called electro-
striction term (force due to orientation of water molecules
subjected to an external electric field [see Stratton, 1941]).
An algebraic treatment, which is detailed in Appendix A,
allows us to obtain the following expressions for the com-
ponents p,, = p,, = pr and p.. = py where py and py are the
components of “pressure” p normal and tangential to the
surface, respectively:

PN =pr+Tp (6)

1 de

1 de ¢
pr=pr+-—pm; +(*fp —1)/pd907 )
f Edpf f'D def of o

where ¢ is the electrical potential at a distance z from the
surface (virtually ¢ = 0 at an infinite distance) and with

*Pb
T = —/0 pdep, (8)

where 75 (Pa) is the electrostatic component of the dis-
joining pressure, ¢, (V) is the electrical potential at the
midplane (see Figure 1) and p,is the hydrostatic pressure in
the equilibrium solution. This component is independent of z
and depends only on the distance between clay platelets. In
the case of adjacent surfaces of equivalent charge and for a
monovalent and symmetric salt (e.g.,NaCl), it is

e P
w5 = 2kgTcy (cosh (kB—T> — 1)

=kgT(c" + ¢ —2¢)_,, 9)
where ¢ et ¢ (ions m ) are the concentrations of the cation
and the anion in the porosity and c,is the concentration of
these ions in the equilibrium solution. Unlike the normal
component, the transverse one is dependent of the distance
to the surface. This illustrates the tensorial property of the
total “pressure” introduced by Derjaguin et al. [1987]. It
should be noted that an alternative way to identify the
electrostatic component of the disjoining pressure 75, is to
use mean concentrations calculated from Donnan equilibri-
um [Jougnot et al., 2009]. This view is a direct continuation
of the pioneering work of Langmuir [1938].

[v] Besides the electrostatic component of the disjoining
pressure, others are also considered in the literature.
Derjaguin et al. [1987] introduce a second component
which is an attractive Van der Waals term corresponding to
a weak attraction between the molecules of the adjacent
surfaces. It can be accounted for by using the relationship

A
6m(2b)*’

vdw __
n =

(10)
where A is the Hamaker constant dependent on the miner-

alogic nature of the surface and 25 is the distance between
the two particles. For mica and water films, a value of A of
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Figure 2. Schematic representation of the measurement
method of the disjoining pressure according to Low [1987].

2 10°° J has been reported [Derjaguin et al., 1987]. These
two repulsive and attractive components are used in the so-
called DLVO (Derjaguin-Landau-Verview-Overbek) theory
of the stability of colloidal suspensions which considers the
following expression:

mp = Ty, + ngw.

(11)
These concepts, formally developed by Derjaguin et al.
[1987] (see also historical discussion by Churaev [2003]),
are supported by numerous experimental studies (see section
3.2 where we review some of them). According to
Derjaguin et al. [1987], this disjoining pressure, which is
thus a consequence of a local stress balance, can be mea-
sured by applying an external pressure to maintain the in-
terplatelet in mechanical equilibrium. In fact, this describes
exactly the process of a swelling pressure measurement
depicted in Figure 2. They consider that the swelling pres-
sure is, at the macroscale, the volume average of the dis-
joining pressure. However, another component is discussed
and debated in the literature [ Viani et al., 1983; Derjaguin et
al., 1987; Horseman et al., 1996; McBride, 1997]. Indeed,
the DLVO theory cannot explain certain experimental data
as claimed by, e.g., McBride [1997] and also previously
recognized by Derjaguin et al. [1987]. An additional term
besides the electrostatic and molecular components has been
proposed. This term is related to the solid surface hydration
with the presence of several monolayers of water molecules
with a modified structure of the hydrogen bond network as
compared to the equilibrium solution. This has long been
reported in the literature through the observation of the
alteration of water properties such as density or viscosity in
the first nanometer from the surface [see, e.g., Martin, 1960;
Mitchell, 1993]. When the interplatelet distance is small,
these monolayers of structurally specific water overlap, and
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an additional repulsive term, the so-called structural com-
ponent of the disjoining pressure 7, has to be introduced
[Derjaguin et al., 1987]. To our knowledge, the only the-
oretical development concerning this hydration force com-
ponent has been proposed by Marcelja and Radic [1976].
The theory is however semiempirical; that is, the parameters
in the theoretical expression of this component must be
fitted on data. According to these authors, the hydration
component can be described by the exponential relation

; ( 2b)
TD:KeXp —7 ;

where k and A are coefficients that have to be experimen-
tally determined. For quartz and mica, values in the range
7 10° to 107 Pa for x and 0.8 to 1 nm for \ are reported
[Derjaguin et al., 1987]. In the absence of a fully predictive
theory, this component is always determined empirically by
the difference between the measurement of the disjoining
pressure and the DLVO theory. It is considered as the main
component for interparticle distances between 1.5 and al-
most 5 nm [Israelachvili and Pashley, 1983; McGuiggan
and Pashley, 1988]. According to Low [1987], this com-
ponent could even be the main component of the swelling
pressure whatever the pore size.

[10] Once recognized, these components are assumed to
be linearly additive, which is consistent with a force balance
analysis. Expressions such as

(12)

Tp = 7% + T + 7, (13)
can be found. The previous expressions for components py
and py, i.e., equations (6) and (7), were obtained by con-
sidering only the electrostatic surface forces. As suggested
by Derjaguin et al. [1987, chapter 2], the molecular and
hydration forces should be introduced in the expressions of
pn and pr yielding

PN =pr AT+ TR+, (14)

+1 de . +(1 1 de )/sﬂ oo+ 4

pr =p, S PfT -~ 5P pay + T .

f edpf f'D edpf of o D D
(15)

In the following, the applicability of these concepts to clay-
rock systems and their modeling are analyzed. The dis-
joining pressure being a microscopic concept, a first stage of
upscaling to identify the macroscopic swelling pressure is
required.

3. Estimating the Macroscopic Swelling Pressure
of Clay-Rocks

3.1. Relationship Between Disjoining and Swelling
Pressures

[11] The initial work by Langmuir [1938] and Derjaguin
et al. [1987] predicts a higher pressure in the porosity of a
shale than in adjacent uncharged media provided that the
diffuse layers of the clay platelets overlap. These concepts
have been developed primarily at the microscopic scale for
colloidal suspensions to describe the stability of particles
that can coagulate or disperse when no external stress is
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applied. But these concepts can also apply to compacted
clay-rocks characterized by a low porosity. Indeed, such
pressures can exist only in case of a developed micropo-
rosity associated with short interplatelet distances that
enable the diffuse layers to overlap. In clay-rocks, if clay
particles have been clustered together by compaction, they
are maintained in this compacted state by the all-around
confining stress and the rigidity of the rock. Despite the
rigidity and the existence of a confining pressure, clay-rocks
are currently characterized by their swelling properties and
authors invoke the so-called swelling pressure. What might
be the link between the swelling pressure and the disjoining
pressure? The “osmotic” swelling pressure was formally
defined by, e.g., Coussy [2004] in exactly the same manner
as Derjaguin et al. [1987] and Langmuir [1938] use to
express the electrostatic component of the disjoining pressure
in equation (9). Furthermore, Derjaguin et al. [1987]
describe the swelling pressure as an estimate of the average
disjoining pressure over the clay-rock volume. Conse-
quently, from a theoretical standpoint, the swelling pressure
for a macroscopic volume of a natural clay-rock can be
obtained by a volume averaging of the microscopic dis-
joining pressure.

[12] The swelling pressure of a clay is classically mea-
sured at the sample scale. It is estimated as the confining
stress exerted by a triaxial apparatus to maintain constant the
volume of the sample, or the stress exerted by a piston at the
sample equilibrium. This swelling occurs for instance when
a core sample is exposed to a solution of lower salinity than

the natural formation solution. This swelling behavior is
associated with the presence of 2:1 clay minerals, i.e.,
smectite or illite with a prominent role of the former due to
its high specific surface (750 m? g ') [Mitchell, 1993].
Indeed, when smectite minerals swell, water is attracted
between the internal surfaces (interlayers, see Figure 3c)
which characterize exclusively this mineral. According to
Mitchell [1993], two concepts to describe the swelling are
used, the “osmotic” pressure and the surface hydration
effects. The former is associated with the electrostatic
repulsive force which is accounted for in the electrostatic
component of the disjoining pressure. The second one cor-
responds to an alteration of the chemical potential of water
due to surface interactions yielding a converging flow toward
the internal surfaces of smectite minerals. A self-consistent
approach is obtained by introducing the surface hydration
effects into a general expression of the disjoining pressure
(see equation (13)). In order to perform a simple volume
averaging of the microscopic disjoining pressure, reference
data for the swelling minerals should be considered.

3.2. Experimental Identification of the Disjoining
Pressure for 2:1 Clay Minerals

[13] Three experimental protocols have been used to
measure the disjoining pressure of pure clay minerals as a
function of particle spacing and electrolyte concentration.
The first experimental apparatus is a compressional cell
corresponding to the schematic representation in Figure 2.
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Figure 4. Disjoining pressure data as a function of the
interparticle distance and the salinity. Data for illite (mica)
are from McGuiggan and Pashley [1988], Pashley [1981],
and Quirck [1986]; data for smectite are from Barclay and
Ottewill [1970] and Callaghan and Ottewill [1974].

Such mechanical measurements were performed by, e.g.,
Barclay and Ottewill [1970], Callaghan and Ottewill [1974],
or Viani et al. [1983] using oriented montmorillonite gels
so that the clay particle bedding is perpendicular to the
piston, thus measured pressures (stresses) are perpendicular
to the clay surfaces. During the experiments of Viani et al.
[1983] for instance, the samples were placed in a chamber
between a piston and a ceramic plate in contact with a NaCl
solution at a salinity of 10 * mol L™ and at atmospheric
pressure. Increasing pressure steps were applied by the
piston causing a reduction in interplate separation. After
equilibration for each step, the swelling pressure is equal to
the pressure applied by the piston and the clay interplate
spacing was measured by X-ray diffraction. Disjoining
pressures as high as several bars were thus measured in
the direction perpendicular to the surfaces when the pressure
in the adjacent reservoir was 1 bar. The more extensive
results obtained by Callaghan and Ottewill [1974] for
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Na-Montmorillonite (smectite) are shown in Figure 4.
Figure 4 shows a clear decrease of the disjoining pressure
as the interparticle distance or the concentration increases.
In such experiments, the interparticle spacing between the
clay platelets of the macroscopic sample is believed to be
homogeneous. Consequently, the macroscopic swelling
pressure equals the microscopic disjoining pressure while it
is more generally a volume average of the disjoining pres-
sure (see section 3.1).

[14] The second experimental method is the surface force
apparatus which was developed in the 1970s and subse-
quently modified to allow surface force measurements for
materials immersed in electrolyte solutions [Israelachvili
and Adams, 1978; Israelachvili and Pashley, 1983]. In
these experiments, two orthogonally positioned cylindrical
surfaces of radius R (=1 cm) covered with clay sheets are
brought into close contact step by step. At each step, the
interaction force F and the distance between the two crossed
cylinders B are measured. For practical use in clay materials
characterized by a platy shape, it is desirable to estimate the
equivalent force per solid unit surface that would have been
measured between two plane-parallel surfaces separated by
the same distance B (2b), i.e., the disjoining pressure 7p.
For this purpose, the following approximation by Derjaguin
et al. [1987, p. 46] can be used:

F

E = 27T/B WD(B)dB

(16)
Noting that the relation between the disjoining pressure and
the interparticle distance corresponds to a power law or an
exponential decay, the derivative of equation (16) relative to
B is defined and yields

(17)

The surface force apparatus was widely used in the 1980s
and 1990s for mica surfaces by Pashley [1981], McGuiggan
and Pashley [1988], and Quirk and Pashley [1991]. Some
interpreted measurements (using equation (17)) for Na-mica
(equivalent to Illite [Quirk, 1986]) are depicted in Figure 5.
Although less obvious, similar trends as for smectites are
obtained. The disjoining pressure is generally lower for illite
than for smectite (up to 1 order of magnitude).

[15] The last experimental method to measure surface
forces at the microscopic scale uses the atomic force mi-
croscope [see, e.g., Li et al., 2007]. The force between two
microscopic spherical samples (few micrometers) placed at a
certain distance are measured. This distance is varied during
the experiment. For two identical spherical particles of ra-
dius R, another approximation for the equivalent plane-
parallel force per unit surface at the same distance is
available and writes [Derjaguin et al., 1987, p. 46]

F

2 W/BOCWD(B)dB. (18)

Upon derivation, this equation provides a useful expression
for the disjoining pressure in plane-parallel geometry.

[16] The first method provides a direct estimate of the
disjoining pressure while the two others require an inter-
mediate algebraic treatment. Therefore, besides the theo-
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Figure 5. Swelling pressure measured for the Opalinus clay
by Madsen and Vonmoos [1985]. The model is the simple
volume-averaging approach of equations (20) and (21).

retical expressions discussed in section 2.2, the experimental
protocols described above offer an alternative identifica-
tion of the disjoining pressure, possibly combined with
expressions (16) or (18). Whatever the technical choice
for measuring the interaction between clay particles, such
experiments support the view of Derjaguin et al. [1987] of
an anisotropic “pressure” in water films with different
directional components. Although the experimental materials
are clay gels or isolated particles and not clay-rocks, these
experiments give valuable data since both pore size and
disjoining pressures are provided. Note that only the total
disjoining pressure for pure materials but not the different
components of this pressure is measured in such experi-
ments. The different components should be estimated by
means of theoretical expressions and models. The electro-
static component can be calculated from equation (9) where
the concentrations are determined using an electrical model.
This was done for bentonite in previous work [Gongalves et
al., 2007]. For practical use on natural materials, the
attractive molecular component can be neglected since it
becomes significant only for interparticle distances lower
than 0.5 nm. The identification of the third component, the
structural disjoining pressure, is more difficult. Since no
fully predictive theory has been proposed so far, only
experimental work can be used to identify this component
as a function of the interparticle distance and the concen-
tration. In this paper, the total disjoining pressure containing
all the components is considered but we do not go into more
detail concerning this component.

3.3. Simple Averaging Approach to Estimate
the Swelling Pressure of Natural Clay-Rocks

[17] Our goal in this section is to derive a useful
expression for the macroscopic swelling pressure from the
microscopic expressions of the disjoining pressure. A nat-
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ural clay-rock is characterized by an ensemble of pure clay
minerals and coarse grains (e.g., quartz, calcite [see Marion
et al., 1992]) which are usually described using volumetric
fractions. A schematic view of this heterogeneity is shown in
Figure 3a with a representation of the petrofabric involving
aggregates in Figure 3b. In order to obtain an expression of
the swelling pressure for macroscopic clay samples, some
volume averaging of the microscopic disjoining pressure for
pure clay end-members must be done. Since the disjoining
pressure is associated with surface interactions, this volume
averaging should involve the surface fractions exposed to
the pore fluid for each type of clay minerals. Here, we
propose to carry out the volume averaging by estimating the
surface fraction of each end-member (e.g., smectite, illite,
kaolinite) in a unit volume of porous medium. Neglecting
the contribution of the coarse grains to the overall surface
due to their low specific surface compared to the clay
minerals, this surface fraction writes

A5k

fs = :
ZkAk ‘ft

(19)

where f5, f., and A% are the nondimensional surface and
weight fractions and the specific surface (m* g ') of clay
mineral i, respectively. Then, this quantity can be used as a
weight for the disjoining pressure characterizing each min-
eral to estimate the macroscopic swelling pressure {7} such
as

(mp) =D fimh. (20)
k

It must be stressed here that this approach requires the
transposition at the macroscopic scale of two crucial vari-
ables which determine the value of the microscopic dis-
joining pressure, i.e., the equilibrium concentration ¢, and
the interparticle spacing. Unlike the experiments described
in section 3.2, these two quantities are obtained with low
precision in natural materials. The equilibrium concentration
can be obtained by squeezing experiments or by modeling
the geochemical equilibrium between the minerals and the
pore fluid. The mean pore size (2b) can be identified by the
following simple mass balance equation assuming a parallel
plane geometry [Neuzil, 2000]:

w= (1 —w)psAsb, (21)
where w is the total porosity, pg is the density (kg m ) of
the solid and A is the total or external specific surface (see
below).

[18] This simple analysis was applied to a natural clay-
rock, the Opalinus clay in Switzerland. Swelling pressures
were measured by Madsen and Vonmoos [1985] for this
shale. The clay fraction of this shale is made of kaolinite,
illite, mixed layers of illite/smectite (I/S) and small amounts
of chlorite [Bradbury and Baeyens, 1998]. The swelling
behavior of the material is attributed to the presence of the
I/S and more precisely to their smectitic content. A 30%
fraction of swelling smectite in the I/S which represents
almost 17% in weight of the shale was determined by
Madsen and Vonmoos [1985]. The other fractions for the
remaining clay minerals were not provided by these authors.
But, considering the high value of the total specific surface
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Figure 6. (a) Experimental design for sample-scale osmotic
experiments [Rousseau-Gueutin et al., 2009]. A cylindrical
sample where a central hole is drilled is placed in a triaxial
press. The external and the internal circuits allow us to
impose a concentration gradient. (b) Pressure difference Ap
between the internal and external circuits in the absence of a
salinity gradient. The variations around zero are only due to
room temperature changes.

of smectlte (see Figure 3c, internal plus external surfaces,
750 m> g 2 in comparison with illite (70 m* g”") or kao-
linite (15 m” g '), a dominant smectite surface fraction f5" is
expected. Indeed, the fraction of the total spec1ﬁc surface of
the shale corresponding to smectite /574" is 38 m? g !
(30% of the 17% weight fraction of I/S wrth AT =750 m?
g ") while the average total specrﬁc surface area (including
1nterna1 surfaces) of the shale ), f* A% was estimated to be
70 m* g ' by these authors. According to equation (19), this
yields a surface fraction for the smectite, /5, of 54%. In
addition, the disjoining pressure for smectite is up to 1 order
of magnitude higher than for illite particles and the values
for kaolinite can be neglected. Consequently, only the
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contribution of smectite was considered in equation (20). The
equilibrium concentration was estimated to be 10 ™% mol L™"
by Madsen and Vonmoos [1985]. In their study, Madsen and
Vonmoos [1985] used an expression similar to equation (21)
with the total specific surface to identify the interparticle
spacings. This provides an estimate of the average inter-
particle space including the nonmobile water in the inter-
layers of the smectite minerals involved in the swelling. An
alternative approach is to consider only the external specific
area to identify a mean pore size. This corresponds in fact
to the “hydrodynamic” pore size, i.e., the pores between
aggregates where fluid flow can occur. Figure 5 shows the
result of the application of the simple averaging approach
presented here using equation (20), the disjoining pressure
data for the smectite taken from Figure 4 and a value of 0.54
for /s™. A good agreement is obtained between the swelling
pressure data of Madsen and Vonmoos [1985] and this
calculation.

4. Impact on the Hydrogeology Study
of a Clay-Rich System

[19] For clay materials, the existence of surface forces
results in an alteration of the “pressure” in the porosity of a
clay. Consequently, this “pressure” should be higher than
the hydrostatic pressure in surrounding aquifers at equilib-
rium with the clay in the case of diffuse layer overlapping.
The concepts and calculations developed in sections 2 and 3
lead to the following question: May the current view of
hydrogeologists on such media be altered? In order to an-
swer this question, the real significance of such a pressure
and its implications for hydrogeology is analyzed below. In
an OECD report [Horseman et al., 1996], these authors,
describing this concept as a “provoking idea,” suggest that
the higher permanent pressure in the clay should be inter-
preted in terms of a threshold (an entry pressure value) for
Darcy’s law. This idea is also discussed below.

4.1.

[20] As proposed by Derjaguin et al. [1987], and for-
malized by different authors [e.g., Sherwood, 1994; Moyne
and Murad, 2002; Revil and Leroy, 2004], fluid flow
across a clay-rock is proportional to the gradient of the
“hydrodynamic” or “partial” pressure p;= py — 7p, i.e., the bulk
or equilibrium solution pressure. This suggests that the
disjoining pressure has no direct impact on fluid flow. This
idea is supported by experimental work on core samples in
contact with reservoirs. Indeed, such disjoining pressures are
measured in clay samples at mechanical and thermodynamic
equilibrium corresponding to no-flow conditions (no fluid
expelled from or attracted toward the pore space). Hence,
the existence of this disjoining pressure which constitutes an
“excess pressure” relative to the pressure in the reservoirs in
the experiments by Viani et al. [1983], is not associated with
any fluid flow toward the reservoir at equilibrium. This was
also verified during our own osmotic experiments at the
sample scale in a geometry shown in Figure 6a [Rousseau-
Gueutin et al., 2009]. When the same salinity is imposed on
the external surface and in a chamber located in a central
well within a cylindrical core sample, the same equilibrium
pressure pyis observed in the two reservoirs (see Figure 6b,
Ap = 0). Therefore, this higher pressure in the clay-rock

Implications for Fluid Flow
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cannot be interpreted as an “overpressure” (pressures exceed-
ing the hydrostatic value, see review by Neuzil [1995])
generating diverging flow toward adjacent aquifers. Such
erroneous interpretations can be avoided simply by consid-
ering the partial or hydrodynamic pressure gradient. This
hydrodynamic or partial pressure corresponds to the pres-
sure of water within the reservoirs at the ends of a core
sample, for instance. Only in the case of a perturbation of the
thermodynamic equilibrium, i.e., a gradient in hydrody-
namic pressure or concentration between the reservoirs, can
a flux occur and cause the propagation of a pressure per-
turbation [Derjaguin et al., 1987]. The thermodynamic
equilibrium refers here to the conditions where no pressure
or concentration gradients are applied at a constant natural
lithostatic load. Note that the reference to this hypothetic
initial thermodynamic equilibrium is secondary since con-
stitutive transport equations in deforming porous media can
be derived on the basis of nonequilibrium thermodynamics
[see, e.g., Revil, 2007]. These fluxes are calculated with the
well-known coupled flow expressions using pressure and
concentration gradients [see, e.g., Neuzil, 2000; Gongalves
et al., 2004; Revil and Linde, 2006; Garavito et al., 2006;
Gueutin et al., 2007]. The electrical properties of clay sur-
faces explain the presence of additional driving forces for
fluid flow besides the pressure gradient and the gravity,
namely the chemical potential gradient of the salt ¥, and
the electrical potential gradient V). These other forces are
taken into account in a recent model based on the Nernst-
Planck and the Navier-Stokes equations and developed by
Revil et al. [2005]. Introducing the condition that no mac-
roscopic current density occurs in natural materials and after
some algebraic manipulations, these authors derive the fol-
lowing equation for the coupled flow system, i.e., a gener-
alized Darcy’s law (neglecting gravity effects, i.e., in an
almost horizontal flow problem) and a mass transport
equation

k ‘R,Tek
g=——Vpr + L2 (22)
Hr Hf
¢ = (1 —€)qer — D‘ff’”ch7 (23)

where ¢ is the specific discharge (m s™'), ¢, is the solute
flux (mol m 2 s "), ay is the number of dissociated ions
(2 for NaCl salt), cf (mol L") the concentration of the
reservoirs at local equilibrium with the shale, £ is the intrinsic
permeability and ¢ is the so-called osmotic efficiency whose
expression, not developed here [see Revil et al., 2005],
involves electrical terms, and D% is the effective diffusion
coefficient (m” s ') also depending on electrical terms. Note
that, more rigorously, vectors and tensors should be used in
equations (22) and (23) for the fluxes and the coupling
coefficients, respectively. A dispersivity tensor should also
be used in equation (23). Expressions (22) and (23) illus-
trate, as discussed by, e.g., Moyne and Murad [2002] and
Revil et al. [2005], that the fluid flow depends on the gra-
dients of prand c respectively, the pressure and salinity that
would be measured in a reservoir at local equilibrium with
the clay-rock. The full resolution of a coupled-flow problem
requires the simultaneous calculation of the salt transport
and fluid flow that involves the same driving forces.
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[21] Another consequence of this concept of disjoining
pressure is its possible interpretation as a pressure threshold
to generate water filtration through argillaceous media
[Horseman et al., 1996]. Although attractive, this interpre-
tation should be used with caution in the light of the above
analysis, this pressure is considered inefficient for fluid flow
as it is associated with a local stress balance. The contro-
versial idea of the existence of a pressure gradient threshold
for fluid flow in clay-rocks has been supported by filtration
experiments at the sample scale. Some authors found that
below a certain pressure gradient value, no filtration is
observed (see discussion by Mitchell [1993]). Among the
different explanations proposed by Mitchell [1993] for these
observations, a non-Newtonian behavior or experimental
errors can be cited. A Bingham fluid behavior characterized
by the presence of a shear stress yield in the relationship
between shear stress and the derivative of the fluid velocity
could be invoked. But there is no clear evidence of such
behavior for the solutions within the porosity of a clay. The
experimental errors are discussed below in the light of
the coupled equations for fluid flow and transport, i.e.
equations (22) and (23). Indeed, the plausibility of a potential
threshold effect has to be identified through an analysis of
other forces than pressure gradients involved in water
movement in such media. If one considers a fluid flow
problem under constant salt concentrations (Vcy = 0),
expression (22) does not introduce any threshold, i.e., as
Vp = 0, ¢ = 0. Conversely in the presence of a concen-
tration gradient across a sample, we can obtain q = 0 for
nonzero values of Vp. Possible experimental errors can thus
lead to erroneous interpretations of the filtration velocity.
For instance, if the zero concentration gradient across the
sample is not guaranteed during the experiment, the inter-
pretation in terms of a classical Darcy law (only Vp) does
not capture the real filtration rate (i.e., including the driving
force Vg, see equation (22)). These considerations are in
line with the discussion by Mitchell [1993] who also states
that careful experiments on clay materials did not show
such yield behavior.

4.2. Implications for the Storativity

[22] If the direct influence of mp is zero for fluid flow, its
implications for effective stress calculations should be more
relevant as pointed out by Horseman et al. [1996]. As
inferred from a local stress balance, the total “pressure” which
is effectively acting on the solid surface must be introduced
in the effective stress expression o/ that writes classically

o = o — bgp/1, (24)
where o is the total stress, I is the unit tensor and bp is the
Biot coefficient. This effective stress is involved in the
hydromechanical coupling (through the right-hand side of
equation (25); see Appendix B) that introduces a funda-
mental parameter, the specific storage coefficient Sj, in the
so-called hydrogeological diffusivity or pressure diffusion
equation [see, e.g., de Marsily, 1986]:

V(pra) = - f’(g’f) :

(25)

In this section, our goal is to develop a simple hydro-
chemomechanical term to be added in the pressure diffusion
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equation (25) in order to account for the swelling of clay-
rocks. The introduction of the swelling was considered in
soil sciences by, e.g., Barbour and Fredlund [1989] or
Hueckel [1992] or in rock mechanics by, e.g., Sherwood
[1992, 1994], Dormieux et al. [2003], Gajo et al. [2002],
or Loret et al. [2002]. Although the developments proposed
by the rock mechanists are rigorous, their practical use for
hydrogeologic applications is puzzling. In addition, these
developments do not always account for the different
components of the disjoining pressure underlying the
swelling pressure. The “osmotic” term, i.e., the electrostatic
component, is often considered alone. Here we adopt the
pragmatic approach discussed by Neuzil [2003], i.e., a
development with physical basis but using some simplifi-
cations which allow a practical introduction of the swelling
pressure in hydrogeological studies.

[23] We should now introduce the “total pressure” acting
on the solid skeleton of the clay-rich porous medium into
the development proposed by de Marsily [1986] for the
right-hand side of equation (25). For practical use, we need
to establish a macroscopic pressure based on the micro-
scopic view presented in section 2.2 which is valid at the
pore scale. This is done using a simple rotation (around the x
axis) accounting for the mean orientation of the clay parti-
cles as depicted in Figure 7 and by taking average values
denoted by the angle brackets for the components of p. One
can determine the average expression of this tensor over the
REV in the OXYZ fixed referential:

(1) 0 0

Poxrz) =| 0 {(prcos?@+pysin®0) ((py — pr)sinfcosb) |,
0 ((py —pr)sinfcosd) (prsin® @+ py cos® 6)
(26)

where 6 is the angle between a clay particle and the y axis
(see Figure 7). In order to simplify the notation, we omit
the angle brackets and the subscript OXYZ and denote the
macroscopic (anisotropic) “pressure” p. Considering the
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notion of effective stress introduced by Terzaghi and
extending this notion to the electrochemical processes
[Barbour and Fredlund, 1989], one obtains
o = o — bgp. (27)
For small 3D deformations and in the framework of elas-
ticity (noting compression as positive) [Coussy, 2004],

dv 1-2v
— o~ tr(e) = —
4 Ey

tr(dol'), (28)

where V is the volume of porous medium, € is the strain
tensor, #r is the trace operator, v and Ey are the nondimen-
sional Poisson ratio and the Young modulus (Pa). This
yields

dv

7= —a(tr(do)/3 — bg/3tr(dp)), (29)

where

3(1 —2v)

a= EY

(30)

is the compressibility of the porous medium (Pa™') under

drained conditions. In order to obtain a first-order expres-

sion for practical use, a simplifying assumption for p7 is
e

used. The term % Do " appearing in equation (15) for p; can

be expressed as % g—; % using the state equation for water in
isothermal conditions where 3, (Pa ') is the water com-
pressibility. According to the experimental work by Owen et
al. [1961] or Anderson et al. [2000] on the dependence of
the dielectric constant of water on the pressure, the term
%%pf is close to one (1 % =4.71 107" Pa™' and 3, =
452 107 pa ! at 25°C). For the sake of simplicity, we
will thus consider that pr = ps+ mp. Note that by making
this assumption, the anisotropy of the “pressure” tensor is
neglected since p = (p, + IIp)L, with I[Ip = (7p), the mac-
roscopic swelling pressure. We consider also that the clay
particles are aligned almost perpendicularly to the litho-
static charge, i.e., are horizontal. Under these assumptions,

equation (29) becomes

av

- = (tr(da)/3 — bpdpy — deHD) . (31)

The first two terms on the right-hand side of equation (31)
are the only terms taken into account in the analysis by
de Marsily [1986] to derive the specific storage coefficient,
the last term accounts for the chemomechanical coupling. In
order to account for this chemomechanical effect, the last
term on the right-hand side of equation (31) can be intro-
duced into the development proposed by Marsily. In the
framework of small deformations, i.e., weak variations of
the porosity, bp is constant but dependent on w [see, e.g.,
Cosenza et al. [2002] and the mass balance equation now
writes (see developments in Appendix B)

SS apf c OCf

div(prq) = — T o Ss o (32)

11 of 16



W04514

b
1.01x10°
initial pressure
— 1.00x10° P
g 10 days
) A _
3
g
3 9.90x10° — 5 days —
e
2
s L i
=
o
]
o 5
9.80x10° [— -
L 2 days B
1 day
970)(105 L L ‘ L ‘ L ‘ L
0 0002 0004 0006  0.008— 0.01
—— X (m)
a
¢=10" mol L" ¢=2.4510" mol L"
p=10° Pa p~=10° Pa
Figure 8. (a) Geometrical setting of the swelling experi-

ment and (b) calculated pressure profiles as functions of time.
Parameters used in the calculations are from Horseman et al.
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where Sg (m™') is the well-known specific storage coeffi-
cient and

syl

SC
57 g Oc

(33)

is an “electrochemical specific storage coefficient.” For
small deformations, the swelling pressure only depends on
the salinity c,and this dependence can be determined by the
analysis presented in section 2.3 with the petrophysical
characteristics of the shale. Once determined, this relation
between the swelling pressure and the salinity can be used
to calculate the effect of a salinity perturbation in a shale
formation.

[24] The development presented here was applied to a real
case study, i.e., the Opalinus clay at Mont Terri, Switzerland
[Horseman et al., 2007]. A core sample (a 1 cm thick disc of
5 cm radius) of this material is at equilibrium when both
sides of the sample are in contact with a solution
corresponding to the formation equilibrium concentration,
0.245 mol L ~'. A maximum 0.8% swelling (AV/V) was
observed by Horseman et al. [2007] when one side of this
sample was suddenly placed in contact with distilled water.
This can be readily understood in the light of the analysis
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presented in section 3. When a sample is exposed to a so-
lution of lower salinity than its equilibrium solution, the
swelling pressure and thus the effective force acting on the
solid surfaces increases whence the possible swelling of
the material. This experiment is schematically represented in
Figure 8a. The transient hydrochemomechanical behavior of
this sample was calculated using a 1D finite difference
scheme. Equation (22) was combined with equation (32)
and the transport expression (23) was combined with the
mass conservation equation

div(uy) = 22

(34)
to solve the coupled flow problem. The parameter values
given by Horseman et al. [2007] are listed in the caption of
Figure 8. The swelling deformation AV/V was calculated at
each time step by summing the individual deformations of
each node i dV; and by using equation (31) where do = 0
(constant total stress). The term bga is obtained using the
theoretical expression of Ss, and neglecting the compress-
ibility of water and solids. In the model, the distilled water
was represented by a 107’ mol L™ solution. An expression
for the swelling pressure as a function of the salinity is re-
quired. It was assumed again that the swelling is mostly due
to smectite so that only the disjoining pressure for this
mineral is considered in equations (19) and (20). In the
absence of a precise mineralogical definition of the sample
studied by these authors, the average weight fractions for the
different clay minerals given by Nagra [2002] for the
Opalinus clay at the same location were considered, i.c.,
14 £ 4% 1/S, 18 £ 6% illite, 17 £ 6% kaolinite and 5 + 2%
chlorite. The specific surfaces introduced in equation (19)
are 750, 70, 15 and 70 m? g~ for smectite, illite, kaolinite
and chlorite, respectively. An average value of the total
specific surface of 70 m* g_1 with a porosity of 15% gives a
1 nm value for the average pore size accounting for the
interlayers of the smectite fraction in the I/S. Using this
estimate of the interparticle distance and the data shown in
Figure 4, a relation of the type w%c? for the disjoining
pressure of smectite was identified with 73 = 1.59 10° Pa
and n = 0.164. This expression multiplied by the surface
fraction of smectite /5™ (neglecting the other clay minerals
contributions) provides the required relation between the
swelling pressure and the concentration ¢, for the numerical
treatment. This fraction of smectite /5™ was calculated using
equation (19), the average weight fraction of I/S (14%) and a
proportion of smectite in I/S of 30% [Madsen and Vonmoos,
1985]. Figure 8b shows the calculated effect of the swelling
of the shale, i.e., a decrease of the pressure. The initial
pressure profile is then recovered in 10 days due to the
constant pressure boundary conditions applied to the sys-
tem. The calculated swelling is presented in Figure 9. The
use of the average mineralogical composition given above
yields a reasonable agreement with the data although a small
underestimation can be noted. This discrepancy can be at-
tributed to the simplifying assumptions used to introduce the
swelling in the hydrogeological formalism.

5. Conclusions

[25] According to the theoretical developments proposed
by interface scientists, for highly compacted clay-rocks, i.e.,
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Figure 9. Calculated swelling of the Opalinus shale and
data by Horseman et al. [2007].

at low porosity, the overlapping of the diffuse layers causes
an alteration of the pressure due to the presence of surface
forces. The “pressure” is no longer a scalar quantity but
becomes a tensor whose components differ from the pres-
sure in the bulk or equilibrium solution. In the case of
nonoverlapping diffuse layers (high salinity or large pore
sizes), the local pressure in the porosity is not altered and is
similar to that of the equilibrium solution. Based on previ-
ous theoretical developments, it has been argued here that
only the pressure in the equilibrium solution, also called the
“hydrodynamic” pressure, is directly involved in fluid flow
while the disjoining pressure is associated with a deforma-
tion of the porous media. The disjoining pressure is a
microscopic concept valid at the pore scale. Although the
idea of an “anisotropic pressure” can be confusing or even
provoking for fluid mechanists, this could be viewed as a
conceptual option followed by Derjaguin et al. [1987].
Other scientists, more carefully, consider only surface
interaction potential (related to forces upon derivation) or
directly surface forces without any further interpretation in
terms of fluid pressure. These forces between adjacent sur-
faces are then used to describe the deformation of the porous
skeleton. Whatever the conceptual view, some macroscopic
deformations (swelling or shrinking) of charged porous
media caused by the alteration of these surface forces are
observed. These deformations involve the counterpart of the
disjoining pressure at the macroscale (REV), i.e., the
swelling pressure, which represents in fact its macroscopic
average value. The identification of the swelling pressure for
a natural clay-rock requires an upscaling, e.g., a volume
averaging approach. In the present paper, a simple method
to obtain a macroscopic swelling pressure as a function of
the average interparticle spacing and of the concentration of
the equilibrium solution in a shale is presented. The main
problem arising from this analysis is the determination of a
representative interparticle spacing essentially in the smec-
tite fraction which is the main expansive clay mineral. In
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order to facilitate the introduction of the chemomechanical
deformations in the hydrogeological analysis, the available
microscopic-scale disjoining pressure data for various clay
minerals (some data were presented here) could be collected
to create a database. This database could then be used, upon
suitable upscalling approaches, to determine the swelling
pressure as a function of the pore size and the concentration
to be used in a hydrochemomechanical coupling. A first step
in this direction was proposed here.

[26] We first answer the question raised at the beginning
of section 4 concerning the influence of this disjoining
pressure on the hydrogeology in shales. From a mathemat-
ical point of view, the main alteration appears in the stor-
ativity term of the diffusivity equation with the introduction
of an electrochemical storage associated with the swelling of
clays. The electrochemical storativity term, which can be
mathematically established, depends on the solute transport.
Thus, it involves large time scale effects as the transport,
dominated by diffusion in such media, is very slow. In
addition, the discussion presented here raises the question of
our ability to measure the in situ pore pressure and that of
the significance of existing pressure measurements. Theo-
retically, one can design a small measurement chamber
imbedded in a shale that would be what [Coussy, 2004] calls
a “thermodynamic thermometer” (Figure 6a). After some
time of local thermodynamic equilibration with the pore
space, the water pressure in the chamber is measured. Such
measurements are performed in existing devices. According
to the theoretical developments presented here, this pressure
should be the equilibrium pressure prand not the disjoining
pressure. However, some influence of the swelling pressure
on the pressure measured in the isolated chambers might
occur. As discussed in section 3.3, the equilibrium solution
in the medium is difficult to predict or measure. When the
measurement chambers are initially filled with a solution
that is considered to be the equilibrium one, a certain dis-
crepancy with the real solution may exist. This discrepancy
can create a swelling of the clay-rock causing a partial
closure of the chamber and a subsequent transient increase
of the pressure due to the low compressibility of the
chamber (fluid, tubing, packers). This transient effect can be
detected and should be properly interpreted introducing the
swelling pressure but must disappear when chemical equi-
librium is reached, after a long time. These concepts are
particularly relevant in the present context of scientific
research on argillaceous media studied for their potential
confining properties of radionuclides.

Appendix A: Electrostatic Component
of the Disjoining Pressure

[27] According to Derjaguin et al. [1987], the mechanical
volumetric force balance equation within a film of water
between two charged surfaces imbedded in a bulk (equi-
librium) solution writes

19

grad(p) + pgrad(p) + grad ( 55— prE> ) =0, (A1)
2 apf

with p(z, b) (Pa), the hydrostatic pressure, z the axis per-
pendicular to the solid surface, p the charge density (C m ™)
in the film of solution [see also Van Olphen, 1963], prthe
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density of the fluid (kg m>) and E the electric field (V m™").
Equation (A1) can be written in a differential form:

(A2)

de 2
+ +d|l=—pE° | =
dp+ pdp +d (2 pr ) 0.

Equation (A2) can be integrated from the conditions E = 0,
@ = 0, and p = p, prevailing in the bulk or equilibrium
solution and the interplatelet conditions where £ # 0, ¢ # 0,
and p # p,yielding

=p(z b)+/¢ d +1E2ﬁ (A3)
pr=p(z , PR g,

Equation (A1) written in the z direction, perpendicular to the
mineral surface, and corresponding to the direction of the
electric field (E, # 0, E, = E, = 0) yields

p(z,b) N dp(z,b) N 0 (1 Oe

J— —_—— 2 =
0z oz Oz 28ppr (Z’b)> 0 (A4

Noting that

0 [€E? Jdp
0z ( ) Poz (A3)
which follows from the definition of the electric field
_ %
E(z,b) = % (A6)
and the Poisson equation (with a constant value of ¢)
Po_ p
EZaai (A7)
Equation (A4) can be written in the form
2 1 0e
p(z,b) — SEX(z,b) + = — pEX(z,b)| =0.  (A8)

Oz 2 dps

From the last expression, the total pressure normal to the
surface in the fluid film can be introduced in the form

pe=plzb) ~ SE(2.b) +1§—pr2<2 b).

(A9)
From equation (AS), it can be seen that this pressure is
independent of z, it depends only on the interplatelet dis-
tance 2b. Introducing the expression for p(z, b) from
equation (A3) into equation (A9),

©»
Pzz—pf:wf):—/ png—%Ez7 (AIO)
JO

where 75, is the electrostatic component of the disjoining
pressure. As noted by Derjaguin et al. [1987], this com-
ponent is independent of z and depends only on the inter-
platelet distance. It can thus be written at the midplane in the
special case of identically charged surfaces. Atz=5, E =0,
@ = ¢, and thus,

(A11)
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Introducing the classical Boltzmann distribution corresponding
to ideal solutions for a symmetric and monovalent salt, one
finds the classical result

w5 = 2kgTcy (cosh (;f;) — 1)

=kgT(c" + ¢ —2¢) (A12)

z=b"

If equation (A1) is expressed in the direction tangential to
the surface (x or y), the electric field components being null,
the following expression is found:

E? 86

3 o (A13)

@

Pxx =Py = p(z,b) :Pf—/o pdsp —
The transversal component is thus dependent on the distance
to the surface. This illustrates the tensorial property of the
total “pressure” introduced by Derjaguin et al. [1987]. A
more convenient expression for these components can be
found by introducing the electrostatic component of the
disjoining pressure. For this purpose, equation (A5) written
in a differential form is integrated from the conditions E = 0,
@ =, and the condition where the electric field and the
electrical potential are E and ¢. This yields

¢ @b €
/ pdp = / pdo — —E°.
0 0 2

Introducing equation (Al14) into equation (Al3), using
equation (A1l1) and renaming this component p; yields

(A14)

1 Oe . 1 Oe A
=pr+-——pr — do. AlS5
pr pf+€6pfp/7rD+(eap pr )l/opso (A15)
Similarly, renaming the component of the pressure normal to
the surface py, the latter writes

pn =pr +Th. (Al6)

Appendix B: Development of a Storage Coefficient
Accounting for the Chemical Couplings

[28] Noting that Darcy’s velocity is in fact a filtration rel-
ative to the solid matrix, the continuity equation equation (25)
is written by [e.g., de Marsily, 1986]
dw  prw dps

d
—aiv(prg) = (22,

dt 1 —wdt (BL)

where pf and pg are the densmes of the fluid and the solid
(kg m™3), respectively; ¢ (m s~ ) is the specific discharge
and w is the porosity and d/d¢ is the material derivative
following the mean movement of the solid. Assuming a total
pressure p = (py+ IIp)L, and introducing Biot’s coefficient
in the hydromechanical coupling analysis of de Marsily
[1986] yields

dpy  d(pr+1Ip)
a P (B2)
dw d(py +1ip)
Y (1w wmgn, ) ()
dps _ Bsw d(pf +HD)
o P @ (B4)
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Introducing equation (B2) to (B4) into equation (B1) yields

Sq d(pr +
div(p/q) :_Esw’ (B5)
with
Ss = prgw {51 — Bs + bs %]7 (B6)

the specific storage coefficient (m™"). For small deforma-
tions, it is assumed that the swelling pressure depends only
on the salinity ¢, and equation (B5) can be written in the
desired form

Ss dpf c dcf

v(prq) = — 28 9PL g 9 B
div(prq) g di S o (B7)
with
Ss dHD
e S22 BS
N g dCf ( )

S§ is an “electrochemical specific storage coefficient.”
Noting that the velocity of the solid is very small, the
material derivatives can be substituted by the ordinary
derivatives (0/0t, see equations (32) and (33) in the text).

Notation

A Hamaker constant, J.
Ag  specific surface, m* kg .
A specific surface of mineral i, m? kg™".

b  half-pore size, m.
by  Biot’s coefficient.

¢; concentration of ion i in the porosity, ion

‘ m > ormol L\,

¢y concentration of ion i in the equilibrium

solution, ion m > or mol L™".

¢ concentration of symmetric ions in the
equilibrium solution, ion m™> or mol L™".
effective diffusion coefficient, m? s .
E electric field, V m .
Ey  Young modulus, Pa.

e eclementary charge, C.
s surface fraction of mineral i.
fw:  weight fraction of mineral i.

k intrinsic permeability, m>.

ky  Boltzmann constant, J K.

pr  pressure in the equilibrium solution, Pa.
p  “pressure” tensor in a film, Pa.

DY

pn, pr normal and transverse components of p,
Pa.
q Darcy’s velocity, m s
q; 1onic charge, C.
R, Gas constant, m? Pa K ! mol .
Ss  specific storage coefficient, m ™.
T temperature, K.
V  volume of porous medium, m>.
@

corrllpressibility of the porous medium,
Pa .

B, compressibility of the fluid, Pa™'.

Bs  compressibility of the solid grains, Pa™'.
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¢  permittivity of the fluid, F m™ .
€. osmotic efficiency.
€ strain tensor.
@ electrical potential, V.
7y dynamic viscosity of the equilibrium
solution, Pa s.
v Poisson ratio.
v;  valency of ion i.
mp  disjoning pressure, Pa.
mp  electrostatic component of the disjoining
pressure, Pa.
7™ molecular component of the disjoining
pressure, Pa.
mp  structural component of the disjoining
pressure, Pa.
(mp) or TIp  swelling pressure, Pa.
p charge density of the solution, C m™.
pr  density of the equilibrium solution, kg m .
ps  solid density, kg m™>.
o total stress tensor, Pa.
o effective stress tensor, Pa.
w  porosity.
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