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Abstract Classical Darcy’s law assumes that the intrinsic permeability of porous media is
only dependent on the micro-geometrical and structural properties of the inner geometry of
the medium. There are, however, numerous experimental evidences that intrinsic permeabil-
ity of shaly and clayey porous material is a function of the fluid phase used in the experiments.
Several pore-scale processes have been proposed to explain the observed behavior. In this
study, we conduct a detailed investigation of one such mechanism, namely the electrokinetic
coupling. We have developed a numerical model to simulate this process at the pore-scale,
incorporating a refined model of the electrical double layer. The model is used to conduct a
detailed sensitivity analysis to elucidate the relative importance of several chemical–physical
parameters on the intensity of the electrokinetic coupling. We found that permeability reduc-
tion due to this mechanism is likely to occur only if the effective pore-radius is smaller than
10−6 m. We also observed that electrokinetic coupling is strongly sensitive to electrophoretic
mobility, which is normally reduced in clays compared to free-water conditions. Based on
these findings, we set up a suite of stochastic pore-network simulations to quantify the extent
of permeability reduction. We found that only if the effective pore-radius is ranging from
5 × 10−7 m to 5 × 10−8, electrokinetic coupling can be responsible for a 5–20% reduction
of the intrinsic permeability, and, therefore, this mechanism has a minor impact on situations
of practical environmental or mining interest.
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List of Symbols
e (= 1.602 × 10−19 C) Elementary charge
ε0 (= 8.854 × 10−12F m−1) Vacuum permittivity
εr (= 80) Dielectric constant of water
kB (= 1.381 × 10−23 J K−1) Boltzmann’s constant
Na (= 6.022 × 1023 mol−1) Avogadro number
F (= 9.648 × 104 C mol−1) Faraday’s constant
μconv

i (= 5.0 × 10−8m−2V−1s−1) Conventional electrophoretic ion mobility, specie i
κ−1 (m) Debye length
P (Pa) Fluid pressure
φ (V) Electrical potential
ζ (V) ζ -potential
ψ (V) Electrical potential of the diffuse layer
ϕd (V) Electrical potential of the Stern layer
Ci (mol l−1) Concentration, specie i
T (K) Temperature
zi Valence, specie i
u (m s−1) Fluid velocity
ρe (C m−3) Electrical charge density
a (m) Capillary radius
l (m) Capillary length
η (= 1 × 10−3 N s m−2) Water viscosity
σ (S m−1) Electrical conductivity
�s (S m−2) Surface conductance
Q (m3s−1) Water flow rate
I (A) Electrical current
k (m2) Intrinsic permeability (considering electrokinetic

coupling)
k0 (m2) Intrinsic permeability (without electrokinetic coupling)
�0

s (nm−2) Surface charge density
Km (= 1 × 10−3) Equilibrium constant, silossanic/silanoic groups
KMe (= 1 × 10−7.5) Sorption equilibrium constant, cations
ασ (= 2.30 × 10−2 K−1) Temperature correction coefficient, electrical

conductivity
α� (= 2.30 × 10−2 K−1) Temperature correction coefficient, surface conductance
αζ (= 1.71 × 10−2 K−1) Temperature correction, ζ -potential
n (= 0.30) Porosity
ρg (= 2600kg m−3) Grain (i.e., solid phase) density

1 Introduction

Single and multiphase flow in porous media is normally modeled using Darcy’s law, with
the fluid flow linearly dependent on the hydraulic gradient. The proportionality constant is
the hydraulic conductivity, a function of the physical properties of both the fluid and the
porous medium, K = kρg/η where η and ρ are the viscosity and density of the fluid, respec-
tively, g is the acceleration of gravity, and k the intrinsic permeability, a phenomenological
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Sensitivity of Intrinsic Permeability 683

parameter related to the resistance to flow of the porous medium. In the classical and widely
accepted theory, intrinsic permeability is solely related to the micro-geometrical features of
the pore-space, namely porosity, pore-connectivity and tortuosity (e.g., Bear 1988; Dullien
1992). Nevertheless, numerous laboratory experiments observed substantial deviations from
this theory, since it is found that the apparent intrinsic permeability changes as a function
of the mobile phase used to measure the intrinsic permeability. Most of these studies com-
pare the measurements with water and with an inert gas as a mobile phase, for example
nitrogen (Jones and Owens 1980; Dana and Skoczylas 1999; Baraka-Lokmane 2002). After
corrections for the gas slippage (or Klinkenberg) effect (Guéguen and Palciauskas 1994), it
is observed that for certain classes of porous materials the intrinsic permeability obtained
with gas (kg) is systematically larger than the same parameter measured with water (kw).
For example, Baraka-Lokmane 2002 analyzed a set of sandstone cores, and found that the
gas permeability was 1–2 times larger than water permeability in 61% of the cores, while in
the remainder, the difference was a factor in the range 2–5. Similar results were obtained by
other authors (e.g., Jones and Owens 1980; Dana and Skoczylas 1999), and an even larger
range of the kg/kw ratio was obtained. Other studies instead observed changes in the intrin-
sic permeability as a function of the composition and salinity of the water phase used in the
experiments (Raffenspergen and Ferrel 1991).

In order to describe the observations and estimate the permeability to water of porous
materials from the measurements conducted using an inert gaseous phase, Swanson (1978,
1981) and Juhàsz (1979) developed some relationships linking kg and kw . The proposed
equations consider petrophysical parameters such as the total and effective porosity and the
pore-size distribution as recovered from mercury intrusion experiments, but also have one or
more adjustable empirical parameter to be calibrated on the laboratory measurements.

Several processes have been identified as being potentially responsible for the observed
difference between air and water permeability. According to Baraka-Lokmane (2002) the
reduced water permeability of shaly sandstones is the result of three synergetic processes,
i.e., (i) migration of clays and fine particles clogging the pores, (ii) partial desaturation of
the samples during the experiment, and/or incomplete core saturation prior to start the mea-
sures, and (iii) mechanical breakdown of the clay fabric, and subsequent reduction of the
effective pore sizes. Other studies, however, have pointed out that an additional permeability
decrease can result from a number of chemical–physical processes triggered by the pres-
ence of an electrically charged surface (e.g., Wilson 1982; Raffenspergen and Ferrel 1991;
Soma and Papadopulos 1995; Lyklema 2001; Revil et al. 1999b; Revil and Pessel 2002
and references therein). The charged water–solid matrix interface has a twofold effect, (i)
increases the viscosity of the water phase near the pore wall, and (ii) induces an electrokinetic
coupling. Both mechanisms are related to the negative charges on the surface of the clays,
which modify the transport properties of charged ions and water molecules at the micro-
scopic level. In this article, following the conclusions of Revil and Pessel (2002), where it
is found that the classical Darcy’s equation does not fully apply to silty shales, we aim at
analyzing the extent of permeability reduction due to the coupling between water flow and
transport of ions in an electric field. All the other mechanisms that could possibly contrib-
ute are disregarded. We focus mainly on medium to fine grained materials such as shaly
sandstones, shales and silty shales because most of the experimental results and evidences
have been obtained using these materials. Shales and shaly sandstones are often found in or
near oil and gas reservoirs, and, therefore, a process-based understanding of the mechanisms
responsible for the permeability discrepancies is required to accurately forecast hydrocar-
bon production. Indeed, the same processes are also likely to reduce water flow in clayey
porous media (see e.g., Keijzer et al. 1999 and the references therein). Fine-grained, shaly,
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684 A. Brovelli, G. Cassiani

and silty materials are commonly used to construct liners for waste containment in land-
fills, and to insulate nuclear waste repositories. Engineering design of such systems would
certainly benefit from a better understanding of the processes affecting the permeability
reduction.

The article is organized as follows. First, in Sect. 2, we briefly introduce the theory of
the electrokinetic coupling, and we present the implementation of a numerical model capa-
ble of computing the intrinsic permeability of a pore-network. Within the same modeling
framework, all the chemical–physical properties of the porous medium and pore fluid can
be varied, and, therefore, we can investigate the resulting change in intrinsic permeabil-
ity. To this end, in Sect. 3, we conduct a detailed sensitivity analysis to understand which
are the main parameters controlling the response of our model, and to assess whether it
is realistic or not to expect some permeability reduction as a result of the electrokinetic
coupling. Finally, in Sect. 4, we perform a suite of Monte Carlo simulations on pore-net-
works to evaluate a possible relationship between pore-size distribution and the permeability
decrease.

2 Model Development

2.1 Electro-Kinetic Coupling

In porous media with an electrically charged internal surface, the concentration of ions is not
uniform within the cross section of a pore. Instead, ions tend to accumulate at the interface
between the solid matrix and the pore-fluid to equilibrate the excess of charge of the surface.
As a result, at steady state, with no external pressure gradient (i.e., no water flow) an electrical
double layer (EDL) exists near the inner solid matrix and the macroscopic electrical potential
is zero (electro-neutrality condition). In the presence of a pressure gradient, the pore-fluid
moves, and, therefore, perturbs the ion distribution near the pore walls. As a result, electro-
neutrality disappears and an electrical potential is generated (named spontaneous potential,
SP). Although this description of the processes is only simplified, it should highlight that
electrokinetic coupling may result in an observable reduction of the intrinsic permeability.
In fact, some energy is dissipated to move the charged ions within the electrical field near
the solid matrix surface, with an overall behavior similar to an increase of shear stress in the
vicinity of the pore wall. Clearly, this mechanism only exists when the pore fluid is water
(or, in general, a polar solvent), because it requires the presence of dissociated, charged ions.
Electro-kinetic processes have been intensively studied over the last two decades, and a com-
plete review of the numerous phenomena connected can be found in the literature (e.g., Revil
et al. 1999a; Revil et al. 1999b).

The mathematical description of the electrokinetic coupling is well known, and has been
applied in several fields (e.g Hildreth 1970; Bowen and Jenner 1995; Li and Kwok 2003;
Capuani et al. 2004, 2005; Hlushkou et al. 2006). For simplicity, in this study, we assume that
the pore fluid contains a single, symmetric monovalent electrolyte. We also assume that the
activity coefficients are constant and equal to 1. Note, however, that the same mathematical
description that we apply in this study can be used to describe the behavior of a more complex
water solution.

At steady state, electrokinetic flow in a pore can be modeled using the Navier-Stokes
equation, with an additional term linked to the electrostatic component (Li and Kwok 2003;
Capuani et al. 2004):
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− ∇ p − ρe∇φ = 0 (1)

where η is the fluid viscosity, r the radial coordinate, u(r) the fluid velocity along the pore,
∇ p the fluid pressure gradient and ∇φ the gradient of electrical potential (parallel to the flow
direction). The net charge density ρe can be computed using Poisson’s equation:

ρe (r) = −εrε0
1

r

d

dr

(
r

dψ

dr

)
(2)

where εr is the relative dielectric constant, ε0 is the permittivity of vacuum, and ψ(r) the
electrical potential of the EDL near the charged pore-wall.

Analytical solutions for these coupled equations are available only for very simple geom-
etries. Therefore, to accurately solve the electrokinetic flow problem in complex systems, the
use of numerical tools (e.g., finite element or Lattice Boltzmann methods) is beneficial (Li
and Kwok 2003; Capuani et al. 2004, 2005). Sometimes, however, the geometry of interest
can be approximated with a combination of simpler elements, with a known analytical solu-
tion. With this approach, the electrical potential and pressure distribution are computed at
the nodes of a network (Bernabé 1998; Xuan and Li 2004). The main advantage of this sim-
plified approach is the significantly reduced computational load. On the other hand, with this
method, an accurate representation of the real geometry may not be possible, and only some
of the bulk properties of the original geometry can be retained. Indeed, numerous studies
(Dullien 1992; Rajaram 1997; Blunt 1998; Peat et al. 2000; Vogel 2000) found that intrinsic
permeability as well as several transport properties of porous media and other geo-materials
can be effectively predicted using networks of pores with idealized geometry (for example,
a cylindrical shape). Consequently, in this study, we adopted this simplified but practical
approach. Details of the implementation are given in the next sub-sections.

2.2 Analytical Solutions for Cylindrical Capillaries

We consider a cylindrical capillary with radius a and length l (Fig. 1). Combining Eqs. 1 and
2 and integrating (boundary conditions are u(a) = 0, ψ(a) = ζ , and u

′
(0) = 0, ψ

′
(0) = 0,

where the prime indicates the first derivative with respect to r ) leads to an expression for
the fluid velocity within the capillary (Bowen and Jenner 1995; Bernabé 1998; Xuan and Li
2004):

u(r) = 1

4η
(r2 − a2)∇ p − εrε0ζ

η

(
ψ(r)

ζ
− 1

)
∇φ (3)

Owing to the electrokinetic coupling, the current density j is the sum of two components,
namely, (i) the convective transport of ions induced by the water flow and (ii) the ionic dis-
placement as a result of the electric field (in our application, the electric field is created by
the surface charge):

j (r) = ze(n+ − n−)u (r)− μconvze(n+ + n−)∇φ (4)

where n+ and n− are the volume densities of cations and anions, respectively.
At steady state, electrical charges follow a Boltzmann distribution:

n±(r) = n0 exp

(
∓ zeψ(r)

kBT

)
. (5)
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a

l

V1, P1 V2, P2

Water flow

Fig. 1 Sketch of the capillary used in the model

Combining Eqs. 4 and 5 we obtain

j (r) = ρe (r) u (r)− σ cosh

(
zeψ (r)

kBT

)
∇φ. (6)

The net charge density is defined as

ρe = −2zeno sinh

(
zeψ

kBT

)
. (7)

Integrating Eqs. 3 and 6 over the cross section, the volumetric flow rate Q and the electrical
current I in a capillary of length l are recovered:

Q = L11∇ p + L12∇φ (8)

I = L21∇ p + L22∇φ (9)

where Li j are the phenomenological coefficients, functions of both the capillary geometry
and the chemical–physical properties of the pore-fluid and solid/water phase interface:

L11 = −πa4

8η l
(10)

L12 = L21 = πεrε0a2ζ

η l
G1 (11)

L22 = −πε
2
r ε

2
0ζ

2

η l
G2 − π a2σ

l
G3 (12)

For the Onsager reciprocity theorem, it has been shown that the cross-coupling coefficients
L12 and L21 are equal (Onsager 1931; Bockris and Reddy 1998).

Using the Debye–Huckel linearization of the EDL, the constants G1,G2,G3 can be com-
puted (Bowen and Jenner 1995; Bernabé 1998; Xuan and Li 2004):

G1 = 1 − 2I1(κa)

κ aI0(κa)
(13)

G2 = (κa)2
[

I 2
1
(κa)

I 2
0
(κa)

+ 2I1(κa)

κaI0(κa)
− 1

]
(14)

G3 = 2
∫ a

0

( r

a

)
cosh

(
zeζ

kBT

I0(κ r)

I0(κ a)

)
d

( r

a

)
(15)

where I0(.) and I1(.) are the zero- and first-order modified Bessel functions of the first kind,
respectively.

The dimensionless parameter κa represents the size of the capillary (a) relative to the
thickness of the EDL (κ−1), and, therefore, it is a useful measure of the intensity of elec-
trokinetic coupling. Equations 8–15 fully describe the electrokinetic coupling process in a
cylindrical capillary. However, owing to the integral in Eq. 15, closed-form solutions are not
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available unless it is assumed G3 = 1. This simplification is physically equivalent to neglect-
ing the changes in surface conductance on the surface of the capillary, and is valid only when
κa is large (i.e., the thickness of the EDL is small compared to the size of the capillary)
(Xuan and Li 2004). This is clearly a situation in which the reduction of the porous medium
permeability is negligible and is therefore not of interest in this study.

2.3 Chemical-Physical Properties of Porous Media

Owing to inherent complexities in both the experimental determination of the chemical-
physical properties of the water/solid interface, and in the theoretical understanding of the
processes at the molecular scale, only a limited number of models is available to-date to
describe the different phenomena and give reliable estimates of the ζ -potential, the key
parameter used to characterize the intensity of the EDL (Ishido and Mizutani 1981; Pride
and Morgan 1991). In this study we use the model of Revil et al. (1999a), because it has been
satisfactorily applied to study the electrokinetic processes in numerous studies (e.g., Revil
et al. 1999b; Revil and Leroy 2001; Revil and Pessel 2002), and model predictions have often
been found in good agreement with the measurements.

While the general formulation of the model is valid in the full range of pH, an analyt-
ical solution is only available when pH is within the nearly neutral interval (6< pH< 8).
Since in most of the natural situations the pore fluid pH remains within these values (see
for example Appelo and Postma 2005), in this study, we only consider the nearly neutral
range. Furthermore, we restrict our model to situations where the ζ -potential is smaller than
−20 mV, because for larger values the electrokinetic coupling is certainly negligible and
therefore not of interest. In this subsection we only summarize the main equations of the
theory, as implemented in our numerical model. Details of the theoretical development and
discussion can be found in Revil et al. (1999a).

According to Revil et al. (1999a), the ζ -potential can be closely approximated with the
electrical potential of the Stern-layer:

ζ ≈ ϕd = 2kBT

3e
ln

[√
8 · 103εoεr kBT Na

2e�0
s Km

(
Ca + C f + 10−pH

√
Ic

) (
10−pH + C f KMe

)]

(16)

where C f is salinity, Ca is the concentration of acid in free electrolyte, and Ic the ionic
strength of the solution.

The chemical-physical constants used for the model (e.g., equilibrium dissociation con-
stants for the surface groups) have also been taken from the literature (Revil et al. 1999a;
Bockris and Reddy 1998) and are listed in the List of Symbols table. Electrical conductivity
of the pore fluid is instead computed as (e.g., Bockris and Reddy 1998):

σ f =
ns∑

i=1

zi FCi u
conv
i . (17)

The dielectric constant of water shows only a weak dependence on the ionic concentration,
and we assume it constant (Bockris and Reddy 1998). Temperature has instead a potentially
large influence, affecting (i) the electrical conductivity of the solution, (ii) the surface
electrical conductance and (iii) the ζ -potential. A linear dependence of all these quanti-
ties has been found to provide reasonable agreement with the measurements (e.g., Revil et al.
1999b), and therefore we account for temperature changes using the following equations:

123



688 A. Brovelli, G. Cassiani

σ f (T ) = σ f (To)
[
1 + α f (T − To)

]
(18)

�s(T ) = �s(To) [1 + αs(T − To)] (19)

ζ(T ) = ζ(To)
[
1 + αζ (T − To)

]
(20)

where T0 and T are the reference (298 K) and actual temperatures, respectively. The α’s
correction coefficients are also taken from the literature (Revil et al. 1999b) and are listed in
the List of Symbols table.

2.4 Model Implementation

A pore-network approach is used to represent the inner geometry of the porous medium. The
network is composed of cylindrical interconnected capillaries. The electrical potential and
fluid pressure are computed at the nodes of the network using a discretized form of Eqs. 8
and 9 with mass and charge conservation (see Bernabé 1998; Li and Kwok 2003).

Constant fluid pressure is set on two opposite boundaries of the pore-network, while the
remainder boundaries are impermeable (to fluid flow) and insulating (to electrical current).
The resulting system of linear equations is symmetric and has 2n degrees of freedom. We
tested both a preconditioned iterative conjugate gradient and a Cholesky decomposition to
solve the system of equations. We observed that the iterative solver becomes unstable when
the capillary radius distribution covers more than one order of magnitude due to poor con-
ditioning of the system matrix. For this reason, in all the simulations we used the direct
Cholesky decomposition, as implemented in the LAPACK library (Anderson et al. 1999).
The main drawback of this approach is that only relatively small pore-networks can be con-
sidered. Nevertheless, as discussed in the next section, the size of the pore-network we use
still allows drawing statistically significant conclusions.

Once the fluid pressure and the electrical potential at each node of the network are com-
puted, the bulk intrinsic permeability is computed from the total volumetric flow using Darcy’s
equation.

3 Numerical Experiments

3.1 Sensitivity Analysis on a Single Capillary

The model we developed was initially used to assess the relative importance of each chem-
ical-physical parameter of the porous medium, and to evaluate the extent of permeability
reduction expected as a function of the pore (i.e., capillary) radius. In the following, simu-
lation results are presented in terms of relative permeability, computed as the ratio between
the permeability without and with the electrokinetic coupling. This is equivalent to the ratio
between the intrinsic permeability measured with an inert gas and that measured using water
in laboratory experiments.

We defined a base case condition, with geometrical and chemical physical properties based
on realistic values for a fine-grained porous medium (e.g., a shale or clayey material). The
numerical values of the main parameters are reported in Table 1.

First, we studied the permeability reduction for capillaries of different sizes. We found that,
for the chemical-physical conditions considered in the simulation, the difference between
the intrinsic permeability with and without electrokinetic coupling is small and only when
the pore-radius is smaller than 0.5 × 10−6 m the electrokinetic coupling becomes noticeable

123



Sensitivity of Intrinsic Permeability 689

Table 1 Base case definition for
the sensitivity analysis

The parameters we used are
typical values for a fine-grained
porous medium (e.g., silt or
shale)

Property Value Units

Capillary radius a 10−6 m

Temperature T 293 K

Ion mobility μi 4.3 × 10−8 m2V−1s−1

Surface charge density �0
s 10 sites nm−2

pH 6.5 –

Dielectric constant, water εr 80.0 –

Fig. 2 Sensitivity analysis on a single capillary. Reduction of the intrinsic permeability as a function of the
pore-fluid concentration for capillaries of different sizes. Note that concentrations smaller than 5 10−3mol l−1

are not realistic in natural conditions

(Fig. 2). We also observed that the extent of permeability reduction is a function of the ion
concentration in the pore fluid. An inverse correlation between the two quantities exists,
because the Debye length (i.e., the thickness of the EDL) decreases as the ionic strength
of the solution increases. This in turn reduces the efficiency of the electrokinetic coupling,
as quantified by the dimensionless electrokinetic radius κa. This is a first important con-
clusion. According to our simulations, in porous media the effect of electrokinetic coupling
is always limited to materials with effective pore-radius smaller than 0.5 µm. In practice,
however, this value is further reduced because the salinity of the pore-fluid is always larger
than 5 × 10−3 mol l−1. For example, aquifers in contact with hydrocarbon reservoirs are in
most cases formed by brackish to saline waters (see Table 2 for a definition and classifi-
cation). Therefore, from our modeling results it is evident that electrokinetic coupling can
not be responsible for the observed discrepancies in gas and water intrinsic permeabilities in
hydrocarbon-bearing sandstones.

However, the theory predicts that several chemical-physical properties of the porous
medium can affect the extent of permeability reduction. We therefore examined the sensitiv-
ity to some of these properties, starting from the surface charge density, �0

s . This parameter
influences the ζ -potential and, consequently, the cross-coupling coefficients Li j . Under nat-
ural conditions, the surface charge density can vary from 4 to 5 sites nm−2 in clean silica
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Table 2 Salinity classes, ionic concentrations and corresponding electrical conductivity values

Distilled water Fresh water Brackish water Saline water Brine

Concentration
(ppm o mg l−1)

<0.1 <500 500–30,000 30,000–50,000 >50000

Concentration
(mol l−1)

<1.5 · 10−6 <8.0 · 10−3 8.0 · 10−3−0.5 0.5–0.8 >0.8

Electrical conductivity
(S cm−1)

<2 · 10−5 <1 · 10−3 1 · 10−3−6 · 10−2 6 · 10−2−1 · 10−1 >1 · 10−1

From Appelo and Postma (2005)

sands (Revil et al. 1999a; Revil et al. 1999b) and increases with the increase in clay and oxide
content. The value can be estimated from the cation exchange capacity of the formation, CEC
[meq g−1] (Waxman and Smits 1968):

�0
s = eρg

(
1 − n

n

)
ϕwC EC (21)

Using this formula and tabulated values of CEC (for example, see Waxman and Smits 1968)
it is possible to estimate that the largest possible surface charge density �0

s is of the order
80–100 sites nm−2. It should, however, be kept in mind that this value is referred to a unit of
the inner surface area of the porous medium. This geometrical property is certainly not cor-
rectly reproduced in the pore-network representation we adopted, because idealizing pores
as cylindrical capillaries strongly underestimate their surface area. Therefore, a larger value
could be used in the simulations.

Results for this suite of simulations are shown in Fig. 3. The changes in permeability over
the range of surface density considered are relatively small. Quite surprisingly, however,
the variation is non monotonic. Relative permeability first decreases in the range 4–20 nm−1,
while for larger values shows a weak but steady increase. This is due to two competing mech-
anisms: (i) the increase of the ζ -potential, which in turn augments the electrokinetic coupling
and leads to a smaller intrinsic permeability, and (ii) the increase in surface conductance,
which results in a weaker electrokinetic coupling, because locally the electrical charges can
be balanced more easily. This behavior is, however, only visible when the ionic strength of
the solution is small. For medium and high concentrations, the permeability change is almost
negligible, at least for the range of pore-radii considered. The pore-solution pH has a similar
effect on the ζ -potential (results not shown). Recall that, as discussed in Sect. 2 above, we
only evaluated the pH range of 6–8 because the EDL model is not correct outside this interval.
Indeed, the pH in natural conditions mainly belongs to this interval, even in soils where the
pH can be slightly acidic (about 6). We observed that the effect of pH is larger in pore fluids
with lower salinity. This is expected, because the ion concentration change induced by the pH
variation (increase or decrease of H+ in solution) would be more similar to the background
ionic concentration (recall [H+] ∼ log10(pH)). Again, however, for realistic salinities of the
pore-fluid the sensitivity to pH is almost negligible. This can be explained considering that
the salt concentration is much larger than the proton concentration, and therefore completely
hides the changes in solution composition resulting from pH variations.

The physical property with larger impact we found is temperature, as illustrated in Fig. 3
(left panel). Temperature influences the three key mechanisms for the electrokinetic coupling,
namely the electrical conductivity of water, the surface conductance, and the ζ -potential
(Eqs. 18–20). The variation of permeability reduction is nonlinear, with the permeability
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Fig. 3 Effect of charged site density and temperature on permeability reduction. Three pore solutions with
different ionic concentrations are considered, while the pore-size is fixed (10−6m). Simulation results illustrate
that permeability reduction is only slightly sensitive to both variables

steadily increasing with temperature. At about 60◦C water and gas (i.e., with and without
electrokinetic effects) permeabilities show almost no difference, even at very small ionic
concentrations (nearly for distilled water). Since earth temperature increases with depth, this
is further evidence that the electrokinetic coupling is not a likely mechanism that explains
the observed differences in gas/fluid permeability in deep hydrocarbon reservoirs.

Indeed, the decrease in electrokinetic coupling with temperature is mainly due to the
increased ion mobility at higher temperatures. The determination of the electrophoretic ion
mobility (i.e., the mobility of ions under a unit external electric field) has large uncertainties,
but both experiments and theory show that the mobility of ions in the presence of an EDL is
strongly reduced compared to the values in clean fresh water, and the difference can be as
large as two orders of magnitude (e.g., Rotenberg et al. 2006, 2007). Therefore, we investi-
gated how the electrokinetic coupling and the resulting permeability variation change when
the ionic mobility is reduced. Results are shown in Fig. 4. A strong, nonlinear permeability
reduction is observed for the solution with weak ionic strength. For realistic solutions, how-
ever, the permeability change is almost negligible. Once again, this is because of the small
thickness of the EDL compared to the size of the capillary. Therefore, the effect of reduced
ionic mobility becomes important when the size of the capillary is comparable to the inverse
of the Debye length.

3.2 Pore-Network Simulations

The sensitivity analysis we illustrated in the previous sub-section clearly shows that electro-
kinetic coupling in shaly sandstones does not explain in practice the different permeability
measured both using an inert gas and a fluid water solution. Indeed, our single-capillary
simulation results show that electrokinetic coupling possibly affects porous material with
small average pore-radii. This is the case, for example, of clays and cement pastes. However,
in order to elucidate the sensitivity of electrokinetic coupling and permeability decrease to
more realistic pore-size distributions and more complex geometries, we also conducted a
suite of pore-network simulations.
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Fig. 4 Dependence of permeability reduction on ion mobility. Three water solutions with different ionic
concentrations are considered. The capillary radius is fixed (10−6m), but similar results are obtained using
different pore-radii, with the extent of permeability reduction increasing as the size of the capillary decreases

3.2.1 Description of the Pore-Network

Pore-network simulations have often been used to investigate transport properties of porous
media, considering both single and multi-phase conditions. To this end, several network
geometries and pore configurations have been proposed and used to assess the relative
importance of the porous medium’s micro-geometrical properties, such as porosity, pore-
connectivity, and tortuosity (see for example Dullien 1992; Rajaram 1997; Blunt 1998; Peat
et al. 2000; Vogel 2000). In this study, we are solely interested in the pore-size distribu-
tion, because the extent of electrokinetic coupling is only affected by the size of the EDL
relative to the pore-radius. Therefore, based on Bernabé 1998, we use a simple quadrilat-
eral network, with constant node spacing and connectivity (each node is connected to its 4
nearest neighbors). We use two-dimensional networks, composed of 50 × 50 nodes, result-
ing in a system of linear equations with 5,000 degrees of freedom. Based on experimental
observations, we assume that the pore-size distribution follows a truncated log-normal dis-
tribution (Dullien 1992). While the pore-networks we consider here are certainly simplistic
and do not represent realistic porous media in terms of pore-shapes and connectivity, the only
geometrical parameter that affects the extent of electrokinetic coupling is the pore-radius.
Therefore, all the other micro-geometrical properties influence in the same way the perme-
ability with and without electrokinetic effects, and, consequently, our conclusions will not
be affected by the simplifying assumption that we make regarding the network topology and
pore-shapes.

3.2.2 Methodology

We tested six different pore-size distributions. The mean was varied from 7.5 × 10−7 m to
5.0 × 10−8 m, while the standard deviation was fixed for each case to 20% of the mean
(note that these values do not refer directly to the log-normal distribution, but instead to the
corresponding Gaussian). Table 3 reports the mean and standard deviation of each pore-size
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Table 3 Pore-size distributions
considered for the network
simulations

The standard deviation is
computed as a percent of the
mean radius. Reported are the
parameters of the corresponding
normal distribution

Case # Mean radius (m) Standard deviation (m) r25 (m)

1 7.5 × 10−7 1.5 × 10−7 6.0 × 10−7

2 5.0 × 10−7 1.0 × 10−7 4.0 × 10−7

3 2.5 × 10−7 5.0 × 10−8 2.0 × 10−7

4 1.0 × 10−7 2.0 × 10−8 8.0 × 10−8

5 7.5 × 10−8 1.5 × 10−8 6.0 × 10−8

6 5.0 × 10−8 1.0 × 10−8 4.0 × 10−8

distributions, together with the r25: this parameter indicates the lower 0.25 percentile, mean-
ing that, on average, the radius of 25% of the capillaries of each pore-network is smaller than
the r25. This value is a useful compact indicator of the pore-size distribution, and we will use
it in the next sub-section to present the results of our pore-network simulations.

In order to identify the expected permeability reduction for each of the studied pore-size
distributions, we employed a stochastic methodology. For each of the six cases, multiple real-
izations of the pore-network were generated. For each realization we computed the intrinsic
permeability both with and without electrokinetic coupling. Finally, the relative permeability
(i.e., the ratio between the two computed values) for each network and its mean value were
calculated.

Numerical experiments were conducted to identify the number of realizations required to
give stable, statistically significant results. To this end, we generated 1,000 realizations, and
we computed the intrinsic permeability without electrokinetic coupling. Next we calculated,
for each additional realization, the resulting mean and standard deviation. The relative error
is computed as E = 1 − vi/v∞, vi is the value (mean or standard deviation), considering the
first i realizations, and v∞ is the corresponding value resulting from averaging the mean or
standard deviation for the last 50 realizations. This procedure guarantees that all the possible
values of intrinsic permeability are accounted for when computing the average value of the
permeability reduction.

We arbitrarily assumed that the Monte Carlo method converges when the residual error for
both the mean and the standard deviation is smaller than 5%. In order to achieve this accuracy,
at least 450 realizations are required, and, therefore, in all the following simulations for each
pore-size distribution, we generated 500 pore-networks for each set of parameters.

From the sensitivity analysis described in Sect. 3.1, we concluded that ion mobility is the
electrochemical parameter with the largest impact on the extent of permeability reduction.
Experiments and numerical simulations have found that the electrophoretic mobility of ions
in clays is reduced compared with free-water conditions. The reduction can be as large as
one order of magnitude, with most of the experiments showing an average electrochemi-
cal mobility between 1 × 10−8 and 2 × 10−8 m2V−1s−1. In order to better understand the
behavior of real porous media, we repeated the Monte Carlo pore-network simulations using
three values for the electrophoretic mobility: (i) the free-water mobility, assumed equal to
5 × 10−8m2V−1 s−1 (e.g., the mobility of Na is 4.67 × 10−8 m2V−1s−1, Bockris and Reddy
(1998); (ii) the average electrophoretic ionic mobility measured in clays, 1×10−8m2 V−1s−1;
and (iii) 5 × 10−9m2V−1s−1, corresponding to the free-water mobility reduced by one order
of magnitude. This latter value may be slightly too small, and, therefore, the resulting per-
meability should be viewed more as a lower bound.
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In summary, we ran 18 sets of Monte Carlo simulations with each set composed of 500
pore-networks and taking about 30 h of CPU time on a modern 3.2 GHz machine.

3.2.3 Simulation Results

An overview of simulation results is shown in Fig. 5. Each curve is relevant to the results
obtained using a different ionic mobility. The top and bottom curves represent the approxi-
mate upper and lower bounds for the possible range of permeability variations, because the
corresponding ionic mobilities bracket the realistic range of ionic mobilities in clays and
shaly porous media. We represent each of the six studied pore-radius distributions with the
value assumed by the r25.

From Fig. 5, we deduct that ionic mobility has a very strong impact on the amount of per-
meability reduction in the presence of electrokinetic coupling. The range of possible variation
for the permeability reduction is relatively large. When the ionic mobility is set to free-water
mobility, the variation is always smaller than 5% of the permeability without electrokinetic
coupling, and less than 2% when the characteristic radius r25 is larger than 0.1µm. On the
other hand, when the ion mobility is set to its lower bound, the relative permeability can be as
low as 0.7, and lies between 0.85 and 0.95 when r25 > 0.1µm. The more realistic estimate
is, however, given by the middle line, because the ionic mobility is set to a more realistic
and measured value. Therefore, we can conclude that, from our numerical experiments, it
is reasonable to estimate an average 5% reduction in permeability when the characteristic
pore-radius is between 1 and 5 × 10−7 m (0.1 to 0.5µm), and a reduction of 10–15% when

Fig. 5 Average permeability reduction resulting from the pore-network simulations. The top line (open cir-
cles) is relevant to modeling results using typical free-water mobility, while the bottom line (closed triangles)
is a possible lower bound for ion mobility in clays. The middle line (open squares) shows the modeling results
obtained using an average ion mobility measured in clays. From simulation results we concluded that per-
meability reduction due to electrokinetic coupling can never be larger than 20% of the permeability without
electrokinetic effects
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r25 is around 5 × 10−8 m. Clearly, this latter value is extremely small, and only very few
geological materials (such as compacted clays) belong to this range. Furthermore, it must be
considered that our model is likely to overpredict the permeability reduction for two main
reasons: First, the EDL model underestimates the surface conductivity in clays, since it does
not take into account all the possible contributions (for example, Al and Fe oxides are not
considered); Second, the pore-network simulations were set-up considering a water phase
with small ionic strength, e.g., ion concentrations typical of freshwater. As clearly shown by
the sensitivity analysis above, high ionic strength would result in a reduced electrokinetic
coupling (owing to the reduced size of the EDL), and, therefore, in a smaller permeability
reduction.

4 Summary and Conclusions

In this study, we have conducted a detailed, process-based investigation of one of the mech-
anisms listed by several previous researches as potentially responsible for some reduction in
the intrinsic water permeability compared to the permeability measured using an inert gas,
for example, nitrogen. Our simulations clearly show that electrokinetic coupling does not sig-
nificantly influence the water flow when the effective pore-radius is larger than 5 × 10−7 m,
and the composition of the pore-solution is realistic (ion concentration or salinity larger than
10−3 mol l−1). Therefore, we conclude that electrokinetic coupling is not significant in most
of the hydrocarbon-bearing formations, for example, in sandstones and shaly sandstones. In
these materials, other mechanisms (possibly the mobilization of fines and partial desaturation
of the sample) must be called into play. Further to this, the sensitivity analysis we conducted
showed that the electrophoretic mobility is the key parameter governing the extent of perme-
ability reduction. However, the uncertainties about the value assumed by this electrochemical
parameter in clays are large, and measurements are severely affected by errors.

We also studied the permeability reduction in more realistic porous geometries than a sin-
gle capillary. Pore-network simulations of fine-grained materials (mean pore-radius smaller
than 1 × 10−6 m), using a log-normal pore-radius distribution were conducted, which fur-
ther confirmed our previous findings. We observed that, if the pore-size distribution has a
large fraction of pores larger than 5 × 10−7 m, then the effect of electrokinetic coupling
on the permeability is very limited, and the permeability reduction never exceeds 2%. On
the other hand, when the pores are smaller than this value, electrokinetic coupling becomes
potentially important. The amount of permeability reduction is strongly sensitive to the ion
mobility, but never exceeds 15–20%, and this value is possibly overestimated. Experiments
have, however, shown that in numerous situations the intrinsic permeability measured using
an inert gas is several times larger than the permeability measured with water. Our pore-scale
simulations clearly show that electrokinetic coupling is, at most, responsible for a small part
of the observed reduction. On the other hand, our conclusions also show that for critical
applications, such as the design of liners for toxic landfills or radionuclides repositories,
measurements of the intrinsic permeability must be conducted using both water and gas.

In this study, we only investigated one of the possible mechanisms responsible for the
differences in intrinsic permeabilities. Most of the investigators suggest that the measured
difference is mainly due to the sample desaturation and clogging of pores due to migration
of fines. In our view, however, these processes do not fully agree with the measurements. For
example, some of the experiments seem to suggest that the mechanism is somehow reversible
(i.e., the permeability with gas is the same before and after measuring the permeability with
water) and, therefore, is not compatible with pore-clogging. Future research efforts should
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focus on addressing these questions and provide a fundamental, mechanistic understanding
of the different processes taking place.
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