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Chapter 1

Introduction

1.1 Geophysical exploration

Electrokinetic phenomena are induced by the relative motion between a fluid and

a solid surface and are directly related to the existence of an electric double layer

between the fluid and the solid grain surface (see section 1.2). Electrokinetic phe-

nomena consist of several different effects such as seismoelectric effect, streaming

potential, electroosmosis, electrophoresis etc. (see section 1.3 for more detail).

Streaming potential and seismoelectric effects that arise due to fluids moving

through porous media (see subsection 1.3.1 for more detail) play an important

role in geophysical applications. For example, the streaming potential is used

to map subsurface flow and detect subsurface flow patterns in oil reservoirs [1].

Streaming potential is also used to monitor subsurface flow in geothermal areas

and volcanoes [2–4]. Monitoring of streaming potential anomalies has been pro-

posed as a means of predicting earthquakes [5, 6] and in studying water leakage

in water reservoirs [7]. In the environmental and engineering fields, self-potential

surveys related to streaming potential anomalies are used for the detection of seep-

age through water retention structures such as dams, dikes, reservoir floors, and

canals. Measurement of streaming potential provides information on the location,

flow magnitude and the depths and geometries and the direction of subsurface

flow paths in the structures.

Seismoelectric effects can be used in order to investigate oil and gas reservoirs

[8], hydraulic reservoirs [9–11] and downhole seismoelectric imaging [12]. In seis-

moelectric effects, a seismic source produces a seismic compression wave, which

then propagates into the ground with a seismic wave velocity depending on the

1
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Figure 1.1: Schematic illustration of the seismoelectric exploration method. A seismic
wave propagates into the ground and stresses a fluid saturated rock, for example. The
rock converts some of the seismic energy to the seismmoelectric response that is detected

by electric or magnetic receivers

Figure 1.2: Schematic of the porous medium with different length scales: sample
scale, grain scale and pore scale.

type of rocks through which it passes. When the initial pressure pulse reaches, for

example, a fluid saturated rock, the electrical signal is generated and transmit-

ted back to the ground surface at approximately the speed of light in the solid.

As a result, the delay between the shot moment and reception of the electrical

response is primarily due to the time taken by the seismic wave to travel from

the shot point to the target where the electrical signal (seismoelectric response) is

generated (see Fig. 1.1). The product of this delay with the seismic wave velocity

gives the distance from the source point to the target and the data from different

shot points can be used to determine location of the target. In addition, based on

the relationships between the spreading seismic wave and seismoelectric response

received by electrode arrays at the ground surface, one can determine the physical

properties of the liquid or the properties of liquid-solid systems.

Electroosmosis that arises due to the motion of liquid induced by an applied volt-

age across a porous material (see subsection 1.3.2 for more detail) is one of the

promising technologies for cleaning up low permeable soil in environmental appli-

cations. In this process, the contaminants are separated by the application of an
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Figure 1.3: Stern model [3, 19, 20] for the charge and electric potential distribution
in the electric double layer at a solid-liquid interface. In this figure, the solid surface
is negatively charged and the mobile counter-ions in the diffuse layer are positively

charged (in most rock-water systems) [21, 22].

electric field between two electrodes inserted in the contaminated mass. Therefore,

it has been used for the removal of organic contaminants, petroleum hydrocarbons,

heavy metals and polar organic contaminants in soils, sludge and sediments by the

Holland Environment Group [13], for example (for more detail, see e.g. [14, 15]).

1.2 Physical chemistry of the electric double layer

Electrokinetic phenomena are the result of a coupling between fluid flow and elec-

tric current flow in a porous medium which is formed by mineral solid grains such

as silicates, oxides, carbonates (see Fig. 1.2). They arise due to a charge dis-

tribution known as the electric double layer (EDL) that exists at the solid-liquid

interface [16–18]. Most substances acquire a surface electric charge when brought

into contact with aqueous systems [16]. Although the presence of surface charges

is normally accepted without careful consideration of their origin in most elec-

trokinetic studies, it is still important to recognize the origin of these charges.

Surfaces may become electrically charged by a variety of mechanisms. Some of

the main mechanisms responsible for surface charges are (1) surface disassociation,

(2) ion adsorption from solution and (3) crystal lattice defects (for more detail,

see [16–18]).

To understand the origin of surface charge better, we consider the physical chem-

istry at a silica surface in the presence of the aqueous fluids. The reason for
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considering a silica interface is that the silica is one of the most abundant min-

erals on the Earth’s crust [23]. Therefore it is the main mineral component of

rocks. The discussion of the reactions at a silica surface in contact with aqueous

fluids has been described by many authors (e.g., Iler [24], Revil and Glover [25],

Revil et al. [26] and Glover et al. [27]). They state that there are two types

of neutral surface group for silica: doubly coordinated siloxal >Si2O
0 and singly

coordinated silanol >SiOH0 (where > refer to the mineral lattice and the super-

script ”0” means no charge). The siloxal group (>Si2O
0) can be considered inert.

However, surface silanol group (>SiOH0) can react readily to produce positive

surface sites (>SiOH2
+) at very acid pH < pHpzc = 2-3 and negative surface sites

(>SiO−) at pH > pHpzc where pHpzc is the pH at the point of zero charge (at

which concentration of >SiOH2
+ is equal to that of >SiO−)[25–27].

To simplify the problem, silica grains in contact with 1:1 electrolyte solutions (i.e.,

monovalent electrolytes with one cation and one anion) such as NaCl is considered

with the fluid pH limited to a range of 6-8. The surface mineral reactions at the

silanol surface sites are:

for deprotonation of silanol groups

> SiOH0 ⇔ > SiO− +H+, (1.1)

for cation adsorption on silica surfaces

> SiOH0 +Me+ ⇔ > SiOMe0 +H+, (1.2)

where Me+ stands for monovalent cations in the solutions such as Na+ or K+. Note

that the positive surface site (>SiOH2
+) does not exist at the silica-electrolyte

interface for pH > 6. Therefore, three types of sites are present at the silica

surfaces, one negative (>SiO−) and two neutral ones (>SiOH0 and >SiOMe0).

The present approach could be applied for other types of electrolytes too.

The law of mass action at equilibrium is used to calculate the equilibrium constants

for those reactions in the following manner

K(−) =
Γ0

SiO− .α
0
H+

Γ0
SiOH

, (1.3)

and

KMe =
Γ0

SiOMe.α
0
H+

Γ0
SiOH.α0

Me+
, (1.4)
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where K(−) is the disassociation constant for deprotonation of silanol surface sites,

KMe is the binding constant for cation adsorption on the silica surfaces, Γ0
i is the

surface site density of surface species i in sites/m2 and α0
i is the activity of an

ionic species i at the closest approach of the mineral surface.

The total surface site density (Γ0
s) is constant

Γ0
s = Γ0

SiOH + Γ0
SiO− + Γ0

SiOMe. (1.5)

Eq. (1.5) is a conservation equation for mineral surface groups. From Eq.(1.3)-

Eq.(1.5), the surface site density of sites Γ0
SiO− and Γ0

SiOMe are obtained. The

mineral surface charge density Q0
s in C/m2 can be found by summing the surface

densities of charged surface groups (only one charged surface group in this problem

- Γ0
SiO−) as

Q0
s = −e.Γ0

SiO− , (1.6)

where e is the elementary charge.

The mineral surface charge repels ions in the electrolyte whose charges have the

same sign as the surface charge (called the ”coions”) and attracts ions whose

charges have the opposite sign (called the ”counterions” and normally cations) in

the vicinity of the electrolyte-silica interface. This leads to the charge distribution

known as the electric double layer (EDL) (see Fig. 1.3). The EDL is made up

of the Stern layer, where cations are adsorbed on the surface and are immobile

due to the strong electrostatic attraction, and the diffuse layer, where the ions

are mobile. The distribution of ions and the electric potential within the diffuse

layer is governed by the Poisson-Boltzman (PB) equation which accounts for the

balance between electrostatic and thermal diffusional forces [16]. The solution to

the linear PB equation in one dimension perpendicular to a broad planar interface

is well-known and produces an electric potential profile that decays approximately

exponentially with distance as shown in Fig. 1.3. In the bulk liquid, the number

of cations and anions is equal so that it is electrically neutral. The closest plane

to the solid surface in the diffuse layer at which flow occurs is termed the shear

plane or the slipping plane, and the electrical potential at this plane is called the

zeta potential (ζ). As shown below, the zeta potential plays an important role in

determining magnitude of electrokinetic phenomena. Most reservoir rocks have a

negative surface charge and a negative zeta potential when in contact with ground

water [21, 22]. The characteristic length over which the EDL exponentially decays

is known as the Debye length (for more detail, see [12, 28]). It should be noted

that the Debye length depends solely on the properties of the liquid and not on
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Figure 1.4: Development of streaming potential when an electrolyte is pumped
through a capillary (a porous medium is made of an array of parallel capillaries).

the properties of the surface such as its charge or potential and it is given by [29]

χd =

√
ε0εrkbT∑
ρ∞ie2z2i

, (1.7)

where kb is the Boltzmann’s constant, T is temperature (in K), ε0 is the dielectric

permittivity in vacuum, εr is the relative permittivity of fluids, ρ∞i is the ionic

concentration of ions i in the solution, e is the elementary charge and zi is the

valency of ions i.

For monovalent electrolytes (e.g., NaCl or KCl ) with concentrations in the range

of 1 mM to 0.1 M (typical concentrations for aqueous solutions saturating rocks

or soils), the Debye length varies between 10 nm and 1 nm at 25◦C [29]. The

Debye length is typically much smaller than pore sizes of a majority of rocks and

soils. Therefore, the solid-liquid interface in the pores can be considered planar

and semi-infinite space.

1.3 Electrokinetics

Electrokinetic phenomena are a family of several different effects (e.g., streaming

potential, electroosmosis, electrophoresis and etc.) that occur in fluids containing

particles, or in porous media filled with fluid, or in a fast flow over a flat surface

(for more details, see [18]). Electrokinetic phenomena are induced by the relative

motion between the fluid and a charged surface under application of an external

force, and they are directly related to the existence of an electric double layer be-

tween the fluid and the solid surface (see section 1.2 for more detail). This external

force might be electric, pressure gradient, concentration gradient, or gravity. In

the scope of this thesis, we just focus on streaming potential and electroosmosis

effects happening in the porous media saturated by electrolytic fluids.
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Figure 1.5: Schematic illustration of streaming potential measurement when an elec-
trolyte is pumped through a porous medium. ΔV=VP1-VP2 and ΔP=PP1-PP2

1.3.1 Streaming potential (SP)

When the fluid moves in one direction in a fluid-saturated porous medium, the

fluid flow generates a relative movement between the solid frame and the fluid.

The movement of the ions in the EDL forms an electric current called a streaming

current. This electric current is locally counterbalanced by the conduction current

that generates an electrical field in the porous media. Therefore, one can measure

the voltage induced by the fluid flow in the porous medium. When the fluid moves

in one direction or at low frequencies, the voltage is called a streaming potential.

In contrast, when the fluid flow is in a high frequency range (usually higher than

10 kHz), the voltage is called a seismoelectric conversion [30]. It should be noted

that at low frequency the flow is viscously dominated and at high frequency the

flow is inertially dominated. The transition separating low-frequency viscous flow

and high-frequency inertial flow is described in the works of Packard [31] and Pride

[32]. Fig. 1.4 shows the development of streaming potential when an electrolyte

is pumped through a capillary (a porous medium is made of an array of parallel

capillaries as shown in Fig. 1.8).

In a fluid saturated porous medium, the electric current density and the fluid

flux are coupled, so fluids moving through porous media generate a streaming

potential [33] (see Fig. 1.5). The streaming potential increases linearly with the

fluid pressure difference that drives the fluid flow, provided that the flow remains

laminar [34]. The steady state streaming potential coupling coefficient (SPCC) is

defined when the total current density is zero as [28, 35, 36]

CS =
ΔV

ΔP
=

εrε0ζ

ησeff

, (1.8)
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Figure 1.6: Electroosmosis flow in a capillary tube.

where CS is the SPCC, ΔV is the streaming potential, ΔP is the fluid pressure

difference, εr is the relative permittivity of the fluid, ε0 is the dielectric permittivity

in vacuum, η is the dynamic viscosity of the fluid, σeff is the effective conductivity,

and ζ is the zeta potential. The effective conductivity includes the fluid conduc-

tivity and the surface conductivity. To characterize the relative contribution of

the surface conductivity, the dimensionless quantity called the Dukhin number

has been introduced [37]. The streaming potential is independent of the sample

geometry (the diameter and the length of the sample). According to [36], CS can

be written as

CS =
εrε0ζ

ηFσS

, (1.9)

where σS is the electrical conductivity of the sample saturated with a fluid with a

conductivity, σf and F is the formation factor (see section 1.4 for more detail). If

the fluid conductivity is much higher than the surface conductivity, the effective

conductivity is approximately equal to the fluid conductivity, σeff = FσS = σf

and the SPCC becomes the well-known Helmholtz-Smoluchowski equation

CS =
εrε0ζ

ησf

. (1.10)

1.3.2 Electroosmosis (EO)

Electroosmosis was first observed by Reuss in 1809 in an experiment where a

direct current was applied to a clay-sand-water mixture in a U -tube [38]. When

an electric field is applied parallel to the wall of a capillary, ions in the diffuse layers

experience a Coulomb force and move toward the electrode of opposite polarity,

which creates a motion of the fluid near the wall and transfers momentum via

viscous forces into the bulk liquid. So a net motion of bulk liquid along the wall

is created and is called electroosmotic flow (see Fig. 1.6). The pressure necessary

to counterbalance electroosmotic flow is termed the electroosmotic pressure [16].
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Figure 1.7: Schematic of experimental setup for electroosmosis measurements in
which Δh and R are height difference of liquid, the radius of the tubes in both sides,

respectively.

A complex porous sample with the physical length L and cross sectional area A

can be approximated as an array of N parallel capillaries with inner radius equal

to the average pore radius a of the medium and an equal value of zeta potential

ζ. For each of these idealized capillaries, the solution for electroosmotic flow in a

single tube can be analyzed to estimate the behavior of the total flow in a porous

medium by integrating over all pores [39].

In a U -tube experiment, when an electric potential difference is applied across the

fluid saturated porous medium, the liquid rises on one side (the cathode compart-

ment for our experiment) and lowers on the other side (the anode compartment).

This height difference increases with the time and this process stops when the hy-

draulic pressure caused by the height difference equals the electroosmosis pressure

(see Fig. 1.7). At that time the height difference is maximum.

The expression for the height difference Δh as a function of time is given by [14]

Δh =
ΔPeq

ρfg

[
1− exp(−Nρfga

4

4ηR2L
t)

]
=

ΔPeq

ρfg

[
1− exp(− t

τ
)

]
, (1.11)

with

ΔPeq =
8εrε0|ζ|V

a2

[
1− 2χdI1(a/χd)

aI0(a/χd)

]
, (1.12)

and

τ =
4ηR2L

Nρfga4
, (1.13)
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where τ is response time, ΔPeq is the pressure difference caused by the electroos-

mosis flow at equilibrium which corresponds to maximum height difference, V is

the applied voltage across the porous medium, ρf is the fluid density, g is the

acceleration due to gravity, χd is the Debye length, R is the radius of the tubes in

both sides, I0 and I1 are the zero-order and the first-order modified Bessel function

of the first kind, respectively.

For a conductive liquid, the Debye length χd is about 1 nm as mentioned in Section

1.2 and a typical pore radius of the samples a is in the order of μm. In this case

the ratio I1(a/χd)/I0(a/χd) can be neglected [40]. Under these conditions, Eq.

(1.12) may be simplified to

ΔPeq =
8εrε0|ζ|V

a2
, (1.14)

and Eq. (1.11) can be rewritten as follows

Δh =
8εrε0|ζ|V
ρfga2

[
1− exp(− t

τ
)

]
= Δhmax

[
1− exp(− t

τ
)

]
, (1.15)

with

Δhmax =
8εrε0|ζ|V
ρfga2

. (1.16)

1.4 Microstructure parameters of porous media

In this section, we present definitions of microstructure parameters to describe

porous media such as the porosity, permeability, tortuosity, formation factor and

solid density. Those parameters will be mentioned throughout this thesis.

Porosity

Porosity is a measure of the void spaces in a porous material, and is a fraction of

the volume of voids over the total volume, between 0 and 1, or as a percentage

between 0 and 100 % (see Fig. 1.8 on the left side). It is given by

φ =
Vp

Vb

, (1.17)
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Figure 1.8: Schematic of a porous medium model with idealized cylindrical channels
of uniform diameter.

where Vp is the pore volume (volume of void space) and Vb is the bulk volume of

the material (total volume) including the solid and void spaces (see [41] for more

detail).

Permeability

Permeability is a measure of the ability of porous materials (often, a rock or

unconsolidated material) to allow fluids to pass through it. High permeability will

allow fluids and gases to move rapidly through porous materials and vice versa.

Permeability depends on the connected voids within the porous materials and on

the size, shape, and arrangement of the connected pores [41]. Permeability is

typically determined in the lab by application of Darcy’s law under steady state

conditions and is mentioned in section A.3. The SI unit for permeability is m2. A

practical unit for permeability is the darcy (D), or more commonly the millidarcy

- mD (1 darcy ≈ 10−12 m2).

Solid density

The solid density or particle density is the density of the particles (solid grains)

that make up porous materials (see Fig. 1.8 on the left side), in contrast to the bulk

density, which measures the average density of a large volume of the materials.

The solid density is defined as follows

ρs =
ms

Vs

, (1.18)

where ms is the solid phase mass and Vs is the volume of the solid phase of the

porous materials.
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Tortuosity and formation factor

The actual fluid velocity, va, within the pores (channels) of a porous medium is

greater than the macroscopic velocity, v, implied by Qf/A (Qf is the volumetric

flow rate and A is the cross sectional area of the porous medium). The increase

of velocity is partially a result of the increase of the actual flow path length, Le,

compared to the theoretical bulk length of the porous medium, L (see Fig. 1.8).

The actual fluid velocity is given by (see [42] for more detail)

va =
v

φ

Le

L
=

v

φ
α∞, (1.19)

where φ is the porosity mentioned above, α∞ = Le/L is defined as the tortuosity

of the porous medium (the ratio of actual passage length to the theoretical bulk

length of the porous medium) and the ratio of α∞/φ is defined as the formation

factor of the porous medium and usually denoted as F [43].

1.5 Future works

We would like to present interesting ideas that deserve more research.

Measurement of the zeta potential of a porous medium by

means of a rotating disk

Common methods for measuring the zeta potential of porous media relies on

streaming potential or electroosmosis measurements. However, those methods

require a complicated setup and specific geometries of samples (diameter and

length). Other limitations of those methods are due to the microstructure pa-

rameters of porous samples. For example, for streaming potential measurement

the permeability of the samples must be in a given range. Otherwise, they need a

very large flow rate for highly permeable samples to generate measurable electric

potential differences and vice versa as mentioned in chapter 3. Sides and Hoggard

[44], Hoggard et al. [45] recently described a zeta potential measurement method

based on a rotating disk in the electrolyte. Solving Laplace equation in the vicin-

ity of the disk using a boundary condition of zero net current flow from the disk

surface, streaming potential is obtained as a function of rotation rate. From that,

the zeta potential of the disk is calculated with the knowledge of fluid properties.
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Based on the same ideas of [44, 45], we are developing a new setup with an array

of 64 electrodes in stead of 2 electrodes as used in [44, 45]. With that setup, an

electric potential distribution beneath a rotating disk will be drawn and compared

to the theoretical predictions. From the electric potential distribution, the zeta

potential can be calculated.

The streaming potential of liquid carbon dioxide in porous

media

In response to global climate change caused by the buildup of greenhouse gasses

such as carbon dioxide (CO2), Carbon dioxide capture and storage technology

(CCS) has been used to mitigate CO2 emissions from the atmosphere. CCS is the

process of capturing waste CO2 from large point sources, such as fossil fuel power

plants, transporting it to a storage site, and depositing it where it will not enter

the atmosphere, normally an underground geological formation. For reasons such

as leakage of CO2 to the groundwater or to the atmosphere, monitoring subsurface

storage of CO2 to know migration paths of CO2 and CO2 leakages at the surface

is very important. Streaming potential is proposed as one of the methods for

identifying flow paths of CO2 through the rock matrix and measuring the change

in electrokinetic parameters due to CO2 migration [46].

During CO2 infiltration through porous rocks weak carbonic acid is formed, this

results in the change of the pH and the electrical resistivity of the pore water.

In addition, carbonic acid may dissolve some minerals that are present in rocks

and this leads to change of pore frame and therefore the change of permeability

and porosity of rocks. All parameters affect the SPCC and the zeta potential.

Therefore, we also want to use knowledge in this thesis to fully understand how

the the SPCC and the zeta potential behave in porous media during liquid CO2

injection.

Moore et al. [46] stated that even all mobile water is drained, ”trapped water”

still remains in the pores for Berea sandstone. Therefore, we would like to know if

there is a coupling between the fluid flow and electric current when nonconductive

liquid CO2 occupies and displaces all mobile pore water in porous samples. If yes,

we want to understand which parameters the SPCC depends on in this case.
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1.6 The goal of this thesis

The streaming potential is a special case of the seismoelectric conversion at con-

stant flow rate or at low frequency. If the streaming potential in porous media

is understood, seismoelectric conversion could be effectively applied in order to

investigate oil, gas and hydraulic reservoirs, for example. Therefore, in this thesis

we mainly focus on characterizing porous media based on the streaming potential

and electroosmotic measurements and we specifically study the dependence of the

streaming potential on the permeability of rocks, the electrolyte concentration,

temperature, types of electrolyte and types of rocks. Streaming potential mea-

surements on the binary mixture triethylamine - water near the demixing phase

transition is also studied. This thesis is organized as follows:

The coupling coefficients of conversion between seismic wave and electromagnetic

wave depend strongly on microstructure parameters of porous media. Therefore,

in chapter 2 we use dc measurements of streaming potential and electroosmosis in

porous samples to characterize porous media. We can determine the parameters

such as the zeta potential, pore size, the number of pores per cross sectional

area of porous samples, porosity and permeability that are very important for the

experimental study of the seismoelectric effect.

In chapter 3, we study the permeability dependence of the streaming potential

coupling coefficient (SPCC) including the effects of the difference in the zeta po-

tential between samples and the change of surface conductance against electrolyte

concentration. To do so, the ratio of the SPCC and zeta potential is used rather

than the SPCC only. The results have shown that the SPCC strongly depends on

permeability of the samples for low fluid electrical conductivity. However, when

the fluid conductivity is larger than a certain value, the SPCC is completely inde-

pendent of permeability. The results are explained by the surface conductivity of

the rocks.

A comparison of existing theoretical models to experimental data sets from pub-

lished data for streaming potentials is also performed. However, the existing ex-

perimental data sets are based on samples with dissimilar fluid conductivity, pH

of pore fluid, temperature, and sample compositions. Those dissimilarities may

cause the observed deviations between theory and experiment. In chapter 4, we

critically assess the models by carrying out streaming potential measurement as a

function of electrolyte concentration and temperature for a set of well-defined con-

solidated samples and compare the results in a consistent manner with the models.
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The results show that the existing theoretical models are not in good agreement

with the experimental observations when varying the electrolyte concentration,

especially at low electrolyte concentration. However, if we use a modified model

in which the zeta potential is assumed constant over the electrolyte concentration,

the model fits the experimental data well over a large range of concentrations.

The observed temperature dependence shows that the theoretical models are not

fully adequate to describe the experimental data but does describe correctly the

increasing trend of the SPCC as function of temperature.

In chapter 5, the dependence of zeta potential of porous rocks on types of elec-

trolytes (monovalent and divalent electrolyte aqueous solutions) are experimentally

and theoretically studied. The results show that the SPCC and the zeta potential

strongly depend on the mineral composition and types of electrolyte. The zeta

potential for monovalent electrolytes is higher than that for divalent electrolytes

for a given rock.

For critical binary mixtures with phase transition, the large density fluctuations

that develope near the demixing phase transition affect many physical parameters

directly related to the SPCC such as viscosity, electrical conductivity and dielectric

constant. Beside the change of the physical parameters, the properties of the

electric double layer and the debye length are expected to behave differently near

the demixing phase transition. In chapter 6, streaming potential measurements

are performed with a binary mixture through a porous material. Measurements on

such systems are unique and the behavior is not available in the existing literature

at all. The binary mixture triethylamine-water (TEA-W) with three different mass

fractions of TEA are used. This mixture is known to be a typical partially miscible

system that has a lower critical solution temperature that splits into two phases

with a temperature increase. The results show that the zeta potential changes

with composition of TEA and temperature. Interestingly, an anomaly of the zeta

potential near the critical point is observed for the critical composition. Therefore,

there may be an anomalous change of the electric double layer near the critical

point.

In Appendix A, we present the methods and the experimental setups to measure

the porosity φ, density of grains ρs, tortuosity α∞, formation factor F and steady-

state permeability ko of porous samples including unconsolidated samples and

consolidated samples. In addition, we also show laboratory measurement of the

frame and shear modulus of the consolidated samples (KP and GS).
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In Appendix B, we derive an expression to calculate the zeta potential for diva-

lent electrolytes that has been used in chapter 5 based on the same procedures

mentioned in [25–27] for monovalent electrolytes.


