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Experimental work that studied the influence of NaCl concentration on both clay
reconstituted samples and suspensions.

This work includes an experimental work of leaching salt from reconstituted samples
with fresh water, emulating the formation of quick clay suggested by several author
cited in this thesis.

JULIO SERRANO ROMERO

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

This Thesis presents an experimental study that investigates the e [edt water con-
tent and pore water chemistry on the emerging hydro-mechanical response of clay
samples. In order to capture the basic strength and stil[ndss response as function
of strain amplitude and rate, rheology experiments have been performed. As op-
posed to standard geotechnical tests rheology experiments are fast to execute, more
consistent and only require small sample volumes. In order to properly benchmark
the rheometer apparatus for testing soft soils kaolin was used. The latter reduces
the complexity associated with natural materials at the expense of some saillant
features (such as the high sensitivity in sensitive clays) and allows to control the
initial conditions to the required degree. The samples consisted of kaolin slurries
prepared at dilerht void ratios and with di[erent initial pore water salinities, one
slurry with a water content equal to the liquid limit and another slurry with 1.5
times the liquid limit. Furthermore, a reconstituted sample was consolidated to 80
kPa. Two series of slurries were prepared, i.e. a reference slurry with distilled water
and saline slurry where 0.2 M NaCl was added to the pore water. The results showed
that the e [edt of NaCl is most pronounced for the slurries with water content equal
to the liquid limit and 150% the liquid limit. In contrast the e [edt of NaCl in the
reconstituted consolidated sample was less evident. Finally, a dilerent series was
performed that emulated leaching of the saline pore water composition to simulate
some of the processes that occur during the formation of sensitive clay deposits.
These initial tests show that the beneficial e [edts of a saline injection can be fully
reversed by subsequent leaching with fresh water.

Keywords: kaolinite, reconstituted sample, slurry, ionic influence, NaCl, viscosity,
leaching, quick clay, double layer, pH.






Acknowledgements

"Throughout the centuries there were men who took first steps down new roads armed
with nothing but their vision."
-Ayn Rand, The Fountainhead

Foremost, my family is the greatest support | have ever had through my life. José,
you inspired me to make such great things. Verdnica, you taught me to never give
up and work hard. Erika, thanks for being there to support me. Thank you family.
This work could not have been possible without the guidance of both Jelke Dijkstra

and Georgios Birmpilis, your patience and helpful attention were invaluable for the
fulfilment of this work.

Julio Serrano Romero, Gothenburg, June 2019

vii






Contents

List of Figures
List of Tables

1 Introduction
1.1 Problem description. . . . . . .. ... o
1.1.1 Softsoils. . . ... ... . .
1.1.2 Methods for ground improvement . . . . .. .. ... .....
1.2 Aimand objectives . . . . . . . ...

2 Fundamentals of clay behaviour

2.1 Composition of fine-grained soils . . . . . . . ... ... ... .....
211 Claymineralogy . . . . . . . . . . .
2.1.2 Electronegativity of clay platelets . . . . .. ... .......

2.2 Aqueous clay systems . . . . .. ...
221 lonhydration . .. ... .. ... ... ...
2.2.2 Water—clay medium. . . . . . ... .. L
2.2.3 Doublediludelayer . . . . . .. ... ... ... ... .....
2.2.4 Molecular repulsion and attractive forces . . . . ... .. ...

2.3 Electrochemical clay behaviour . . ... ... ... ..........
2.3.1 Clay negatively charged . . .. ... ..............
2.3.2 lonexchange . . .. ... . ... ... .. ...
2.3.3 Other inter-particle behaviour . . . . ... ... ........

2.4 Macro properties as a result if particle interaction . . . . .. ... ..
241 Zetapotential . . . .. .. ... ... ...
242 Clayfabric. . . . .. .. .. .. ..

2.5 ELedt of ionic concentrationinclay . . ... ... ...........

2.6 Salinityinsoftsoils . . . .. ... ... ... .. ... .. ... ...,
2.6.1 Quickclay . . .. .. ... .

2.7 Fundamentals of rheology insoils . . . ... ... ...........

3 Materials and method
3.1 Materials . . . . . . . e
311 Claymineral . . . . . ... . . .
3.1.2 Porefluid .. ... ... ... ... .
3.2 Methods . . . . . . . . . . ..
3.2.1 Suspensionsamples . . . . . ... L L

Xi

xiii



Contents

3.2.2 Reconstituted samples . . . ... ... ... ... .. ..., 27
3.2.3 Saline injection in Oedometer . . . . ... .. ... ...... 29
3.3 Rheometer Testing . . . .. .. .. . . .. ... .. 31
3.3.1 Sample classication and naming . . ... ... ........ 32
4 Results 35
4.1 Eectofwatercontent . .. .. .. ... ... ... . .. .. ..... 35
4.1.1 VisCOSity . . . . . . . 35
4.1.2 Shearmodulii . . . . ... ... .. 36
4.2 Eectofsalinesolution. . ... ... ... ... ... .. ..., 37
421 ViSCOSIty . . . . . . o 37
422 Shearmodulii . . .. ... ... .. ... 38
5 Discussion 41
6 Conclusions 43
References 45
A Appendix 1 I
A.1 Photographic Record . . . . . ... ... . ... ... I
A.2 Plotting languagecode . . . . .. .. ... .. ... \Y
A.2.1 Amplitude test plotting . . . .. ... .. ... ... ..... Y
A.2.2 Viscosity owplotting . . . . ... .. ... .. .. ... ... Vi



2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8
2.9
2.10
2.11
2.12

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

List of Figures

Representation of Kaolinite mineral structure. In blue is the alu-
minium octahedral structure and in light red is the tethraedral struc-

ture. Source: Coraetal (2014) . . . . . . . . ... .. .. ... 6
lon model represented by Frank and Wen. Adapted from Mitchell

etal. (2005) . . . . . ... 7
Idealization of Gouy-Chapman concentration of charges. Adapted

from Mitchell etal. (2005) . . . . . ... . ... .. ... ... ... 8
Energy of attraction in function of the surface length. Source: Mitchell

etal. (2005) . . . . . ... 10
Energy of repulsion in function of the surface length. Source: Mitchell

etal. (2005) . . . . . ... 11
Superposition of both energies of repulsion and attraction with dif-
ferent cases of occulation. Source: Mitchell et al. (2005) . . . . . .. 11
Energy of attraction in function of the surface length. Source: Birdi

and S (2002) . . . . . .. 14
Fabric clay interactions. Source: Mitchell et al. (2005). . . .. .. .. 15
Viscosity curve of di erent materials uid . . .. ... ........ 20
Deformation of material under shear stress. Source: Birdi and S (2002) 21
Visualisation of G' and G. Source: Alas and Ali (2019) . . . .. . .. 22
Sweep Amplitude Results. Source: Markgraf (2011) . . . .. ... .. 22
Distilled water being placed in vacuum. . . . . . . ... .. ... ... 26
Sample material being mixed by the vacuum blender . . ... .. .. 27
Reconstituted material with apparent no air content. . . . . . . . .. 27
Reconstituted material loaded intubes . . . . .. ... ... ... .. 28
The general overview of the work method of this thesis . . . . . . .. 29
From left to right: Cell 1, 2 and 3 mounted in the test apparatus . . . 30
Material treated in oedometer apparatus. Extract from Figure 3.5 . . 31
Viscosity ow for suspensions and saline solution (LSA, 1.5LSA) . . . 35
Viscosity ow for suspensions and distilled water (LPU, 1.5LPU). . . 36

Amplitude sweep for suspensions and saline solution (LSA, 1.5LSA) . 36
Amplitude sweep for suspensions and distilled water (LPU, 1.5LPU) . 37
Viscosity ow of suspension clay at liquid limit (LPU, LSA) . . . .. 37
Viscosity ow of suspension at 1.5 times liquid limit (1.5LPU, 1.5LSA) 38
Viscosity ow of oedometer consolidated material (OE1, OE2, OE3) 38
Amplitude sweep of suspension clay at liquid limit (LPU, LSA) . .. 39

Xi



List of Figures

Xii

4.9 Amplitude sweep of suspension at 1.5 times liquid limit (1.5LPU,
LELSA) . . e 39
4.10 Amplitude sweep of oedometer consolidated material (OE1, OE2, OE3) 40

A.1 Slurry material in between the plates of the rheometer. This gure

shows a test made in between a 24mmoplate . . ... ... ... ... I
A.2 Setcellsreadytolayersamples . ... ... ... .. ... ...... Il
A.3 Process of handling layers from the one of the cells from oedometer . I
A.4 Handling of layer samples from the reconstituted material . . . . . . . [l
A.5 Layer of material in the apparatus lower plate . . . . ... ... ... 1]
A.6 Cleaned slurry material in between the plates of the rheometer during

a test. This gure shows a test made with a 8mm plate . . . . . . .. \Y



11
2.1

3.1
3.2

List of Tables

Classi cation of clay sensitivity, S . . . . . . ... ... ... .... 2
Values of ionic forces in kaolinite documented by several authors . . . 17
Experimentdetails . . . ... ... ... ... ... .. ... ..., 32
Sampledetails . . . .. . .. . ... 33

Xiii



List of Tables

Xiv



1

Introduction

This chapter gives an general overview of the concepts of this work. The formation
of some soft soils and some of its characteristics. Also is introduced the type of
material studied and some of the methods used in the Geotechnical area that has
given to some solutions of the problems related to soft soils.

1.1 Problem description

1.1.1 Soft soils

Soft soils are mainly composed of clay minerals and other ne-grained consituents,
such as rock our. Especially, the minerals easily adsorb water. Therefore in
Geotechnics, the study of the clay constituents and water in the pores are an es-
sential part for understanding this type of ne-grained geo-materials. Clay deposits
are found in every part of the world, however the more challenging clay deposits are
found in Scandinavia, East Canada and Russia (Brenner et al., 1981). After for-
mation of these clay deposits from deposition of post-glacial material, a by-product
from physical and chemical erosion on rock by glaciers, in both marine and brackish
waters they raised to the surface following land upheaval (Andersson-Skoéld et al.,
2005). The puzzling behaviour of these sensitive clays, also called quick clays, are
radically di erent from more common clay deposits that have been formed under
more typical geological conditions.

In the case of the clay found on the West Coast of Sweden studies indicate that the
composition of clay minerals are 40-60% of illite, 15-25% quartz and feldspar and
the rest is a fraction between kaolinite, chlorite and some montmorillonite (Pusch,

1970; Lundstrém et al., 2009). This type of clay is usually of similar composition as
found in Norway (Lundstréom et al., 2009).

Fundamental behaviour of clay The many physico-chemical factors involved in
response of clayey soils makes it di cult to predict the hydro-mechanical response
when starting from the micro-scale. Although some research has been performed
in order to investigate the hydro-mechanical behaviour of clays and the role of its
underlying physico-chemical properties at the particle scale, the majority of the re-
search focused on understanding and predicting its behaviour on the engineering
scale. Among the properties mentioned that govern the hydro-mechanical response
of clay is the mineralogy of the clay platelets, the molecular interaction, the cation
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1. Introduction

exchange on the clay surface and electrochemical properties, such as pH and ion
concentration of the pore uid.

Some of the di erences in composition are induced by the deposition history. As
an example in East Canadian swelling minerals like montmorillonite are common
(Lundstrom et al., 2009). The lacustrine deposits of Mexico City clay, on the other
hand, contain microfossils, called diatoms, whose properties are changed in un-
expected ways (Pusch, 1966). In contrast the clays found on the West Coast of
Sweden and some of the Norwegian sensitive clay deposits have a large clay fraction
of mainly lllite minerals. The large di erence between the intact and remoulded
shear strength have resulted in numerous landslides, as a small perturbation in the
equilibrium state is su cient to trigger an instability (Rankka et al., 2004).

Sensitive clay  Sensitivity in clay is de ned as the ratio of the undisturbed shear
strength against the remoulded remoulded shear strength (Brenner et al., 1981).
The most common technique used to measure sensitivity in the laboratory in Swe-
den is by using the Swedish fall-cone test. The term quick clay, from the Swedish
term kvicklera is the term used to describe clay that changes from solid to viscous
uid after a perturbation, or in the lab, after remoulding (S6derblom, 1969). Several
authors classify quick clay based on their degree of sensitivity as seen on 1.1. This
type of clay is found in post-glacial clay deposits, like the ones found in Scandinavia.
Please note that in this Thesis we follow the international quali cation for sensitivity.

Table 1.1: Classi cation of clay sensitivity, &

Skempton and R.D. (1952) || Rosenqvist (1953) Soderblom (1969)
1.0 : Insensitivity 1.0 : Insensitivity < 20 : Normal
1 - 2 : Low sensitivity 1 - 2 : Slightly sensitive 20 - 50 : Semi-quick
2 - 4 : Medium sensitivity || 2 - 4 : Medium sensitive > 20 : Quick
4 - 8 . Sensitive 4 - 8 : Very sensitive
8 - 16 : Extra-sensitive 8 - 16 : Slightly quick
> 16 : Quick 16 - 32 : Medium quick
32 - 64 : Very quick
> 64 : Extra quick

1.1.2 Methods for ground improvement

Several methods have been developed to improve the hydro-mechanical properties,
that originate from the complex physico-chemical proceses at micro-scale, of sensi-
tive clays around the world, e.g. (Bjerrum, 1969; Mitchell, 1981; Broms, 1979; Chu
et al., 2009). These solutions include the construction of ancillary infrastructure or
other special construction methods. However, chemical injections that manipulate
the pore chemistry are of most interest, as they potentially provide an improve-
ment in stability of the soil, hence the structure on top, by simply changing the

2



1. Introduction

physico-chemical properties at the particle level. A possible approach for the lat-
ter is to inject a saline solution (salt) in the clay. Broms (1979) inject of KCI| and
Ca(OH), to improve shear strength. Mitchell (1981) investigated other materials
ranging from iron oxide based to silicate chemicals that stabilises soft soils. Recent
investigations regarding monovalent and divalent salts e ects on mechanical and
rheological clay suspension properties have been performed Pedrotti and Tarantino
(2017); Palomino and Santamarina (2005); Ibanez et al. (2014); Li et al. (2013); Au
and Leong (2016). Those studies investigated the injection of materials as function
of a ground improvement technique based on chemical stabilisation.

1.2 Aim and objectives

The aim of this research is to experimentally investigate the in uence of ionic
strength on the rheological properties of kaolin clay at di erent water content (sus-
pension consolidated specimens). The following objectives are formulated:
- to create a well controlled set of kaolin samples at di erent magnitude of water
content and salinity of the pore uid
- to perform injection and leaching experiments on consoldiated samples
- to characterise the rheological properties, rather than the use of classical
geotechnical characterisation methods, this facilitates the short testing times
required for the project and gathers fundamental insight in the response.
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Fundamentals of clay behaviour

This chapter explains the fundamentals that has to do with the behaviour of the
particle interaction and its e ect in micro structure of clay. These concepts are the
base of the methods used in this thesis work.

2.1 Composition of ne-grained soils

Typically, in geotechnical engineering ne-grained soils are classi ed following the
grain size. Fine-grained soils pass the 63n sieve, whilst the grain size of the clay
fraction falls below 2 m. Due to the geological deposition history these soils are
(partially) saturated. Hence, the composition comprise of silt (resulting from phys-
ical weathering), clay minerals (chemical weathering). The pores in this particulate
system typically are led with a pore uid (water). Silt results from natural weath-
ering actions such as e.g. wind, water and glaciers against rocks with particle sizes
as small as the clay fraction (rock our). In contrast the clay platelets are usually
at and elongated, the small size and high aspect ratio leads to more complex sur-
face charge e ects when compared to silt fraction. A further classi cation of the
clay fraction has been made based on the following properties sensitivity, swelling
potential.

2.1.1 Clay mineralogy

The structure of most clay minerals consist of alternating sheets of octahedral alu-
minium and a tethraedral silicate. Isomorphic substitution of Si for Al in the oc-
tahedral sheet and Mg for Si in the tethraedral sheet exposes oxygen anions in the
surfaces of the clay plates, thus giving them negative charged surfaces. A 2:1 clay
makes a sandwich of an octahedral aluminium mineral between two tethraedral sil-
icate layers, montmorillonite and illite are 2:1 clays. On the other hand, a 1:1 clay
has a layer of octaedral aluminium and other of tethraedral silicate layer, kaolinite
is 1:1 clay. Kaolinite's structure is shown in Figure 2.1



2. Fundamentals of clay behaviour

Figure 2.1: Representation of Kaolinite mineral structure. In blue is the aluminium
octahedral structure and in light red is the tethraedral structure. Source: Cora et al.
(2014)

2.1.2 Electronegativity of clay platelets

Isomorphic substitution leaves negatively charged molecules in the surface of the
particle. This leads to negatively charged surface of most clay minerals (Mitchell
et al., 2005)

The negative charged surfaces in the clay, due to molecular exchange, combined
with the large surface of the clay, makes cations like K+, Mg+, Ca+ to be attached
easily to clay surfaces. This capacity is the reason why plants grow better in soils
whose capacity to retain this cations is large, also known as cation exchange capac-
ity (CEC). Additionally, due to the dipolar nature of water, the hydrogen positive
pole creates a hydrogen bond with clay. Alternatively at the same time the oxygen
negative pole can attach more positive cations.

Depending on its mineral structure, every type of clays behave di erently. Some clay
allows more water molecules in between the clay plates, which increases the volume
of the sample. The latter type of clay is called expansive clay, Montmorillonite and
Bentonite are examples of this type of clay. Whereas, lllite is a type of non expansive
clay, due to the potassium ion present in between the clay plates.

2.2 Agueous clay systems

It is known that dry clay can adsorb water even from the atmosphere present as
humid in the air. Properties of water adsorbed in water tend to change from bulk
water, some of this properties will a ect the way the bonds between the particles
are formed.
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2. Fundamentals of clay behaviour

2.2.1 lon hydration

Both clay particles and ions interact in an agueous medium. Particle of clay adsorbs
water and ions get hydrated, especially the cations. Once the cations are hydrated,
depending on the distance from the surface area water molecules in the surround-
ings have di erent behaviour. The model from Frank and Wen (1957) explains this
behaviour, Figure 2.2. This model is characterised by three layers: rst region, A,
is a zone of immobilisation, in this layer water molecules are strongly bonded with
the ion. Next layer, region B, the structure of water is broken down. Finally, region
C, is practically out the in uence from the ion being normally structured molecules.

Figure 2.2: lon model represented by Frank and Wen. Adapted from Mitchell
et al. (2005)

2.2.2 Water clay medium

Water present in the clay, especially the water closer to a clay molecules, forms a
strong bond. Theories suggest that water and clay arrange can occur in di erent

ways; a hydrogen bonding, formed with the negatively clay surface; hydrated cations
attached to the surfaces of clay; concentration of ions balances the water in areas
close to the clay via osmosis is an alternative way; and dipole bonding, due to
the dipole nature of water, molecules will arrange water molecules as in a queue,
arranging them in series of negative poles bonding with positive poles (Mitchell

et al., 2005).

2.2.3 Double diuse layer

Due to the large amount of speci c surface from clay particles, authors (Mitchell
et al., 2005) represent clay surface in a single layer, which emits dispersion forces
from its molecules, see Figure 2.3. Cations and anions are in uenced from the parti-
cle super cial charge, the latter is usually part of the dispersion forces in an aqueous
medium. The gravity center of this concentration lies at certain distance from the

7



2. Fundamentals of clay behaviour

surface, this distance called the limit of the double di use layer. First layer is the
so-called Stern layer. This double layer can be also recognised as the limit of the
in uence from the particle charge. Beyond this layer, e ects of charge from clay are
disregarded. Length of this di usion layer can be expressed with next equation. Im-
portant in uence in the length of the layer are the electrolyte concentration, cation
valence, dielectric constant of the medium and the temperature.

Figure 2.3: Idealization of Gouy-Chapman concentration of charges. Adapted
from Mitchell et al. (2005)

From a force eld at equilibrium, Equation 2.1, expresses the concentration of ions,
!

E; E;
ni = NigeXp —o——"

— 2.1)

In an electric eld the potential energy of an ion is expressed with Equation 2.2,

Ei= je (22)

Assuming that Ei, = 0 and = 0 because are at a large distance, a simpli ed
Boltzmann equation is found in Equation 2.3,
!

e
N = NjpeXp ? (23)

On the other hand, the Poisson equation, Equation 2.4, can express change of elec-
trical potential with distance,

- = (2.4)
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Where is the charge density,

=€ inj (2.5)

Substituting Equation 2.3 into Equation 2.5, then into Equation 2.4, yields,

> _ eX ie
Ge = v noexp— = (2.6)

Equation 2.6, is the di erential equation for the electric double layer who lies next
to a planar surface. Where x is the distance from the particle surface, in mjs the
charge density (C/m®) and s the static permittivity of the medium (C?2J 1).

A simpli ed version of Equation 2.6 is given for when existing cation and anion
species of the same valence.

> 2npe . e
o sinh T (2.7)

In clay, the charge density is proportional to the cation exchange capacity divided
by the specic surface. lons in solutions will determine the amount of dissociation
of alumina in octahedral sheets of clay minerals. These equations discussed here
apply to colloidal systems with constant surface charge. Despite of not being repre-
sentative to most of the clay systems, these equations are useful for understanding
e ects in changes in concentration of solution and molecular valence related to clay
material.

The group of equations that solve Equations 2.7 are the following
(

- e

P otentialfunctions y: kT (2.8)
Z =

kT

= Kx (2.9)
From Equation 2.9,
2

2= 2 €N (2.10)

"kT



2. Fundamentals of clay behaviour

These solutions, Equations 2.8 and 2.9, are applied in cases where surface potential
Is less than 25 mV.The in uence of the charge patrticle forces, or the so-called double
layer thickness, is expresse& = 1/ K, Equation 2.11.

From 2.10, 1K is,

1=2

!
"oDKT

1=K = —
2n0e2 2

(2.11)

The thickness of double layer expressed in Equation 2.10, is a ected by electrolyte
concentrationn, , cation valence g, dielectric constant in the solution. Also in this
case the pore water in clay D, temperature in soil T a ects the equation, in soils these
are usually constant. Purpose of this section is to demonstrate the in uence of the
electrolyte concentration and the valence of the salt in the clay particle interaction.

2.2.4 Molecular repulsion and attractive forces

Attractive forces, V 5, are result of the di erent ways of bonding of particles like,
dipole attraction, hydrogen bonds, cation hydration or osmosis, see Figure 2.4.

Figure 2.4: Energy of attraction in function of the surface length. Source: Mitchell
et al. (2005)

Repulsive energyyV g, is the result of the thickness of the double layer and the par-
ticle charge nature, see Figure 2.5.

10



2. Fundamentals of clay behaviour

Figure 2.5: Energy of repulsion in function of the surface length. Source: Mitchell
et al. (2005)

The superposition of both energiesy g and V », show the interaction and of both
repulsion and attraction e ects, also known as Coulombic and van der Waals forces,
shown in Figure 2.6. This is the principle of the DLVO (Derjaguin and Landau, 1993,
Verwey et al., 1948) theory which can be suited for clay suspensions. However, in
reality exist more than these two forces that drive the behaviour of the repulsive
and attractive forces.

Figure 2.6: Superposition of both energies of repulsion and attraction with di erent
cases of occulation. Source: Mitchell et al. (2005)

2.3 Electrochemical clay behaviour

Changes in pH and electrolyte concentration (Palomino and Santamarina, 2005),
electric permittivity (Mitchell et al., 2005) and electrolyte valence Ibanez et al.

(2014) in clay can the mechanical properties of clay. Changes on pH has to do
with the concentration of hydroxyl, OH , and hydron, H" in the medium. High

concentration of H, can cause weathering of the mineral composition of the clay
itself releasing cations. A documented case in Drammen, Norway (Bjerrum, 1967)
where quick clay is abundant, an region with clay with shear strength increased was

11



2. Fundamentals of clay behaviour

identi ed and attributed by the reduction of pH due to percolation of rainwater
with high CO? content, airing with CO? is a method used in mines to lower pH.
The acidity does not a ect the sti ness of clay, what the acid environment a ects
to the clay is the liberation of cation from the clay minerals of higher valence than
Na*, in this case Bjerrum concluded that the abundance of potassium cations in the
Norwegian clay replaced the sodium cations giving the soil a higher shear strength.

An acidic environment tend to charge positively the edges of the clay particles. This
phenomenon brings more open spaces between the clay. A more alkaline environment
reduces the volumetric change and the spaces between clay platelets.

2.3.1 Clay negatively charged

Due to cation exchange and exposure of negative molecules clay particle is asusmed
to be negatively charged (Mitchell et al., 2005). Negatively charged surfaces in clay
combined with a large speci ¢ surface area, give appeal attraction to cations like
K*, Mg?+, Ca" to attach to surface clay. As an example, by absorbing these cations
available in soft soils, give plants to ability to grow. Additionally, water possesses

a dipolar nature, meaning that it can be attracted easily by ions despite its charge.
For clay, the negative charged surface of the clay particles attract the positive pole of
the hydrogen molecules of the water. Shown in Figure 2.6, attraction and repulsion
forces interact in clay when in suspension.

Some clay allows more water molecules in between the clay plates, which increases
the volume of the sample. The latter type of clay is called expansive clay, mont-
morillonite and bentonite are examples of this type of clay. Whereas, illite is a
type of non expansive clay, due to the potassium ion present in between the clay
plates,(Rankka et al., 2004).

DLVO limitations Application of DLVO theory in soft soils has given authors
like Guven (1992) cite number of limitations that are ignored by the such theory
for this speci c case: ions are points and the size is neglected, dielectric constant of
clay water is assumed to be the same as bulk water, charge of particle is uniformly
charged, which is not the case in reality since the clay structure does not allow this to
happen, hydration from clay and ions is ignored. Changes in pH a ect the amount
of H+ available in the medium, therefore a change in negative charge is experienced
as well. The higher the pH, the more hydroxyls are available, therefore the more
alkaline the solution which leads to an increase of a negative charge in the particle.
Also, in high pH solutions, exists a higher tendency and rate ion exchange. At low
pH, clays tend to present positively charged edges.

12



2. Fundamentals of clay behaviour

2.3.2 lon exchange

Repulsion force explained in previous chapters, is also the potential force from the
clay surface. This force is a negative electrical force expressed in electric potential.
Thus, clay surface attracts positive ions, also called cations.

Cations of higher valence develop stronger bonds to the clay surface than those
of lower valence. In a similar way, smaller cations are more dicult to replace
than those of higher size. Nevertheless, other factors can a ect this interchange,
as cations of lower replacing power can replace cations of higher replacing power
simply by mass balance due to high concentration of the lower power cation.

Mitchell (2005), represents a typical series of replaceability as follows:

Na* <Li* <K* <Rb* <Cs* <Mg? <Ca® <Ba? <Cu? <Al* <Fe*

The speed of this process depends on the type of clay, solution concentrations, pH
and dielectric constant value in the solution.

2.3.3 Other inter-particle behaviour

In this thesis is assumed that only repulsion and attraction forces are the main re-
sponsible factors in the interparticle interaction of clay, based on the DLVO theory.
Santamarina (2003) adds a more aspects explanation about forces governing the
microstructure of a particle, in his research he cites normal and tangencial forces
between particles under e ective stresses. Tensile forces from e ects of cementation
and capillary forces have a degree of interaction in soft soils. Changes in the hydro-
dynamics of pore uid by movement and buoyancy forces in particles have a role in
the clay-water system.

2.4 Macro properties as a result if particle inter-
action

Previous chapters had explained interaction of individual particles, this dictates
ultimately the shape of the macrostructure of clay. Arrangement between particles
in uences volumetric changes and mechanical properties(Mitchell et al., 2005).

2.4.1 Zeta potential

This concept is usually linked when the application of a colloidal theory of DLVO,

due to use of common concepts. Zeta potential is a theoretical electric potential
charge at the burden of the double layer in uence, also known as slipping plane.
Along with the zeta potential in colloidal sciences, exist the surface potential and
the Stern potential, measurements in di erent planes of the double layer. Usually,
high zeta potential in absolute values is associated with high colloidal stability, near
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2. Fundamentals of clay behaviour

the zero potential charge the interaction between anions and cations tend to disturb
the ability of formation of colloids.

The charge of the zeta potential plays a role in the occulation ability of a par-
ticle. The charge of the zeta potential determines if the particle is negatively or
positively charged. In agueous system of occulation the pH in uences the nature
of this charge. Authors like (Ibanez et al., 2014) and (Au and Leong, 2016) have
studied the in uence of ionic forces on zeta potential, nding that valence and ionic
concentration a ect also zeta potential value.

Figure 2.7: Energy of attraction in function of the surface length. Source: Birdi
and S (2002)

Change of zeta potential from negative to positive means that in one point along
this change of charges zeta potential can experience a value of zero. This point, pH
dependant, is called the point of zero charge (pzc), when the particle is found in this
point is assumed that the particle will not have any occulation interaction with
both anion and cations.

Electrophoresis is the common method used in experiments to measure the charge
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of the zeta potential. At zero ionic concentration the point of zero charge is known
for kaolinite from several authors.

A related concept called point of zero net proton charge (pznpc) is related in which
the density of the both cation and anions is equal. In other words, the sum of
negative and positive charges in the slipping plane is zero. At this point the electrical
mobility is the lowest. Several authors had de ned di erent values. Schroth and
Sposito (Schroth and Sposito, 1997) found a value of 3.5 - 3.6 of pzc and 5 - 5.4 of
pznpc in kaolin.

2.4.2 Clay fabric

Charge in faces and the edges of the particles are subjected by pH in the medium.
This relationship is related to the in uence of free hydroxyl, OH, and hydron, H
concentration, who interact with the mineral structure of the clay particle. Several
authors that have studied the in uence of ionic strength in the clay also monitor
the variation of the pH, thus the role in the clay fabric and the so-called point of
zero charge mentioned above. The pH in part, a ects the relationship between clay
particles. Palomino and Santamarina (2005) found the in uence of the concentra-
tion of NaCl and the pH level and their in uence upon the occulation of the clay
particles. They also detected the combination of ionic strength and pH in solutions
so the occulation changes from edge to edge (EE) to face to edge (FE).

Figure 2.8: Fabric clay interactions. Source: Mitchell et al. (2005)

15



2. Fundamentals of clay behaviour

In a) from Figure 2.8, is clear that dispersed and de occulated clay fabric is a
consequence from a particle who is completely charged on faces and edges. This
type of fabric is usually found at very acidic or very alkaline pore medium. In

b), an adhesion between face to face (FF) exists but a repulsion between particles
keeps. When the particles start to have some degree of attraction between edges and
faces (EF) particles can start a perpendicular dispersed shape like in ¢). Usually a
more stable occulation and a shape that is expected to have a better mechanical
properties is when the fabric is found with both EE and EF interactions as seen in
C).

2.5 E ect of ionic concentration in clay

Early attempts to study ionic in uence in clay include the one made by Bjerrum
(1967), who found threshold values of salinity in quick clay resulted from water
leaching. Palomino and Santamarina (2005) worked with kaolin suspensions at dif-
ferent concentrations and they found a range of salinity concentration where NaCl's
ionic in uence a ects the clay fabric, below this range kaolinite particles charges are
mostly governed by pH. Other authors (Au and Leong, 2016; Ibanez et al., 2014; Li
et al., 2013; Rand and Melton, 1977; Michaels and Bolger, 1964) have made other
studies on the in uence of cations on Kaolinite suspensions. Remarks on their work
are resumed in Table 2.1.
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Table 2.1: Values of ionic forces in kaolinite documented by several authors

Author Substance Value Observations

Quick clay in Sweden is
Andersson-Skold et al. ., . usually found with this
(2005) Na <35mM level of Na cation concen-

tration

Found that extreme sen-

sitivity in marine clays is
Bjerrum (1967) Salinity* <17 mM when leaching from 600
mM (sea water) to below
17 mM
Above this value is
dened as high ionic
strength, kaolinite par-
ticles are expected to
occulate despite pH of
adsorbed water
Floculation from face to
Li et al. (2013) CaCb > 2 mM face to edge to face is ex-
pected above this value
Rheological  properties
changed to a kaolinite

Ibanez et al. (2014) NacCl > 10 mM

Michaels and Bolger

(1964) NaCl >0.0L MM ith high density above
this value
Mapped a fabric clay
map  with  dierent
Palomino and Santama- NaCl 100-150 pH and NaCl concen-
rina (2005) mM trations, above these

threshold value kaolinite
is expected to occulate
Yield stress was constant

Rand and Melton (1977) NacCl 120 mM independently of pH of
absorbed solution
Changed from face to

Wang and Siu (2006) NaCl 50-150 mM face fabric to edge to face
fabric

Palomino and Santamarina (2005) found a threshold value of 100-150 mM NacCl
where the ionic in uence a ects the fabric of the clay. Wang and Liu (2006) found
a value of 50-150 mM NaCl. What they found is that over these threshold values of
ionic concentration clay fabric is driven to be edge to face occulation, shown in d)
from Figure 2.8

The studies from Bjerrum (1969), Sdderblom (1969) and Lundstrom et al. (2009)
suggest that the change of the chemical in uence from a pore water environment
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with salinity from the sea water to a desalinisation due to watering of fresh water
along with di usion of the material was one of the reasons that can lead to sensitive
clay, in some cases nding quick clay in Sweden and Norway.

2.6 Salinity in soft soils

One of the biggest causes that relates salinity e ects in clayey soil has to do with
formation of quick clay. This type of clay represents the most common source of
slides in Sweden, Norway and Canada. Under disturbance quick clay turns from
competent rm soil to a liquid matter, this material is a potential threat that lead

to problems to existent infrastructure that can cause enormous amounts of money
in terms of reconstruction, rehabilitation and reparation. (Séderblom, 1969).

2.6.1 Quick clay

Most of the quick clays around the world are usually found in areas where ero-
sion of rock was produced by glaciers and subsequently deposited on the bottom
of marine or brackish waters. Upon clay deposition in an environment with high
ionic strength, where double layer becomes thinner occulation of particles is ac-
complished in a long period of time. Salinity in water content that surrounds the
clay material may contain di erent type of ions, who ultimately a ect in di erent
ways structure in soil (Andersson-Skold et al., 2005). The ratio between specic
ions content may a ect the sensitivity of the soil.

Bjerrum (1967) found, in the case of Norwegian quick clay, was usually a result
from leaching marine clay with fresh water from 35 gr/mL to below 1 gr/mL. This
supports the theory that a decrease of salinity increases the sensitivity of clayey soil.
However, leaching does not only lead to a loss of sti ness in the soil, some cases of
cementing had been documented, like the case of a marine Canadian clay with low
value of salinity and high content of ion cations gave the soil a competent strength
despite the loss of volume due to loss of water (Kenney, 1966).

Soderblom (1969) research in salt content in Swedish clay found that is not usually
to found clay with pore water content that has the same salt concentration than
the marine water content, 35 gr/L. In Sweden, sensitive clays are usually found in a
range between 0.2 and 25 gr/L and that usually most of salty clays are found in the
middle of clay deposits. This is a product of the di erent di usion values present
in di erent parts of the clay deposit and the leaching process of fresh water on the
bottom of the deposit and the runo from surface water. In a study on clay from
Goéta River found that sodium was the dominant cation in pore water from salty clay.

The most common method tets to detect quick clay is by cone ponetration test

(CPT), measured to an undisturbed sample compared to a remoulded sample. Lund-
strom et al. (2009) tried to map quick clay by detecting it by di erent methods. A

di erent method used was by measuring electrical resistivity, despite Sdderblom
(1969) found a relationship between quick clay existence and electrical resistivity,
other studies have to be done in order to con rm quick clay. Detection of quick clay
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by sonar device can be a more e ective method.

These studies correlates the link between change pore uid chemistry and the ocur-
rence of quick clay in soft soils.

2.7 Fundamentals of rheology in soils

Rheology is the science that studies the mechanical properties of uids and plas-
tic bodies when are under external stresses. This chapter shows basic rheological
properties that explains the behaviuor of a body under shear stress. Some theoret-
ical fundamentals studied by rheology are not completely used by soil mechanics.
One of the few attempts to investigate soils with rheology is made by Markgraf and
Horn (2005). She investigated the change in micro structure induced by certain
salt concentrations, and mentions that di erent methods and investigation can give
practical information to soil mechanics.

Both rheology and soil mechanics study shear stress which can be either by steady
state or oscillation. Formula for shear stress is de ned by Equation 2.12

= F=A (212)
where is the shear strength, F the force and A is the area.

Newton's law of ideal liquids recognises shear strength proportional to the ow
velocity. Naming a factor of proportionality as the "lack of slipperiness”, today
known as viscosity. A modern de nition of viscosity is the resistance of a uid

against the movement. Although fundamentally, this concept has to do with the

velocity of a uid as a result of a stress applied (Rudolph and Osswald, 2014). The
formula is given as follows

= _ (2.13)
where is the shear viscosity and is a constant and gamma dot is the shear rate
and can be expressed as

= v=h (214)

wherev is the velocity of deformation andh is the gap height as seen in Figure 2.10

The viscosity curve of a material describes its behaviour when is submitted to an
increment on shear rate. A shear thickening uid increases its viscosity with the
increment of shear rate, whereas a shear-thinning uid gradually decreases with
increasing shear rate (Markgraf, 2011). Figure 2.9. shows the type of uid depending
of their viscosity ow.
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Figure 2.9: Viscosity curve of di erent materials uid

Viscosity, , from Equation 2.13, is usually referred as dynamic viscosity, a parameter
under external forces. Whereas under no external forces, is assumed gravity is the
only pressure acting on the material, this parameter is called kinematic viscosity,
This is the ratio between the dynamic viscosity and the material density

= = (2.15)

Hooke's law describes the ideal elastic behaviour. Robert Hooke made his research
testing deformation of beams and springs, concluding that this deformation is pro-
portional to the acting force (Markgraf et al., 2006). Similarly to the liquid case in
Newton's law of ideal liquids, for this case of ideal elastic materials the constant of
proportionality is called Young's modulus

= E" (2.16)

where is the stress applied to the material and is the elastic strain (%) or (1).
Leaving Young's modulus as

E= =" (2.17)

Alternatively, a shear modulusG can be de ned based with this formula

G= = (2.18)

whereG is the shear modulus, is the shear stress and is the shear deformation,
which is also expressed as

= s=h (219)

and
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s=h= tan(') (2.20)

where s is the de ection, and h is the distance between surfaces dnds the de ec-
tion angle.

As soft soils content water, this can categorise it as a viscoelastic material, meaning
that both states of liquid viscosity and solid elasticity are present in the material
against shearing. Two types of modulii can also be present under this e ect: The
storage modulusG' associated with the elastic component anG represents the
elastic behaviour.

Figure 2.10: Deformation of material under shear stress. Source: Birdi and S
(2002)

Proportionality of the elastic behaviour and the viscous will dictate the behaviour of
the material: whenG' < G the viscous prevails making the substance turning like
a uid, whereas whenG' > G the elastic one dominates in the material structure.

tan( ) = G'¢G° (2.21)

When tan equals zero ideally plastic behaviour is assumed, meaning that G =
0 hence, no viscous e ect. When tan equals 90 degrees G'= 0, thus no elastic
portion.
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Figure 2.11: Visualisation of G' and G. Source: Alas and Ali (2019)

Markgraf (2006; 2011) uses amplitude tests with a parallel-plate measuring rheome-
ter to give information regarding parameters showed in Figure 2.11, by doing this
is common to observe the behaviour betwee®d' and G and their transition. She
also notes that this test can give some useful information, as the yield point, linear
viscoelastic (LVE) deformation range, deformation limit and yield point.

Figure 2.12: Sweep Amplitude Results. Source: Markgraf (2011)
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Phase I, characterised by a plateau value and is de ned by a quasi elastic behaviour,
an ideal elastic material is expected to behave like this. LVE range in also localised in
this phase. Phase Il, a value of strain id called deformation limit, after this limit soil
particles are reorienting and micro structure is given but gradually decreasing. When
it is closer to the yeild point a stage of pre-yielding is identi ed, this stage when
tan =1 indicates a complete loss of sti ness and rigidity of the mircro structure.
When G' = G , also know as the yield point, a complete loss of sti ness and rigidity
of micro structure is assumed after reaching this point and the regime if completely
viscous. In this phase substance is creeping. (Markgraf, 2011).
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Materials and method

Rheological properties measured selected were viscosity and storage/loss modulii,
gauged via viscosity ow test and amplitude sweep tests respectively. These tests
were perfromed with a rheometer manufactured by the company Anton Paar and
model MCR-302. Sample material consisted of two types: suspension and reconsti-
tuted. Suspension material was divided into two di erent water content magnitudes:
one at water limit and the second at 1.5 times water limit.

3.1 Materials

3.1.1 Clay mineral

Kaolin was the mineral clay used to perform the tests in this paper. Kaolin used
was provided by the company Acros Organics N.V. with speci ¢ density of 2.6 and
whose chemical formula is FAI,SibOg-H,O and CAS 1322-58-7. Liquid limit,w,
chosen in this work was set to 0.64 (Pedrotti and Tarantino, 2017).

3.1.2 Pore uid

Water used for all the samples fabricated in this work was puri ed via Milli-Q system.
Additionally, pure water was submitted to vacuum, this way ensuring pore uid with

no air content. See Figure 3.1. Samples with ionic strength were elaborated adding
a salt, and for this work, sodium chloride was chosen as the saline agent. Sodium
chloride used was provided by the company Fisher Chemical, with CAS number
7647-14-5. Molecular weight of 54.88 g/mol, a density of 1.199 g/mL at 20 @nd
NaCl as chemical formula.
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Figure 3.1: Distilled water being placed in vacuum.

3.2 Methods

3.2.1 Suspension samples

Material tested in this work began with the preparation of clay with suspension at
di erent water content: a rst equivalent to 100% liquid limit (0.64) and a second
equivalent to 150% liquid limit (1.00). From each of these two slurries two addi-
tional mixtures were produced: one with pure water and a second adding saline
solution. According to Palomino and Santamarina (2005) and Wang and Siu (2006)
a concentration above 0.05 - 0.15 M of NaCl changes the interparticle forces between
kaolinite particles. See Table 2.1 in Chapter 2.5. Therefore, in this work a value of
0.2 M NaCl was selected for the saline solution, this is 11 grams of sodium chloride
per liter of water and higher to the threshold value mentioned. As a reference, 0.2 M
lays below the average value of salinity of sea water, around 0.5 or 30 grams per liter
(Soderblom, 1969). Mixing of this mixture was done in a blender sealed in vacuum,
this was done in order to have a well mixed and homogeneous material with no air
content. See Figures 3.2 and 3.3. Figure 3.5 shows this part under "Mixture".
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Figure 3.2: Sample material being mixed by the vacuum blender

Figure 3.3: Reconstituted material with apparent no air content

3.2.2 Reconstituted samples

Reconstituted material was obtained after a vertical stress in tubes of slurries with
pure water as pore uid at water content equivalent to liquid limit (0.64). A vertical
pressure of 80 kPa was determined for this material. Material was placed in con-
solidation tubes and subsequently compressed. Process of loading followed a double
load method: starting with 1 kg until no deformation of sampled was measured,
followed with 2 kg, 4 kg, 8 kg and so forth until reaching a stress of 80 kPa. Figure
3.4. This stage is shown in Figure 3.5 under "Oedometer".
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Figure 3.4: Reconstituted material loaded in tubes
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Figure 3.5: The general overview of the work method of this thesis

3.2.3 Saline injection in Oedometer

Three cells lled with reconstituted material were set in parallel and compressed at
the same time up to 80 kPa, see Figure 3.6. Each of the three cell had a di erent
treatment: rst one was a control sample and was not altered; a second one was
injected with saline solution at 0.2 M NaCl via back pressure from the bottom of
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