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Vorwort des Herausgebers

Die vorliegende Promotion von Frau Haase ist im Bereich der Grundlagenforschung in der
Bodenmechanik angesiedelt. Sie entstammt aus einem erfolgreich eingeworbenen DFG-
Antrag im Normalverfahren, den Frau Haase mafgeblich selbst entwickelt und geschrieben
hat. Ton und Polymer Komposite haben bereits heute zahlreiche Anwendungen im Spezial-
tiefbau (Suspensionen fiir Schlitzwénde), dem Tunnelbau (Ortsbrustkonditionierung) und
der Umweltgeotechnik (Abwasser- und Schlammbehandlung). Beim Design dieser Kom-
posite lidsst sich jedoch leider feststellen, dass gemachte Erfahrungen bzw. Ergebnisse von
Studien nicht verallgemeinerbar sind bzw. sich nicht, weder quantitativ noch qualitativ,

auf andere Mischungen iibertragen lassen.

An dieser Stelle setzt die Promotion von Frau Haase an: sie beinhaltet eine rational be-
griindete und systematische Studie zu den Materialeigenschaften von Ton-Polymer Kompo-
siten. Untersucht werden nicht einzelne ausgewéhlte natiirliche Materialien oder spezielle
technische Produkte, sondern gezielt Mischungen dreier unterschiedlicher Polymertypen
mit zwel Bentoniten (Na und Ca belegt) und Kaolin. Bei Kenntnis der dominierenden
Tonmineralogie weiterer "natiirlicher Tone" lisst sich mit den Ergebnissen von Frau Haase

so das geeignetste Polymer entsprechend der jeweiligen Anforderung auswéhlen.

Das Materialverhalten von geséttigten und teilgesittigten Tonen (beziiglich der hydrau-
lischen und mechanischen Eigenschaften und der damit einhergehende Zusammenhang mit
der Mikrostruktur) ist wohl verstanden. Es existieren theoretische physikalisch-chemische
Konzepte, die, bei aller notwendigen Idealisierung, die Wirkung der relevanten interpar-
tikuldren Kréfte beriicksichtigen. Die herausragende Leistung von Frau Haase besteht
nun darin, die zusdtzliche Gegenwart von unterschiedlichen Klassen von Polymeren in
derartigen Ton-Wasser-Systemen zu beriicksichtigen. Dazu betrachtet sie ausschlieflich
Pasten der Komposite, mit einem initialen Wassergehalt in der Nihe der Fliefgrenze der
Materialien. Die theoretische Modellbildung geht dabei von der Tatsache aus, dass die
Mikrostruktur iiber die Existenz oder die Abwesenheit der diffusen Doppelschicht mafgeb-



lich beeinflusst wird. Frau Haase entwickelt originire Konzepte, wo, bei der entsprechenden
Mischung, sich das Polymer an den Ton anlagert, bzw. welche Auswirkungen die Prasenz
der unterschiedlichen Polymerklassen auf die diffuse Doppelschicht hat. Basierend auf der
erweiterten DDL-Theorie beschéftigt sich Frau Haase theoretisch mit Kompositen nicht-
ionischer Polymere mit unterschiedlichen Tonen. Mit dem von Frau Haase vorgeschla-
genen theoretischen Modell kénnen die experimentellen Ergebnisse zum Quellen und der
Permeabilitdt sehr gut beschrieben werden. Diese Arbeiten sind nach Kenntnis des Her-
ausgebers international erstmalig auch quantitativ belastbar dargestellt. Das Verstédnd-
nis beider Prozesse ist u.a. fiir verschiedene Anwendungen derartiger Komposite in der
Umweltgeotechnik von entscheidender Bedeutung. Die experimentellen Arbeiten sind sehr
umfangreich und in ihrer Systematik nach Kenntnis des Unterzeichners erstmalig. An
den unterschiedlichen Kompositen bestimmt Frau Haase deren Plastizitat, Adsorptions-
charakteristiken, die Wasserretention, das Quellverhalten und die Permeabilitdt. Beson-
ders eindriicklich ist z.B. der Zusammenhang zwischen Anderung der Permeabilitit und
Anderung der Mikrostruktur, letztere basierend auf ESEM Untersuchungen. Die generellen
Ergebnisse ihrer Arbeit verifiziert Frau Haase an einer umweltgeotechnischen Fragestellung.
Dazu werden die hydraulischen Eigenschaften von reinem bzw. polymermodifiziertem Na-
Bentonit unter Beriicksichtigung unterschiedlicher Herstellungsverfahren der Komposite
untersucht. Die erzielten Ergebnisse zur Permeabilitidt der Komposite gegeniiber Wasser
und Calcium-Chlorid lassen sich auf Grund des von Frau Haase erstellten Konzepts schliis-
sig erklaren. Mit dem von Frau Haase erarbeiteten Konzept ldsst sich fiir Ton-Polymer
Komposite erstmals quantitativ nicht nur die Frage nach dem "Was" sondern vor allem

auch die Frage nach dem "Warum" beantworten.

Die Arbeit von Frau Haase bewegt sich international auf hochstem Niveau der theore-
tischen, analytischen und experimentellen Bodenmechanik. Die von ihr vorgelegten Un-
tersuchungen zum Konstitutivverhalten von Ton-Polymer Kompositen sind in dieser stren-
gen Systematik, dem damit verbundenen Umfang und in dieser Qualitéit einzigartig und
wegweisend. Im Gegensatz zum heute iiblichen "trial-and-error"-Konzept der Polymerbe-
ratung, entwickelt und verifiziert Frau Haase ein rationales und systematisches Konzept zur
Bewertung von Ton-Polymer Kompositen. Die Abbildungen der Mikrostruktur sind aus
meiner personlichen Sicht besonders hervorzuheben und finden friiher oder spéter sicherlich
ihren Weg in die Lehrbiicher.

Bochum, Juli 2017 Tom Schanz
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Abstract

Based on their great success in providing enhanced material properties in fields of polymeric
science, clay-polymer composites have faced considerable attention in fields of geotechni-
cal and geoenvironmental engineering in recent years. Thereby, one of the most promising
focuses is on the stabilization of bentonite hydraulic barrier performance even when perme-
ated with chemically aggressive solutions. To date, several specific composites have been
developed and investigated and were found to deviate significantly in terms of their hydro-
mechanical behaviour. However, detailed analysis of the governing mechanisms and thus,
understanding of clay-polymer composite multiscale behaviour is lacking. The present re-
search aims to overcome this limitation in order to promote the precise development of clay-
polymer composites having beneficial and reliable hydro-mechanical properties. Therefore,
in a first approach composites were prepared by varying clay and polymer constitutive
characteristics systematically, i.e., the clay mineralogy, the polymer charge as well as the
polymer-to-clay ratio. Experimental micro- and macro-scale analyses including the deter-
mination of adsorption characteristics, the microscopic investigation of composite fabric
as well as the determination of composite plasticity, volumetric behaviour, hydraulic per-
meability and water retention were conducted. The multiscale coupling phenomena were
analyzed theoretically by (i) the development of new sets of equations based on diffuse
double-layer theory accounting for composite volumetric behaviour and (ii) the adoption
of cluster model accounting for composite hydraulic permeability. Experimental and theo-
retical findings were interpreted in order to identify general relationships between clay and
polymer constitutive characteristics as well as composite micro- and macro-scale (coupling)
behaviour. In a second approach, the hydraulic barrier performance of bentonite-polymer
composites was addressed. Hydro-mechanical tests were performed by taking into account
the practical demands in terms of composite preparation as well as the initial loading and
chemical boundary conditions. Finally, conclusions were drawn regarding the governing

mechanisms in polymer based bentonite barrier enhancement.
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Zusammenfassung

Aufgrund ihrer sehr vorteilhaften Materialeigenschaften sind Ton-Polymer Komposite in-
nerhalb der Polymerwissenschaften weit verbreitet. Auch auf dem Gebiet der (Umwelt-)-
Geotechnik ist das Interesse an diesen Kompositen in der Vergangenheit deutlich gewach-
sen, wobei die Stabilisierung von Bentonit-Barrieren unter chemischer Beanspruchung einen
grofsen Stellenwert einnimmt. Die bislang entwickelten Komposite weisen allerdings sehr
unterschiedliche hydro-mechanische Eigenschaften auf und ein fundiertes Verstindnis iiber
die mafkgebenden Mechanismen ist nicht vorhanden. Ziel der vorliegenden Arbeit ist es da-
her, diese Einschrankung zu iiberwinden und die Entwicklung von Ton-Polymer Kompos-
iten mit vorteilhaften und zuverlidssigen hydro-mechanischen Eigenschaften voranzubrin-
gen. Dazu wurden in einem ersten Ansatz Komposite hergestellt, deren Komponenten
Ton und Polymer in ihren konstitutiven Eigenschaften systematisch variieren. Dies betrifft
die Ton-Mineralogie, die Polymer-Ladung sowie das Mischungsverhiltnis von Ton und
Polymer. Die Komposite wurden experimentell untersucht, wobei die Bestimmung des Ad-
sorptionsverhaltens und der Struktur auf mikroskopischer Ebene sowie der Plastizitét, des
volumetrischen Verhaltens, der hydraulischen Durchlassigkeit und des Wasserriickhaltever-
mogens auf der makroskopischen Ebene durchgefiihrt wurden. Die Ergebnisse wurden auf
Grundlage theoretischer Ansidtze zum mehrskaligen Materialverhalten analysiert, indem
(i) die ’diffuse double-layer theory’” weiterentwickelt sowie (ii) der ’cluster model’ Ansatz
verwendet wurde. Die experimentellen und theoretischen Ergebnisse wurden schliefslich
mit dem Fokus interpretiert, allgemeingiiltige Zusammenhénge zwischen den konstitutiven
Eigenschaften der Komponenten sowie den mikro- und makroskopischen Eigenschaften
der Komposite abzuleiten. In einem zweiten Ansatz wurde die hydraulische Barriere-
Wirkung von Bentonit-Polymer Kompositen unter Beriicksichtigung der praxisrelevan-
ten Anforderungen hinsichtlich der Komposit-Herstellung sowie der Initial- und Randbe-
dingungen untersucht. Die Ergebnisse wurden schlieflich hinsichtlich der mafgebenden

Mechanismen bei der polymerbasierten Modifikation von Bentonit-Barrieren analysiert.
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1 Introduction

1.1 Motivation

In recent years, clay-polymer composites have faced considerable attention in fields of
geotechnical engineering. With respect to various applications, e.g., landfill lining, tun-
nelling and expansive soil stabilization, their beneficial hydro-mechanical properties com-
pared to pure clays have been demonstrated, i.e., stabilization of bentonite barrier per-
formance even when permeated with chemically aggressive solutions (Scalia et al. 2014),
reduction of adhesion on steel surfaces and improvement of shear strength of clay pastes
(Zumsteg et al. 2013b) and reduction of montmorillonite swelling for expansive soil sta-
bilization (Inyang et al. 2007). On the other hand, also limitations with respect to the
target composite properties have been observed, e.g., by Ashmawy et al. (2002), Razaka-
manantsoa et al. (2012) and Zumsteg et al. (2013a). Since the studies conducted show
great variabilities in composite composition, especially concerning the type and amount
of polymer, as well as in composite preparation condition general relationships between
composite constitutive properties and its macro-scale engineering behaviour have not yet
been deduced. For this reason, the benefits of their high potential performance are strongly

limited to single specific compositions and applications that have been developed to date.

In geotechnical engineering, the macro-scale hydro-mechanical behaviour of soils is of pri-
mary interest in research and practice. However, it is established since decades that the
macro-scale properties can be related to the soils micro-scale characteristics, i.e., the micro-
structure, which is in turn determined by small scale interparticle forces as well as the
external loading conditions. Since interparticle forces play a major role in the formation
of clay micro-structure, multiscale analysis on the hydro-mechanical behaviour of clays,
e.g., the hydraulic permeability (Olsen 1962) and the swelling behaviour (Sridharan &

Jayadeva 1982), is well established in literature. Thus, based on clay constitutive prop-
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erties, i.e., mineralogy, environmental conditions as well as initial preparation and hy-
draulic/mechanical boundary conditions, the engineering behaviour of clays can be esti-
mated by theoretical approaches. However, the findings on clay multiscale coupling have
not yet been transferred to the understanding of composite hydro-mechanical behaviour, al-
though clay-polymer composites have been comprehensively studied with respect to their
formation and micro-scale characteristics. Thereby, their physico-chemical and micro-
structural features have primarily been investigated in the fields of material and colloid
chemical sciences and several general relationships and sensitivities regarding clay and
polymer constitutive properties as well as the environmental conditions have been exposed
in literature, e.g., by Deng et al. (2006), Heller & Keren (2003) and Greenland (1963).

1.2 Objectives

The present research aims to overcome the above termed limitations with respect to the
targeted and reliable preparation and application of clay-polymer composites in fields of
geotechnical engineering. It is aimed to derive fundamental understanding on the effect of
polymer adsorption on clay mineral surfaces by focusing composite properties on various
scales. Composite characterization is based on the state of the art clay research and in-
volves the adsorption characteristics as well as the micro-structural and hydro-mechanical
properties. Characterization is conducted on composites differing systematically in their
composition. Therefore, the components clay and polymer as well as their ratio in the com-
posite are categorized by means of their constitutive characteristics, i.e., the electrostatic
properties of the polymer, the predominant clay mineralogy as well as the polymer-to-clay
ratio related to its maximum adsorbing rate. Doing so, it is aimed to bridge the gap in
scientific literature of relating general compositional characteristics to the resulting prop-
erties of the composite material on various scales. In addition to the phenomenological
multiscale characterization of clay-polymer composites it is aimed to attribute micro- and
macro-scale observations to their origin with respect to the physico-chemical polymer lay-
ered clay mineral surface characteristics as well as the resulting micro-fabric. Therefore,
classical theoretical approaches on the micro- and macro-scale coupling in clays, i.e., diffuse
double-layer (DDL) theory and cluster model, are used and advanced in order to under-
stand clay-polymer composite multiscale behaviour. Further, one of the most promising

fields of application is addressed, i.e., bentonite-polymer composites as hydraulic barrier
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materials in geoenvironmental engineering, in order to account for the inconsistent perfor-
mances observed in literature. Therefore, the relevant findings of clay-polymer composite
multiscale analysis are considered as well as the practical demands with respect to compos-
ite preparation as well as the initial loading and chemical boundary conditions. In detail,

the main objectives of the study are:

e Identification of general relationships between clay and polymer constitutive prop-
erties and clay-polymer composite micro-scale characteristics in terms of complex

formation (adsorption) and composite micro-fabric.

e Identification of general relationships between clay and polymer constitutive prop-
erties and clay-polymer composite macro-scale characteristics in terms of the hydro-

mechanical behaviour.

e Identification of multiscale coupling phenomena accounting for clay-polymer com-

posite engineering performance.

e Development of theoretical approaches to describe clay-polymer composite multiscale

behaviour.

e Identification of the governing mechanisms determining bentonite-polymer composite

hydraulic barrier performance in geoenvironmental practice.

1.3 Layout of the thesis

The thesis is composed of eight chapters. The first chapter (this chapter) introduces
to the topic of clay-polymer composites for application in geotechnical engineering. The
motivation for the research is given by highlighting the deficits in scientific knowledge based

on the existing literature. On this basis, the objectives of the present work are given.

The second chapter covers the state of the art knowledge with respect to the relevant fields
of this study. Therefore, basic clay mineralogical as well as physical polymer character-
istics are given and the governing mechanisms determining complex formation between
clay minerals and polymers are summarized. Further, the fundamentals of clay micro- and
macro-scale properties in terms of the structure and the hydro-mechanical behaviour are

outlined and phenomenological multiscale coupling phenomena are summarized. In addi-
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tion, introduction is given to classical theoretical approaches on clay multiscale behaviour,
i.e., DDL theory accounting for the volumetric behaviour and cluster model accounting
for the hydraulic permeability. Finally, the current status with respect to the hydraulic
barrier performance of bentonite-polymer composites for application in geoenvironmental

engineering is outlined.

In the third chapter the experimental and theoretical concept of this research is introduced.
Subsequently, the main properties of the materials used are given, i.e., the mineralogical
and soil mechanical classification of clays, the physical and chemical characteristics of
polymers as well as the preparation conditions of their respective composites. Further, the
experimental methods for the determination of micro- and macro-scale clay-polymer com-
posite behaviour as well as of bentonite-polymer composite hydraulic barrier performance
are outlined. Finally, the individual procedures and parameter sets used for the theoretical

analysis of clay-polymer composite multiscale behaviour are summarized.

The fourth chapter summarizes the main outcome of micro-scale analysis. This involves
the determination of polymer adsorption characteristics on clay mineral surfaces as well as

the resulting composite micro-structure.

The fifth chapter summarizes the main outcome of macro-scale analysis. This involves soil
mechanical classification tests with respect to clay-polymer composite plastic properties as
well as hydro-mechanical testing with respect to composite volumetric behaviour, hydraulic

permeability and water retention.

In the sixth chapter clay-polymer composite multiscale behaviour in terms of its volumetric
behaviour and hydraulic permeability is analyzed theoretically. Therefore, in the first part
of the chapter new equations expressing the micro- and macro-scale coupling phenomenon
with respect to composite volumetric behaviour are introduced on the basis of DDL the-
ory. Subsequently, theoretical e-log (p) relationships of composites are compared to the
experimental test results presented in chapter five. Further, by use of cluster model clay-
polymer composite hydraulic permeabilities are analyzed theoretically. Thereby, composite
micro-scale properties, i.e., the fabric, derived from theoretical consideration in order to
reproduce its macro-scale behaviour, i.e., the hydraulic permeability, are compared to the

experimental test results presented in chapter four.

The seventh chapter covers the topic of bentonite-polymer composites for geoenvironmen-

tal applications. The experimental test results on composite hydraulic permeability as
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well as classical (index) properties for the estimation of hydraulic barrier performance, i.e.,
the liquid limit and the swelling behaviour, are presented. Test results are analyzed with
respect to (i) the governing mechanisms potentially enhancing bentonite barrier perfor-
mance and (ii) the validity of classical relations between material index properties and the

hydraulic permeability.

In the eighth chapter a summary of the main conclusions drawn from the outcome of the
foregoing chapters, i.e., the experimental and theoretical analysis of clay-polymer composite
hydro-mechanical behaviour, is given. The fundamental findings on composite multiscale
behaviour and an evaluation of the proposed theoretical models is given. Further, potentials
and perspectives with respect to the application of clay-polymer composites in various fields

of geotechnical engineering are addressed.






2 State of the art

2.1 General

In the following chapter, the basics of clay, polymer and clay-polymer composite properties
are presented with respect to the micro- and macro-scale including the phenomenologi-
cal and theoretical multiscale coupling behaviour. Clay mineralogical as well as physical
polymer characteristics are summarized briefly and the governing mechanisms determin-
ing complex formation between clay minerals and polymers are outlined. Further, the
fundamentals with respect to clay fabric as well as clay hydro-mechanical behaviour rel-
evant to this study are presented and phenomenological multiscale coupling phenomena
are discussed. In addition, introduction is given to classical theoretical approaches on clay
multiscale behaviour, i.e., DDL theory accounting for the volumetric behaviour and cluster
model accounting for the hydraulic permeability. Finally, the current status with respect
to the hydraulic barrier performance of bentonite-polymer composites for application in

geoenvironmental engineering is outlined.

2.2 Formation and structure of clay-polymer
composites

2.2.1 Clays

2.2.1.1 Basics of clay mineralogy

The clay mineralogical structure is built up by the two basic units, tetrahedron and oc-

tahedron, each consisting of a cation, which is coordinated to four and six oxygen atoms,
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respectively (Figure 2.1a] & [2.2a)). Typical cations that can be found in the basic units of
clay minerals are Si*T, AI’* and Fe®" in the tetrahedra as well as AT, Fe?™, Fe*" and
Mg** in the octahedra (Bergaya & Lagaly 2013). Therefore, the terms ’silicon-tetrahedra’

as well as ’aluminum-octahedra’ are widely used. With these basic units, sheets of either

tetrahedra or octahedra are formed by sharing oxygen atoms between units. As a result,

corner-connected tetrahedral sheets as well as edge-connected octahedral sheets are formed

with large lateral dimension (Figure 2.1b{ & [2.2b]). In tetrahedral sheets, one sheet side is

built up of the tetrahedral bases connected to each other, whereas the other sheet side is
built up of tetrahedral tops. Octahedral sheets, on the other hand, have identical sheet
sides. Tetrahedral and octahedral sheets are additionally connected with each other to
form 2-sheet and 3-sheet layers by sharing non-saturated oxygen atoms of tetrahedral tops
and octahedra, respectively. 2-sheet layers are built up by one octahedral as well as one

tetrahedral sheet (1:1 layers), whereas 3-sheet layers are built up by one octahedral sheet

sandwiched between two opposed tetrahedral sheets (2:1 layers). In [Figure 2.3a] & [2.3b]

sheet associations including oxygen sharing as well as locations of remaining non-saturated

oxygens forming hydroxyls are shown schematically for both, 1:1 and 2:1 layers.

1:1 and 2:1 layer silicates are electrically neutral for different cation occupancies, e.g., Si**
in each tetrahedron, AI*" in two of three octahedra (di-octahedral sheet) as well as M g*"
in each octahedron (tri-octahedral sheet). Generally, cation occupancy differs from these
conditions due to either isomorphous substitution by lower charged cations or vacancies of
cations in basic units. This results in a net-negative layer charge expressed by the negative
charge per unit formula. The layer charge of 1:1 layer silicates is generally close to zero,
whereas the layer charge of 2:1 layer silicates ranges from approximately zero to 2. The
negative layer charges are compensated by mainly inorganic cations, which are located close
to the layer surface and are generally exchangeable by other cationic species. Thereby, due
to the increased electrostatic attraction multivalent and small sized cations are preferred

following the sequence (Eggloffstein 2000):
APt > Ca*" > Mg*™ > K™ > Na™

In case of so called 1:2:(1) layer silicates, the net-negative charge is compensated by a
positively charged octahedral sheet. In consequence of these imperfections in the clay

mineral lattice, the general unit formulae of 1:1 and 2:1 layer silicates can be written as



2.2 Formation and structure of clay-polymer composites

O Oxygen Tetrahedral cation

~

Figure 2.1: General sketch of clay mineralogy: front view and top view of tetrahedron (a); top
view of tetrahedral sheet (b).
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Figure 2.2: General sketch of clay mineralogy: front view and top view of octahedron (a); top
view octahedral sheet (b).
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Figure 2.3: General sketch of clay mineralogy: top view and cross section of 1:1 layer (a); top
view and cross section of 2:1 layer (b).
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follows:

Siy Al,Os(OH
Si2M9305 (OH

4 (di-octahedral 1:1 layer)

)
)
(Sz'4_xMei+)(Alz_yMe§+)Olo(OH)2, (r+y)M™* (di-octahedral 2:1 layer)

(

4 (tri-octahedral 1:1 layer)
) (
(SZ-4,IM€?C+)(MggfyMt?;)Olo(OH)g, (ZU —i—y)M* (

tri-octahedral 2:1 layer)

where x and y are the numbers of substituted silicium, aluminum and magnesium ions in
the tetrahedra and octahedra, respectively, Me is a variable metal ion and M refers to the
exchangeable cations. The cation exchange capacity, CEC (meq/g), represents one of the

main clay mineralogical characteristics.

In addition to permanent negative charges due to isomorphous substitution and vacancies
in the clay mineral lattice, also variable charges, which are controlled by environmental
pH conditions, contribute to the total layer charge. The variable charges are originated by
protonation and deprotonation of hydroxyls located at the broken bonds of mineral layer
edges as well as at the octahedral basal surfaces of 1:1 layer silicates (Ma & Eggleton 1999)

following the reactions:

Si/Al — OH + OH™ — Si/Al — O~ + H,0
Si/Al — OH + H* —s Si/Al — OHy

Therefore, hydroxylic clay mineral surfaces carry positive charges in acidic environment
and negative charges in alkaline environment. The point of zero edge charges can be
found at slightly acidic conditions, i.e., at values around pH 5 (Bergaya & Lagaly 2013).
Exchangeable cations and also anions are therefore also located at the edges of mineral

layers.

Silicate layers tend to arrange parallel to each other, which is mainly induced by attrac-
tive van der Waals forces acting numerously between layers as well as ion-ion attraction
between layers and cations. In 1:1 layer silicates, parallel layer arrangement is additionally
strengthen by hydrogen bonding between octahedral hydroxyls and tetrahedral oxygens
leading to a fixed interlayer distance, i.e., the thickness of one layer plus one interlayer

space, of 0.7 nm. 2:1 layer silicates, on the other hand, are characterized by various in-

12
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terlayer distances depending on the type and thus, size of exchangeable cations, i.e., from
0.9 nm in case of non-charged 2:1 layer silicates to 1.4 nm in case of 1:2:(1) layer silicates.
Since parallel layer stacking is limited by a finite amount of layers, clays are characterized
by having ’inner’, i.e., interlayer, and ’outer surfaces’. Generally, the amount and thus,
area of inner surfaces is in a distinctly higher order of magnitude compared to the outer
surfaces. The resulting unit, which is composed of several parallelly stacked clay mineral

layers, is considered as a clay particle (Bergaya & Lagaly 2013).

2.2.1.2 Clay mineral-water interaction

Silicate layers interact with water by two general mechanisms, (i) electrostatic attraction
and (ii) osmosis. The intensity of both mechanisms strongly depends on the mineralogical
characteristics of layers as well as on the environmental conditions of the clay-water system
and may overcome the attractive van der Waals forces between parallelly ordered mineral
layers. Generally, in 1:1 and 2:1:(1) layer silicates interlayer bonding mechanisms are too
strong to be overcome by the interaction of clay mineral surfaces with water, whereas in
case of 2:1 layer silicates clay mineral-water interaction is capable to dominate interlayer
attraction. In consequence, interlayer distances of 2:1 layer silicates may increase stepwise
from 10 A to 20 A as well as towards total clay mineral layer separation due to water

adsorption in the interlayer space.

According to Mitchell & Soga (2005), electrostatic interaction is based on ion-dipole and
dipole-dipole attraction acting between the clay mineral surface, water molecules and ex-
changeable cations, respectively. The term "hydration’ of clay minerals is often used when
referring to this type of interaction. Thereby, water-molecule dipoles form hydration shells
around cations by ion-dipole attraction. Interaction strongly depends on the size and va-
lence of cations and can be expressed by the cation specific hydration energy. In general, the
hydration energy and thus, the amount of water molecules in the hydration shell increases
with decreasing size and increasing valence of cations (Xiang & Czurda 1995). In addi-
tion to ion-dipole attraction, dipole-dipole interaction between water-molecules located in
different layers of the hydration shell strengthen its structure by forming hydrogen-bonds.
Taking into account the pH dependent variable charges in clay mineral layers, ion hydration,
i.e., either cation or anion hydration, also occurs at the layer edges. Another type of dipole-

dipole attraction occurs between water-molecules and the clay mineral surface. Thereby,

13



2 State of the art

the water-molecule dipole interacts with either octahedral hydroxyls or tetrahedral oxy-
gens, which carry positive and negative partial charges, respectively. Tetrahedral oxygens
are relatively weak electron donors (Bergaya & Lagaly 2013), whereas octahedral hydrox-
yls strongly interact with the water-molecule dipole. On the other hand, with increasing
amount of isomorphous substitution in the tetrahedral sheet, tetrahedral oxygens increase
their electron-donating capacity, for which reason dipole-dipole interaction between water-
molecules and clay mineral surfaces is important for both, 1:1 and 2:1 layer silicates. As
a result of electrostatically induced clay mineral-water interaction, water-molecule dipoles
in the interacting water layers are oriented with respect to the clay mineral surface and
exchangeable cations as it is illustrated in - 2.6] for basal surfaces of 1:1 and 2:1

clay mineral layers.

It is obvious, that hydration of 1:1 layer silicates occurs exclusively at their outer surfaces
since hydrogen bonding between layers is strong and prevents inner surface, i.e., interlayer,
hydration (Figure 2.4). 2:1 layer silicates, on the other hand, may also hydrate in the
interlayer space ([Figure 2.6), provided that hydration forces overcome van der Waals and
ion-ion attraction between layers. This condition is fulfilled in case of (i) moderate layer
charges as well as (ii) small and multivalent exchangeable cations. Generally, hydrogen-
atoms, i.e., the positive part of water-molecule dipoles, are oriented towards tetrahedral
basal surfaces of clay mineral layers, whereas oxygen atoms, i.e., the negative part of water-
molecule dipoles, are oriented towards octahedral basal surfaces, which are only present
in 1:1 layer silicates. Additionally, with respect to ion hydration, water-molecule oxygens
tend to orient towards cations. Since isomorphous substitution in 1:1 layer silicates mainly
occurs in the tetrahedral sheets and 2:1 layer silicate surfaces are exclusively built up by
tetrahedral sheets, water-molecule orientation with respect to the clay mineral surface and
exchangeable cations is consistent and also corresponds to the theory proposed by Mitchell

& Soga (2005) considering clay mineral layers as negative condenser plates.

In case of the second mechanism, i.e., osmosis, the driving force for water adsorption in the
near-field of clay mineral surfaces is given by concentration gradients arising from the high
amount of exchangeable ions. Thereby, two opposing mechanisms, i.e., electrostatic attrac-
tion tending to keep them near to the negatively charged clay mineral surface and diffusion
tending to repel them in order to reach equilibrated ion concentrations, act simultaneously
(van Olphen 1963). As a result of the two mechanisms a characteristic distribution of ion

concentration, which decreases with increasing distance to the clay mineral surface, ad-
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Figure 2.4: General sketch of 1:1 clay mineral layer hydration.

justs. Consequently, the clay mineral surface acts as a semipermeable membrane located
at a certain distance, where exchangeable ions are not able to pass through since attrac-
tion dominates repulsion in this region. The combined effect of electrostatic and diffusive
driving forces therefore induces osmotic conditions, under which the movement of water is
permitted, whereas the movement of ions is prevented between two regions having different
concentrations, i.e., the near-field of clay mineral surfaces and bulk solution. Generally,
osmotic driving forces increase with (i) increasing concentration gradient, i.e., increasing
diffusive repulsion, as well as (ii) increasing size of hydrated ions and (iii) decreasing va-
lence of ions, i.e., decreasing electrostatic attraction. The resulting distribution of ions and
water adsorbed to the clay mineral surface due to osmosis is illustrated in [Figure 2.7 In
this region, ions and water exist in a diffuse manner, i.e., individually, they have no fixed
position, whereas ion concentration distribution with respect to the distance to the clay
mineral surface is constant and characteristic for the clay mineral-water system. In this
state, the negatively charged clay mineral surface in combination with adsorbed cations
and water is termed the diffuse double-layer’ (Mitchell & Soga 2005).

Water adsorption due to osmosis requires a continuous liquid water phase between the
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Figure 2.5: General sketch of 2:1 clay mineral layer hydration: non-charged clay mineral layers
(left); highly charged clay mineral layers (right).

highly concentrated near-field of clay mineral surfaces and low concentrated bulk solution.
Clay hydration, on the other hand, occurs from the dry state when coming into contact
with the liquid as well as vapour water phase, even at low water vapour pressures. For
this reason, electrostatic and osmotic driving forces dominate water adsorption on clay
mineral surfaces successively, i.e., clay mineral surface hydration precedes osmotic water

adsorption.

Since the inner surface area of clay minerals significantly exceeds their outer surface area,
hydration and osmotic water adsorption in the interlayer space significantly contributes
to total water adsorption. Clay mineralogies allowing for interlayer water adsorption have
therefore attained great attention when studying clay mineral-water interaction processes.
The interlayer distances expand from 10 A to 20 A due to hydration as well as to total layer
separation due to osmotic water adsorption (e.g., Norrish 1954, Norrish & Quirk 1954).

Consequently, the macroscopic clay volume increases significantly, for which reason the
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(right) exchangeable cations of moderately charged clay mineral layers.

term ’‘clay swelling’ is used in the engineering context. Thereby, it can be distinguished
between ’innercrystalline swelling’ and "osmotic swelling’ referring to water adsorption due

to hydration and osmosis, respectively (Madsen & Miiller-Vonmoos 1989).

2.2.1.3 Structure in clays - terms, definitions and formation conditions

The structure in soils is characterized by the geometrical arrangement of soil particles,
i.e., the fabric, and the bonding mechanisms between them (Mitchell & Soga 2005). Since
in clays, soil particle geometry is strongly anisotropic, i.e., they have a platy shape, and
surface forces are capable to overcome the influence of gravity, their variations in fabric are

quite complex compared to silt or sand particle dominated soils. Generally, the terms ’ag-
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gregated’ and 'dispersed’ are used when referring to face-to-face (F-F) particle associations,
whereas the terms "flocculated’ and 'deflocculated’ are used when referring to edge-to-face
(E-I) and edge-to-edge (E-E) particle arrangement (van Olphen 1963). Thereby, particle
faces correspond to surfaces, which are built up by layer bases and particle edges corre-
spond to surfaces, which are built up layer edges. Since in case of interlayer swelling clay
mineralogies, particles may consist of a very little amount of clay mineral layers or even
single layers aggregated and dispersed as well as flocculated and deflocculated clay fabrics

my also be observed between single layers. Various combinations of preferential particle
arrangements are schematically illustrated in [Figure 2.8|

Clay fabric, i.e., the arrangement of clay particles, mandatorily includes the voids between
clay particles, for which reason additional differentiations regarding the clay fabric have
to be considered. Generally, voids can be distinguished by their size, which is defined in
(Rouquerol et al. 1994), leading to the terms 'micro-’, 'meso-" and 'macropores’. On the
other hand, they can be qualitatively distinguished by their relative position between clay
particles. According to Nagaraj & Miura (2001), voids between particles, which are asso-
ciated with each other, are termed ’intra-aggregate pores’. By this definition, aggregates
are defined as being a group of several clay particles forming separate units. Thereby, the
special type of clay particle association within units according to [Figure 2.§] i.e., aggrega-
tion, E-E and E-F flocculation, respectively, is neglected when using the term ’aggregate’.
In addition, ’'inter-aggregate pores’ exist, which include the larger pores between units.
In consequence of this differentiation, the pore size distribution (PSD) in clays may be
characterized by having two dominant fractions of pore sizes referring to inter- and intra-
aggregate pores, respectively, i.e., they have a bimodal PSD. Dispersed and deflocculated
fabrics, on the other hand, are characterized by having only one dominant fraction of
pore sizes since no clay particle units exist, i.e., they have an unimodal PSD.
schematically illustrates the fabric differentiations considering inter- and intra-aggregate

pores.

The clay fabric develops as a result of various factors, which can be distinguished by having
their origin in (i) interparticle forces and (ii) external loading. The former was compre-
hensively discussed by Santamarina et al. (2002), where the concept of preferred minimal
energy configuration of clay particles was introduced. At zero external loading conditions,
clay fabric was suggested to be directly related to environmental pH and ionic concentration

since they control interparticle attractive and repulsive forces. Thereby, environmental pH
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Figure 2.8: Definition of clay fabric according to van Olphen (1963).

controls edge surface charges of clay particles and thus, electrostatic particle attraction and
repulsion between edges and base surfaces, whereas ion concentration controls the thick-
ness of the diffuse double-layer and thus, electrostatic repulsion between base surfaces by
double-layer overlapping. Dispersed and deflocculated clay fabrics follow from dominating
repulsion, i.e., from low ionic concentrations, by which double-layer repulsion is increased,
as well as from alkaline pH conditions, by which electrostatic repulsion between negatively
charged clay particle bases and equally charged clay particle edges is induced. E-F floccu-
lation, on the other hand, simply requires positive edge charges, i.e., acidic pH conditions,
by maintaining low ionic concentrations to prevent F-F aggregation. By increasing ionic
concentrations and thus, decreasing the thickness of the diffuse double-layer, interparticle
base surface repulsion decreases just as well, until attractive van der Waals forces prevail at
small distances and finally cause F-F aggregation. E-E flocculation is proposed to occur as
an intermediate state at moderate ionic concentrations and alkaline pH conditions with van
der Waals attraction already dominating E-E surface interaction, but not yet overcoming

F-F surface double-layer repulsion.
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Figure 2.9: Definition of voids related to clay fabric according to Nagaraj & Miura (2001).

Interparticle forces dominate the formation of clay particle fabric in several naturally oc-
curring systems, e.g., in soil deposits formed by sedimentation, whereas with respect to
geotechnical systems, forces originated by external loading conditions have to be addition-
ally taken into account and may dominate the clay fabric. Generally, it can be distinguished
between mechanical and suction loading conditions since they were found to dominate clay
fabric on different scales. It was stated by several researchers that suction loading affects
intra-aggregate pores straightforward, whereas it affects inter-aggregate pores indirectly
(e.g., Thom et al. 2007, Romero 2013). Mechanical loading, on the other hand, affects clay
fabric dominantly with respect to inter-aggregate pores (e.g., Delage & Lefebvre 1984, Bur-
ton et al. 2014). However, special boundary conditions, which are discussed in the following,

also allow for changes in intra-aggregate pores.

With respect to suction loading, intra-aggregate pores tend to increase with decreasing
suction, whereas they tend to decrease with increasing suction, which is caused by water
adsorption and desorption processes on associated clay particle surfaces promoting clay
particle separation and approaching, respectively. This behaviour was found to be almost
completely reversible (Romero et al. 2011), which accounts for the conclusion that prefer-
ential F-F, E-F and E-E associations remain unaffected by drying and wetting cycles. In
consequence of water adsorption and desorption processes, units expand and shrink, which
indirectly affects inter-aggregate pores, i.e., they decrease when units expand and thus,
when suction decreases, whereas they shrink as well when units shrink and thus, when
suction increases. The decrease in indirectly affected inter-aggregate pores caused by de-

creasing suction is therefore irreversible. Since the clay fabric at low suctions is dominated
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by interparticle forces according to Santamarina et al. (2002), the expansion and shrink-
age behaviour of units due to suction loading and unloading is different for varying clay
mineralogies, pH conditions and ion concentrations. Additionally, when relating expan-
sion behaviour to the space of inter-aggregate pores to be filled, the resulting distribution
of inter- and intra-aggregate pores due to suction loading and unloading may be differ-
ent. When units expand completely into inter-aggregate pores, clay PSDs change from
bimodal to completely unimodal states with decreasing suctions, whereas with increasing
suctions unimodal PSDs are preserved by clay shrinking (e.g., Romero et al. 2011, Burton
et al. 2014). On the other hand, when unit expansion is reduced, an appreciable fraction of
remaining inter-aggregate pores and thus, bimodal PSDs, can be observed at both states,

after decreasing as well as subsequent increasing suction (Thom et al. 2007).

With respect to mechanical loading, main effects were found on inter-aggregate pores
by decreasing them irreversibly with increasing loading. In doing so, the largest avail-
able pores become reduced since they have the lowest resistance against deformation.
Intra-aggregate pores, on the other hand, remain approximately unchanged (Delage &
Lefebvre 1984, Romero 2013). It was shown by Thom et al. (2007) that this phenomenon
can be best observed under isotropic loading conditions since particle rearrangement within
units is limited. Under anisotropic oedometric conditions, on the other hand, also re-
ductions in intra-aggregate pores have been detected and can be attributed to partial
restructuring of clay fabrics within units. Since flocculated clay fabrics have generally
looser densities compared to aggregated clay fabrics, observations on restructuring due to
mechanical loading refer to clay fabrics within units, which are initially flocculated. In
addition, direct effects of mechanical loading on intra-aggregate pores can also be observed
in case of preferentially F-F associated clay particles, whose interparticle distances are sub-
jected to great variabilities and are controlled by double-layer repulsion at zero external
loading conditions, i.e., in case of osmotically interlayer swelling clay mineralogies (Gens &
Alonso 1992). Thereby, deformations due to external mechanical loading are controlled by
reduction and expansion of interparticle/-layer basal distances, i.e., intra-aggregate pores,
corresponding to the equilibrium of double-layer repulsion and external mechanical load-
ing (Sridharan 2002). Generally, these changes are supposed to be completely reversible
(Bolt 1956). Provided that complete dispersion and deflocculation corresponds to the
preferential clay fabric under zero external loading conditions, actually no units and thus,
differentiations between inter- and intra-aggregate pores exist. In such cases, deformations

due to mechanical (un)loading are exclusively related to interparticle/-layer distances.
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2.2.2 Polymers

Polymers are macro-molecules composed of numerous repeating units, i.e., monomers,
forming chains. Due to their (potentially) synthetic nature, the variety of polymers is
enormous. For this reason, polymer characteristics addressed in the present study are lim-
ited to the constitutive properties governing the interaction with clay mineral surfaces, i.e.,
the electrostatic characteristics. Thereby, cationic, anionic, non-ionic and polar as well as
non-ionic and non-polar polymers can be distinguished. The polarity varies in dependence
on the individual electric dipole moment of the monomers, whereas the cationicity and
anionicity vary in dependence on the ratio of charged monomers within the polymer chain.
Since the interaction of non-ionic and non-polar polymers with both, clay mineral surfaces
as well as water molecules, is significantly reduced as compared to polar and/or ionic poly-
mers this type of polymer is not considered in the following of this study. In general, one
main feature of polymers refers to their flexibility, which is in contrast to the rigid nature

of clay mineral layers (Theng 2012).

2.2.3 Interaction of clay minerals and polymers in aqueous solution

2.2.3.1 Driving forces of polymer adsorption and bonding mechanisms between

clay mineral surfaces and polymers

Clay minerals and polymers were found to have high affinity to form strongly connected
composites. This behaviour is promoted by two governing mechanisms, i.e., electrostatic
attraction and entropy gain (Theng 2012). The first mechanism arises from the electrostatic
surface characteristics of clay minerals, i.e., the layer charge of basal surfaces and edges
and the polar characteristics of oxygen- and hydroxyl-terminations, as well as of polymers,
i.e., the monomer charges and polar characteristics of various terminations. The second
mechanism arises from the desorption of numerous water molecules, which are replaced by

the adsorption of only one polymer chain (Theng 1982).

The electrostatic interaction mechanisms between non-ionic polymers and 2:1 clay mineral
layer surfaces were found by Deng et al. (2006) to be dominated by ion-dipole attraction
between exchangeable ions of the clay mineral and polar parts of the polymer chain as well

as dipole-dipole attraction between water-molecules of the hydrated clay mineral and polar
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parts of the polymer chain. In the case of 1:1 layer silicates, also the octahedral hydrogens
were found to form hydrogen-bonds with polymers by dipole-dipole attraction (Mpofu
et al. 2003). Other mechanisms have been suggested, e.g., by Laird (1997) and Stutzmann
& Siffert (1977), referring to hydrophobic bonding, e.g., between the polymer backbone
and the tetrahedral oxygens of clay mineral surfaces, as well as to protonation of polymers
in the near-field of clay mineral surfaces, by which they become positively charged and are
attracted to the negatively charged basal clay mineral surface. However, since the bonding
strength of adsorbed water molecules on the clay mineral surface by ion-dipole and dipole-
dipole attraction is very high, their replacement by non-ionic polymer adsorption results in
a very small or even positive value of enthalpy change. The second governing mechanism
in clay-polymer composite formation, i.e., entropy gain, is therefore considered to be the
major driving force in case of non-ionic polymer adsorption (Theng 1982). Quantitatively,
this was shown, e.g., by Parfitt & Greenland (1970), calculating the changes in enthalpy and
entropy due to polymer adsorption of various molecular weights on the basis of measured

values of adsorbed polymer volumes and desorbed water molecule volumes, respectively.

In case of charged polymers, their interaction with the clay mineral surface is dominated
by the type (cationic/anionic) of charge as well as their degree of ionicity, i.e., the ratio
of charged monomers in the polymer chain. Thereby, ion exchange by polymer adsorption
plays a major role since exchangeable ions at the clay mineral surface are replaced by ionic
segments of the polymer chain. Ueda & Harada (1968) proved this kind of mechanism
by demonstrating that clay CEC decreases with increasing amount of adsorbed cationic
polymer. The main bonding mechanisms are therefore Coulombian in nature, i.e., ion-
ion attraction. However, the mechanisms detected in case of non-ionic polymers, i.e.,
ion-dipole and dipole-dipole interaction, were found to be also relevant for ionic polymer
adsorption (Deng et al. 2006), i.e., polar parts of the ionic polymer chain additionally
bond to hydration water and exchangeable ions at the clay mineral surface. In case of
anionic polymers, cation-bridging is additionally proposed to significantly contribute to
clay-polymer composite formation, (e.g., Laird 1997, Giingor & Karaoglan 2001). By this
mechanism, it is implied that due to the adsorption of exchangeable cations for layer charge
equilibration positive charges prevail locally at the clay mineral surface, which gives rise
to local ion-ion attraction between exchangeable cations and anionic polymers. Therefore,
cation-bridging phenomena are relevant in case of multivalent exchangeable cations, when
the local excess in positive surface charge is increased. In case of anion bridging between

adsorbed multivalent anions on the positively charged clay mineral edges and cationic
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polymers, this effect has not yet been proposed to be of significance for the formation

characteristics of clay-polymer composites.

The particular bonding mechanisms dominating non-ionic, cationic and anionic polymer

adsorption on clay minerals surfaces are summarized in |[Figure 2.10[ - [2.12]

2.2.3.2 Polymer shape in solution and in the adsorbed state on clay mineral

surfaces

Depending on their specific charge characteristics, polymers in aqueous solution are char-
acterized by various preferential shapes. Thereby, non-ionic polymers can be described by
randomly coiled chains, whereas ionic polymers have rather stretched geometries (Theng
2012). The latter can be attributed to intra-chain ionic repulsion arising from equally
charged monomers. Its degree depends on the ionicity, i.e., the distance between monomer-
charges, as well as environmental pH and electrolyte concentration, by which monomer
charges become equilibrated due to (de)protonation and counterion adsorption, respec-
tively. When coming into contact with the clay mineral surface, in case of non-ionic poly-
mers the theory of adsorption in terms of trains (polymer segments tightly adsorbed to the
clay mineral surface), loops (polymer segments in solution bounded to trains at both sides)
and tails (polymer segments in solution bounded to trains at one side), which has been
theoretically derived by Scheutjens & Fleer (1990), is widely accepted (Figure 2.10)). This
behaviour is consistent with the theory of preferential polymer shape in solution, i.e., ran-
domly coiled, as well as statistical considerations on segment adsorption in the near-field
of clay mineral surfaces. Thereby, with varying amount of polymer adsorption, the ratio of
train, loop and tail segments varies significantly, i.e., when the amount of adsorbed polymer
is low, train segments are dominant, whereas with increasing amount of adsorption, loops
and tails enlarge and become dominant (e.g., Cohen Stuart 1991). Similar changes in the

ratio of train, loop and tail segments occur when the polymer chain length increases.

In contrast, the shape of ionic polymers in the near-field of clay mineral surfaces is still

dominated by intra-chain repulsion of equally charged monomers, i.e., they have stretched

geometries (Figure 2.11]-[2.12)). In case of cationic polymers, by which exchangeable cations

at the basal clay mineral layer surface are replaced due to adsorption, intra-chain repulsion
results in predominating train segments since the polymer collapses almost completely to

the clay mineral surface. However, some small loops and tails develop when the amount
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Figure 2.10: General sketch of non-ionic polymer adsorption: interlayer swelling 2:1 clay mineral
layers (left); 1:1 clay mineral layers (right).

of adsorbed polymer exceeds total surface coverage (Ueda & Harada 1968). Additionally,
in case of higher charge densities of the polymer chain compared to the clay mineral layer,
cationic polymer adsorption in the adsorbed state is characterized by an appropriate in-
crease in loop and tail segments and the clay mineral surface is electrostatically equilibrated
by train segments only (Breen 1999). Anionic polymers, on the other hand, are charac-
terized by only few adsorption spots on the clay mineral surface since they are generally
repelled from the predominantly negatively charged clay mineral surface (Theng 2012).
Adsorption by anion exchange on positively charged clay mineral edges as well as by mul-
tivalent cation bridging, respectively, causes therefore single train segments with large tails

and no loops. Since due to intra-chain repulsion the polymer chain is still stretched, tails
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Figure 2.11: General sketch of cationic polymer adsorption: interlayer swelling 2:1 clay mineral
layers (left); 1:1 clay mineral layers (right).

significantly extend into the aqueous solution. Similar to ionic polymer behaviour in so-
lution, the shape of adsorbed ionic polymers varies in dependence on the environmental
conditions, i.e., with decreasing (anionic polymers) and increasing (cationic polymers) en-
vironmental pH as well as increasing electrolyte concentration polymer charges become
equilibrated resulting in classical train, loop and tail segment adsorption as proposed for

non-ionic polymers.

2.2.3.3 Adsorption capacity of polymers on clay mineral surfaces

Most of the studies conducted on the topic of clay-polymer composite formation have fo-
cused on the investigation of adsorption isotherms. In doing so, the mass of adsorbed
polymer in equilibrium is determined in dependence on polymer concentration in solu-
tion. For clay-polymer-water systems, the resulting curves were found to approximately
follow the ’Langmuir’-type adsorption (e.g., Schamp & Huylebroeck 1973, Espinasse &
Siffert 1979, Inyang & Bae 2005), which is characterized by a steep increase in adsorbed

mass at low polymer concentrations in solution followed by a sudden reach of a defined
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Figure 2.12: General sketch of anionic polymer adsorption: interlayer swelling 2:1 clay mineral
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plateau value, which equals the maximum adsorption capacity. On the other hand, it is
suggested that at very low polymer concentrations the equilibrium concentration in solution
is practically zero (Cohen Stuart 1991, Theng 2012). Therefore, in this region adsorption
may be characterized by the ’high-affinity’-type, which differs from the 'Langmuir’-type by
having adsorbed polymer masses > 0 even when the equilibrium concentration in solution
is =0. In the types of adsorption isotherms proposed are illustrated.

In literature, many individual adsorption isotherms for various clays, polymers as well
as boundary and environmental conditions have been derived and led to comprehensive

knowledge on several general relationships. As a result, the polymer- as well as the clay

28



2.2 Formation and structure of clay-polymer composites

adsorbed polymer per g clay
adsorbed polymer per g clay

equilibrium polymer concentration equilibrium polymer concentration

(a) (b)

Figure 2.13: Shapes of adsorption isotherms proposed for clay-polymer-water systems:
Langmuir-type (a); high-affinity-type (b).

mineralogy-specific affinity for interaction as discussed in [subsubsection 2.2.3.1] as well

as geometrical factors of the clay-polymer-water system controlling clay mineral surface
accessibility have been found to be of great significance (Theng 2012). With respect to
the former, non-ionic and cationic polymers have generally higher affinity to interact with
the clay mineral surface as compared to anionic polymers. This can be attributed to their
overall attraction to the (mainly) negatively charged clay mineral surface, whereas anionic
polymers are widely repelled, especially from the basal surfaces. The maximum adsorption
capacity of non-ionic and cationic polymers is therefore distinctly higher as compared to
anionic polymers since the amount of adsorption spots is increased. However, the latter
can be increased by acidic pH conditions (Heller & Keren 2003) as well as the presence
of multivalent exchangeable cations (Giingor & Karaoglan 2001), by which the amount of
adsorption spots due to anion exchange and cation bridging, respectively, is increased. Also,
with increasing electrolyte concentration in solution charge neutralization of the anionic
polymer is promoted and thus, its repulsion from the clay mineral surface is reduced giving
rise to the dominance of attractive forces (Heller & Keren 2003). In addition to the charge
characteristics of clay minerals and polymers, entropy gain plays a major role, especially for
non-ionic polymer adsorption. Thereby, the maximum adsorption capacity increases with
increasing polymer molecular weight (e.g., Greenland 1963, Parfitt & Greenland 1970).

However, this property acts oppositional when referring to the second factor determining
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polymer adsorption capacity, i.e., clay mineral surface accessibility. It was shown, e.g.,
by Greenland (1963) and Schamp & Huylebroeck (1973), that an increase in polymer
molecular weight may hinder the polymer to enter the interlayer and interparticle space
due to steric effects. Adsorption therefore, may take place only on the outer surfaces of clay
particles and aggregates, respectively. In consequence, the resulting amount of polymer
adsorption is decreased. Similarly, in case of interlayer swelling clay mineralogies, the
type of exchangeable cation as well as the electrolyte concentration in solution controls
surface accessibility in the interlayer space. Greenland (1963) for instance found that the
maximum amount of adsorbed non-ionic polymer is almost three times higher in case of
exchangeable sodium cations as compared to calcium. Also, an adsorption limiting effect
by about 85% due to increased electrolyte concentrations from 0 to 1.0 mol/l in solution
was demonstrated. Furthermore, with increasing clay concentration in solution from 0.25%
to 4.0% clay mineral surface accessibility and thus, polymer adsorption was restricted by

about 60% due to mutual interaction of clay mineral layers.

2.2.4 Structure of clay-polymer composites

In accordance to the clay structure, clay-polymer composite structure is characterized by
the geometrical arrangement of clay particles, i.e., the fabric, and the bonding mechanisms

between them, which are significantly determined by polymer adsorption on clay particle

surfaces. Characteristics of the latter have been discussed in detail in [subsection 2.2.3| on

which basis the formation of composite fabric will be examined in the following.

Generally, polymer adsorption on clay mineral surfaces in aqueous solutions, i.e, at zero
external loading conditions, affects the initial clay fabric by either promoting aggregation
and flocculation or stabilizing dispersion and deflocculation, respectively. The former effect
implies that polymers bridge between two adjacent clay particles by adsorbing simultane-
ously on both of them, whereas the latter mechanism implies that polymer adsorption
keeps clay particles separated from each others attraction sphere. With respect to particle
aggregation and flocculation, the effect of interparticle bridging by polymers is promoted
by (i) polymer shapes overcoming the equilibrium interparticle distance as well as by (ii)
charge-neutralization of the clay mineral surface due to polymer adsorption reducing in-
terparticle repulsion and thus, the interparticle distance. Both mechanisms are related to

ionic polymer adsorption since they have stretched geometries and are capable to neutral-
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ize electric surface charges. Thereby, Laird (1997) found that anionic polymers mainly
operate by overcoming the equilibrium interparticle distance, whereas cationic polymers
mainly operate by charge neutralization of the clay mineral base surfaces. However, it
was shown by Yu et al. (2006) that in case of cationic polymers the dominance of charge
neutralization decreases and bridging by overcoming the equilibrium interparticle distances
increases when the polymer ionicity is reduced and the polymer molecular weight is in-
creased. Non-ionic polymers, on the other hand, are less effective in promoting aggregated
and flocculated clay fabrics, respectively. This can be attributed to their randomly coiled
geometry, by which their bridging capacity along large interparticle distances is limited
(Theng 2012).

In addition to the requirement of polymer geometries overcoming interparticle distances
in order to effect clay particle aggregation and flocculation, which is promoted by ionic
polymers and high molecular weights, the amount of polymer adsorbed to the clay mineral
surface is of great significance in composite fabric formation. Thereby, aggregation and
flocculation occurs in case of moderate polymer adsorption, i.e., when the clay mineral
surface susceptible for polymer adsorption is partially occupied by polymers. Stabilization
of dispersion and deflocculation, on the other hand, results in case of polymer adsorption
close to the maximum adsorption capacity. In this state, polymer shapes have increased
loop and tail segments preventing clay particle approaching into each others attraction
sphere, which is referred to ’steric stabilization’ (Theng 2012). Additionally, due to ionic
polymer adsorption close to the maximum adsorption capacity, clay mineral surfaces may
undergo charge reversal, whereas charge neutralization results from moderate ionic polymer
adsorption. (e.g., Breen 1999, Ueda & Harada 1968). As a result, interparticle repulsive
forces are increased and thus, dispersed and deflocculated clay fabrics are promoted, which
is referred to ’charge stabilization’ (Theng 2012). It has to be noted, that the effect of
dispersion and deflocculation explicitly refers to the stabilization of an existing fabric,
i.e., the degree of initial dispersion and deflocculation is preserved. Thereby, in case of
initially aggregated or flocculated clay fabrics, further aggregation and flocculation of clay
units is prevented by steric or charge stabilization between clay units. Also, the degree
of aggregation and flocculation within clay units is preserved since they are stabilized by

polymer adsorption like a ’coat of paint’ enclosing units (Greenland 1963).
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2.3 Multiscale coupling in clays

2.3.1 Definitions

Clay mineralogical properties and its resulting behaviour on particle level have been ex-

amined in [subsection 2.2.1| by relating clay fabric to the underlying interparticle forces and

external loading conditions. Thereby, when referring to the clay fabric, its behaviour is
characterized on the micro-scale, whereas with respect to applications in geotechnical and
geoenvironmental engineering, clay behaviour is characterized and valuated by its proper-
ties on the macro-scale, which include the deformation and strength characteristics as well
as the hydro-mechanical behaviour by treating the clay as a continuum. However, it is es-
tablished since decades that macro-scale soil properties can be attributed to the micro-scale
soil characteristics giving rise to multiscale relationships, e.g., on clay behaviour (Mitchell
& Soga 2005). In this section, the micro- and macro-scale coupling in clays with respect
to their volumetric behaviour and hydraulic permeability will be discussed. Thereby, the
focus is set on the main findings of classical conceptual work rather than the discussion of

detailed experimental work.

2.3.2 Volumetric behaviour

The volumetric behaviour of clays refers to their macro-scale response aiming on an increase
or decrease in the total volume caused by changes in external loading conditions. Thereby,
various loading and boundary conditions, e.g., mechanical and suction loading conditions;
isotropic and anisotropic loading conditions; confined and unconfined boundary conditions,
can be distinguished. Depending on the boundary condition, different measures in terms
of strain and stress can be determined. In order to account for the specific influence
of clay mineralogy and environmental conditions on clay volumetric behaviour, various
studies were conducted on samples prepared to initially zero suction and mechanical loading
conditions, i.e., slurry conditions with water contents of the clay greater than the liquid

limit. The main findings are summarized in the following:

Based on one-dimensional compression and rebound tests, Sridharan & Rao (1973) con-
cluded that two governing mechanisms can be distinguished to control clay volumetric

behaviour, i.e., interparticle shearing resistance, which dominate volume change of non-
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swelling clays, as well as DDL repulsion, which dominate volume change of swelling clays.
With respect to the former mechanism, test results on kaolinite-rich clays, whose clay min-
eralogical structure is composed of non-swelling 1:1 clay mineral layers, have shown that
interparticle shearing resistance is directly related to the clay fabric. Thereby, flocculated
clay fabrics with preferential E-F and E-E particle orientations, have higher resistance as
compared to aggregated clay fabrics with preferential F-F particle orientations. Macro-
scale volume change is therefore increased in case of micro-scale F-F aggregated fabrics
and vice versa (Rao & Sridharan 1985). The second mechanism controlling volume change
behaviour in swelling clays, i.e., DDL repulsion, has been examined by several researchers
(e.g., Bolt 1956, Mesri & Olson 1971, Marcial et al. 2002, Di Maio et al. 2004). Thereby,
exchangeable cations, electrolyte concentrations as well as the dielectric constant of the
pore fluid have been varied systematically highlighting the micro- and macro-scale cou-
pling between the thickness of DDLs at clay mineral surfaces and the volume of the clay
continuum. On this basis, volume change of swelling clays can be expected to be completely
reversible, but this has been experimentally clearly disproved. It has been concluded e.g.,
by Bolt (1956) and Nagaraj & Srinivasa Murthy (1983) that reduced clay volumes during
unloading as compared to the corresponding clay volumes during loading at the same ap-
plied stress can be attributed to the dominance of attractive van der Waals forces at small
interlayer distances overcoming repulsive double-layer forces and thus, preventing inter-
layer expansion. However, evidence of DDL formation during unloading controlling clay
volume change, e.g., at the outer clay particle surfaces, has been given by Sridharan & Rao

(1973) based on experimental results on the influence of varying pore fluid characteristics.

In addition to the dominance of DDL forces in volume change behaviour of swelling clays,
some effects related to the clay fabric have also been suggested, e.g., by Bolt (1956).
Thereby, clay fabric in the low stress range during one-dimensional compression is supposed
to be characterized by randomly oriented clay particles as against base surface orientation
parallel to the applied loading in the high stress range. In consequence, the dominance of
DDL repulsion in clay volumetric behaviour increases with increasing loading during one-
dimensional compression. The tendency of clay particle reorientation under anisotropic
loading conditions, i.e., base surface orientation parallel to the applied loading, has also
been suggested by Marcial et al. (2002) and Tripathy et al. (2010) comparing the volume
change of swelling clays due to one-dimensional mechanical loading induced compression as
well as suction loading induced unconfined shrinkage. Thereby, systematic deviations in the

form of increased void ratios in case of isotropic suction loading as compared to anisotropic
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mechanical loading have been observed. However, macro-scale deviations observed for
differing loading conditions and related to the clay fabric in swelling clays are insignificant
as against deviations occurring between swelling and non-swelling clays, which can be
related to the clay fabric. This is indicated, e.g., by their great differences in shrinkage limit,
i.e., by their residual fabric obtained under isotropic loading and unconfined boundary
conditions. Since the significance of clay fabric in terms of its related interparticle shearing
resistance during shrinking has been pointed out in (Sridharan & Prakash 1998) reduced
shrinkage limits in case of swelling clays as compared to non-swelling clays can be attributed
to their tendency of complete layer dispersion and deflocculation at the initial state, i.e.,
under zero suction and mechanical loading conditions, by which the interparticle shearing
resistance is decreased. Further, the higher interparticle shearing resistance in case of
non-swelling clays was found to limit clay particle reorientation under anisotropic loading
conditions significantly, which is in contrast to the behaviour of swelling clays (Tripathy
et al. 2010).

The importance of clay fabric with respect to the volumetric behaviour of swelling clays
becomes more evident in case of compacted clays, which have been exposed to significant
suction and mechanical loading conditions before testing. Consequently, the initial clay
fabric corresponds to the particular stress history of the clay and may deviate significantly
from idealized dispersed and deflocculated clay fabrics. Results of oedometer swelling
tests under constant mechanical and decreasing suction loading conditions clearly demon-
strate that with increasing initial suction conditions clay volume change due to swelling
increases (Gens & Alonso 1992). Similar results have been obtained on the swelling pres-
sure under confined volume and decreasing suction loading conditions (e.g., Kassiff & Ben
Shalom 1971, Baille et al. 2010). The differences can be attributed to the existence of
aggregated and flocculated clay units at the initial state. Since in this type of clay fabric,
volume change due to DDL repulsion occurs predominantly in the intra-aggregate pores,
units expand into inter-aggregate pores during testing (e.g., Romero et al. 2011). Thereby,
clay particle redistribution to the point of minimum energy configuration, i.e., perfectly
parallel base surface orientation, is facilitated with increasing degree of initial clay fabric
homogeneity, i.e., with decreasing initial suction condition. Consequently, the total pore
volume in case of oedometer swelling tests as well as the swelling pressure in case of iso-
choric swelling tests, increases with increasing initial suction condition caused by imperfect
particle redistribution. Additionally, with increasing mechanical loading condition during

testing, clay particle redistribution is promoted. This was stated e.g., by Gens & Alonso
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(1992) based on oedometer compression test results on samples saturated under various
mechanical loading conditions. Similarly, swelling pressure development under isochoric
conditions indicates an increased tendency of particle redistribution with increasing dry
density of the clay and thus, with increasing total stress state conditions during testing
(e.g., Schanz & Tripathy 2009).

Generally, the macro-scale volume change behaviour of clays evoked by an increase or
decrease in mechanical and suction loading, respectively, is directly correlated to their
plastic properties (Mitchell & Soga 2005). The higher the liquid limit of the clay and thus,
the lower its shrinkage limit in case of swelling clays as well as the greater its shrinkage
limit in case of non-swelling clays, the greater its compressibility under one-dimensional

mechanical loading conditions.

2.3.3 Hydraulic permeability

The hydraulic permeability of soils refers to the proportionality factor relating the macro-
scale water flow rate through a soil to its corresponding driving force, i.e., the hydraulic
gradient. For sandy soils, this relationship was found by Darcy (1856) to be linear for a
wide range of hydraulic gradients provided that (i) laminar as well as (ii) steady state fluid
flow prevail. Additionally, this relationship can be assumed for clays provided that (iii)
constant fabric conditions throughout testing are preserved (Mitchell & Soga 2005). The
latter condition has been the subject of great interest in order to account for its impact on
clay hydraulic permeability, i.e., on the value of the proportionality factor. As an outcome
of several research studies, the following relationships between clay micro-scale fabric and

its macro-scale hydraulic permeability can be summarized:

Based on the time-compression behaviour during one-dimensional consolidation tests con-
ducted on clay slurries Mesri & Olson (1971) and Rao & Mathew (1995) found that the
hydraulic permeability for a given void ratio of the clay decreases with increasing degree of
clay fabric dispersion and deflocculation, respectively. Thereby, clay fabric was controlled
by the dielectric constant and electrolyte concentration of the pore fluid as well as the
valency of exchangeable cations, i.e., by controlling the interparticle forces. The observed
behaviour can be attributed to the corresponding difference in PSD, i.e., bimodal PSDs
in aggregated and flocculated clay fabrics as against unimodal PSDs in dispersed and de-

flocculated clay fabrics. Since the flow rate through a clay is controlled by that flow path
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having the lowest resistance, i.e., by the pore system having maximum size of pore radii
and minimum length of flow paths, the existence of large inter-aggregate pores promotes
the fluid flow and thus, increases the hydraulic permeability. Similar findings were made
on compacted clays having various types of exchangeable cations (e.g., Ahn & Jo 2009),
permeated with differently concentrated electrolyte solutions (e.g., Zhu et al. 2013, Ye
et al. 2014) as well as fabricated under different initial suction loading conditions (e.g.,
Baille et al. 2010, Oren et al. 2014). Doing so, various clay fabrics developed during clay
saturation and thus, are present under equilibrium testing conditions. Thereby, the devel-
opment of unimodal PSDs causing decreased hydraulic permeabilities is promoted in case
of monovalent exchangeable cations, low electrolyte concentrations as well as low initial
suction loading conditions since particle redistribution from its initial state to the point of

dispersed and deflocculated clay fabric is facilitated.

In addition to these findings, the influence of clay mineralogy on hydraulic permeability was
discussed, e.g., by Mesri & Olson (1971) and Baille et al. (2010). It was pointed out that
with increasing particle size and isotropy of particle shape pore radii increase and tortuosity
of the pore system decreases leading to an increase in hydraulic permeability. Therefore,
the hydraulic permeability of clays, which are predominantly composed of various clay
mineralogies, was found to be in the following order: non-swelling 1:1 clay mineral layers
(e.g., kaolinite) > non-swelling 2:1 clay mineral layers (e.g., illite) > swelling 2:1 clay
mineral layers (e.g., montmorillonite) since basal dimensions of clay mineral layers as well
as the amount of layers stacked to form particles decrease in the same order. Further, with
respect to the tortuosity of the pore system, the significance of anisotropy in case of clay

hydraulic permeability has been pointed out, e.g., by Olsen (1962).

According to Mesri & Olson (1971) the above named factors used in order to control clay
hydraulic permeability can be categorized in mechanical and physico-chemical variables of
the clay-water system. Thereby, mechanical variables determine directly the geometry of
the pore system, e.g., by the clay particle size, whereas physico-chemical variables deter-
mine clay mineral surface-water interaction, e.g., by the electrolyte concentration. With
respect to the physico-chemical variables, several researchers suggested that decreased hy-
draulic permeabilities result (in parts) from an increase in the inhibition of water mobility
by bonding it to the clay mineral surface, i.e., hydration and formation of DDL, rather
than from related modifications in mechanical variables, i.e., dispersed and deflocculated

clay fabrics, as proposed by Mesri & Olson (1971). However, the latter conclusion, i.e.,
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the dominance of changes in mechanical variables, is in accordance to findings by Olsen
(1962) taking into account various factors quantitatively. Therefore, direct correlations
between clay micro-scale fabric and its macro-scale hydraulic permeability are widely ac-
cepted (Mitchell & Soga 2005).

2.4 Theoretical approaches on multiscale coupling in
clays
2.4.1 Physico-chemical approach

In case of interlayer swelling clay mineralogies, clay volumetric behaviour was found to

be dominated by DDL repulsion between adjacent clay mineral layer basal surfaces (see

lsubsection 2.3.2). Since from colloid-chemical point of view, this type of interaction can be

quantified macro-scale clay volumetric behaviour can be calculated by use of the individual
physico-chemical input parameters of the clay mineral-water system. The basic equations
and limitations of the physico-chemical approach for determining clay volumetric behaviour

are discussed in detail in the following:

Diffuse double-layer theory

In [subsubsection 2.2.1.2| the adsorption mechanisms of water on clay mineral surfaces, i.e.,

hydration and osmosis, have been examined. The latter mechanism controls clay mineral
layer surface separations > 1.0 nm (= 2.0 nm interlayer distance) and thus, accounts for the
macro-scale clay volumetric behaviour in the respective range. It is in turn determined by
two governing mechanisms, i.e., electrostatic forces attracting cations and diffusion tending
to repel them in the near-field of negatively charged and thus, clay mineral surfaces. The
characteristic distribution of ions as a function of distance to a charged surface can be quan-
titatively described by the Gouy-Chapman diffuse double-layer theory, introduced by Gouy
(1910) and Chapman (1913) and referred to clay mineral-water systmes first by Schofield
(1946), Bolt (1956) and van Olphen (1963). The general equations are summarized in the

following:

The fundamental differential equation expressing the electric potential, ¥’ (V), in the

diffuse double-layer as a function of distance, z (m), to the charged surface is given by the
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Poisson-Boltzmann equation:

d>v’ 2nove’\ . ve' U’
o ( ; )smh( T ) (2.1)

where ng (1/m?) is the bulk concentration of counterions, v (-) is the valency of counterions,

[\

¢’ (C) is the elementary charge, € (C?/Jm) is the static permittivity, &' (J/K) is Boltzmann’s
constant and 7' (K) is the absolute temperature. For the sake of simplicity, [Equation 2.1
assumes (i) |[vT| = |v7| = v and (ii) ny = ny = nyg, i.e., the valency and bulk ion
concentration of cations and anions are identical. Further, due to the negative surface
charge of clay mineral layers W' becomes negative in their near-field and thus, ny and v

refer to the species of counter-cations.

For simplicity, the following substitution are used:

ve' v’ ve' ), 2npe22\ "’
V=77 i=r £ =kKx K= <—ek’T (2.2)
and becomes:
d*y ,
5@ = sinh(y) (2.3)

Integration of with the boundary conditions that (1) for £ = oo (i.e., at
large distance to the charged surface), dy/d¢ = 0 and y = 0 and (2) for & = 0 (i.e., at

distance zero to the charged surface), y = z (i.e., ¥ = W) gives the following equation
expressing the electric potential as a function of distance to the charged surface for a single

double-layer:

1+ e ¢ tanh (2
y:21n< ¢ (j)> (2.4)
i

1 — e~$tanh ( )

Finally, [Equation 2.4] can be solved by calculating z, i.e., the non-dimensional surface
potential function. Therefore, the total charge of the double-layer, o (C/m?), is introduced,

which equals the total surface charge and is directly proportional to the initial slope of the
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potential function (dV'/dz),—o:

/ / 0.5
o= —¢ (Cii )xo = —¢ <j—g) . (2n0€k T) = (2ngek'T)"” (2cosh(z) — 2)®°  (2.5)

For interacting double-layers, i.e., in case of moderate to small distances between charged
surfaces, which is of great importance when dealing with clays in the context of geotechnical
engineering rather than colloid chemistry, the boundary conditions change as follows: for
x = d (i.e., at the midplane between two charged surfaces), dy/d¢ = 0 and y = u, where
d (m) is half the distance between two charged surfaces and u = (ve'U!)/(K'T), i.e., the
non-dimensional midplane potential function. The resulting integral to be solved between

the limits z and u for y as well as 0 and xd for £ reads:

U rd
/ (2 cosh (y) — 2cosh (u))"*°dy = —/0 d¢ = —krd (2.6)

Using [Equation 2.6] the midplane potential expressed by u can be calculated for any
given value of z, i.e., the surface potential, x, i.e., the environmental conditions of the bulk

solution, and d, i.e., the distance between surfaces. This procedure implies that the surface
potential, which is determined by 'potential determining ions’, is a constant parameter. For
clay systems, however, another approach has been established in the past assuming the
surface charge to be constant rather than the surface potential. In this case, the general

relationship between the surface charge, which equals the total charge of the double layer,
o, and the inital slope of the potential function given in |Equation 2.5 can be used again:

(N (dy 2nok'T\ "
B dv ), d€ /e €

— (2n0ek’T)"” (2 cosh (z) — 2 cosh (u))*?

By this approach, sets of values for z and u can be derived for a given value of o (Equa-]

tion 2.7) and related to d for a given value of x (Equation 2.6). In both cases, i.e., the
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constant-potential as well as the constant-charge approach, can be solved nu-
merically for a specific set of input values. Consequently, no unique u-d-relationship exists
in case of interacting double-layers, which is an essential drawback when using DDL theory
for estimating clay volumetric behaviour. In case of weak surface interaction, i.e., at large
surface separations or high concentrated bulk solution, van Olphen (1963) suggested to
calculate the midplane potential by summation of the potentials of two single DDLs at the
midplane, i.e., u = 2y,—q). However, for conditions relevant in geotechnical engineering,
this approach is invalid. To overcome this limitation, Tripathy et al. (2004) proposed to
establish an empirical u-In(kd) relationship for the individual clay mineral-water system
conditions on the basis of selectively conducted numerical calculations for various sets of
values. More recently, Bharat et al. (2013) introduced an empirical relationship between
the midplane potential calculated for interacting and single double-layers, respectively.
Based on parameter variations of the clay mineral-water system conditions conducted in
the same study, it was concluded that the following relationships are unique and apply

independently on these conditions:

V), = —6.24-107102 , +1.2050/ _, + 8.582-10° (2.8)

¥ _,=5.62-10""07 4 0.7934V), — 6.1507 - 10 (2.9)

Where W’ _, (V) is the electric potential of a single double-layer at distance d from the clay
mineral surface and ¥/, (V) is the midplane potential between two interacting clay mineral

surfaces separated by distance 2d.

According to Bolt (1956), the repulsive pressure acting between two parallel clay mineral
surfaces equals the difference between the osmotic pressure in the midplane and the bulk
solution. He adopted the Van’t Hoff equation in order calculate the difference in osmotic
pressure by means of the local ion concentration in the midplane and bulk solution, re-
spectively. Since by Boltzmann’s equation the ratio of local and bulk ion concentration
in the midplane is a function of the midplane potential, ¥/, and thus, the midplane po-
tential function, u, the following equation can be used to calculate the repulsive pressure,
p (N/m?), due to interacting double-layers (Sridharan & Jayadeva 1982):

p = 2nok'T(cosh (u) — 1) (2.10)
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Limitations of diffuse double-layer theory

It was shown by several researchers that by use of the above equations macro-scale clay
volumetric behaviour can be calculated quite accurately (e.g., Madsen & Miiller-Vonmoos
1985, Sridharan & Jayadeva 1982, Bolt 1956). However, there are also several well known
limitations when using this kind of multiscale approach with respect to both, theoretical

as well as practical aspects:

Theoretically, the Gouy-Chapman relationship represents only one of the acting mecha-
nisms between two charged surfaces. In addition, long-range attractive secondary valency
forces, i.e., London-van der Waals forces, as well as Born’s repulsion between surfaces have
to be considered. With respect to the former mechanism, its nature can be explained by
the mutual influence of temporary dipoles due to charge fluctuation, whereas the latter
mechanism arises from the overlapping of electron shells. In consequence, dipole-dipole at-
traction as well as ionic repulsion between surfaces occur. With respect to their influence
on clay volumetric behaviour, it was shown that London-van der Waals forces start to over-
come repulsive forces by DDL overlapping first when surface separations become smaller
than 1.25 A (divalent exchangeable cations) and 0.75 A (monovalent exchangeable cations),
respectively. Also, Born’s repulsion starts to become relevant when surface separations be-
come smaller than 1.5 A (Tripathy et al. 2006). Another aspect of importance refers to
the fact, that in theory, ions are assumed to be point charges, whereas in fact, they have a
finite dimension. Consequently, at a very small distance to the charged surface, calculated
ion concentrations from DDL theory significantly exceed the maximum ion concentration,
which is feasible with respect to their size ratio. To overcome this limitation, the *Stern’-
layer (Stern 1924) was introduced, in which a defined amount of counterions is tightly
adsorbed to the charged surface. This layer is followed by the diffuse part of counterions
corresponding to DDL theory. It was shown by Tripathy et al. (2013) that incorporation of
the Stern-layer improves the agreement between theoretical and experimental data on clay
volumetric behaviour in terms of both, underestimated repulsive pressure at small surface
separations as well as overestimated repulsive pressure at medium surface separations as
obtained by DDL theory alone. Thereby, it has to be noted that the approach of constant
surface potential has been adopted. The approach of constant surface charge, on the other
hand, was found to result in a permanent increase of the electric potential at any distance
to the clay mineral surface (Sridharan & Satyamurty 1996). However, in typ-
ical distributions of ions and the electric potential as a function of distance to single clay

mineral surfaces based on DDL theory and considering the Stern-layer are illustrated.
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Figure 2.14: Typical distributions of cation (4) and anion (-) concentration (a) and the electric
potential (b) as a function of distance to clay mineral surfaces according to Gouy-
Chapman diffuse double-layer theory considering Stern-layer of thickness 4.

In addition to theoretical advancements improving the accuracy of DDL theory in esti-
mating clay volumetric behaviour, also practical aspects of the clay mineral-water system
differing from the underlying assumptions in theory have to be considered. Thereby, de-
viations generally refer to clay homogeneity: (i) the clay is considered to be composed
of one single type of clay minerals (homomineralogic clay); (ii) the layer charge of clay
mineral layers is supposed to be homogenously distributed; (iii) exchangeable cations are
assumed to be of a single species (homoionic clay); (iv) clay mineral layer basal surfaces
are considered to be perfectly parallel oriented; (v) basal surfaces of clay mineral layers are

assumed to have an infinite dimension, i.e., clay mineral layer edges are neglected.

However, in spite of the above mentioned limitations by the use of DDL theory for es-
timating clay volumetric behaviour, practically, theoretical and experimental data are in
quite good agreement for a wide range of surface separations relevant in the geotechnical
context. Even in case of compacted clays, i.e., when deviations from perfectly parallel
clay mineral surface orientation play a major role, theoretical calculations give an accept-
able approximation of the actual macro-scale clay volumetric behaviour (e.g., Tripathy
et al. 2004, Pusch 1982).
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Diffuse double-layer theory considering polymer adsorption

From experimental studies on the electrophoretic mobility of charged particles in colloidal
dispersions, it was found that due to the adsorption of non-ionic polymers on their surfaces
the zeta-potential increases (e.g., Kavanagh et al. 1975). This phenomenon was theoreti-
cally discussed by Brooks (1973) and the author proposed a modified Boltzmann equation
for charged surfaces having neutral adsorbed polymer layers. According to this modifi-
cation, the fundamental differential equation of the diffuse double-layer

reads:

>’ 2ngre’\ . ve' U’
702 :( i )smh( T —5(:1:)) (2.11)

with:

B(x) = (¢p(x) — dpp) - (1 — Xsp + Xip — Xsi) (2.12)

where ¢, (-) is the volume fraction occupied by polymer, the subscript b refers to the bulk
phase, y (-) is the interaction parameter between two components and the subscripts s,
p and ¢ refer to the solvent, polymer and dissociated ions, respectively. Qualitatively, the
influence of polymer adsorption, i.e, §(x), increases with increasing difference in polymer
volume fraction between adsorbed and bulk state as well as with increasing interaction of

polymer and ions with the solvent and decreasing interaction between polymer and ions.

In order to solve the nonlinear [Equation 2.11| Brooks (1973) introduced a simplified form:

2\’
C;;I; = (/{6(_’8(50)/2))2\1/’(35) (2.13)

With this approximation the decay of the potential with distance from the surface becomes
purely exponential, which is valid for small surface potentials, i.e., ¥ << £25 mV (van
Olphen 1963).

Since one of the main challenges is the quantification of ¢, with distance, i.e., the geomet-

rical arrangement of adsorbed polymers in trains loops and tails, Brooks (1973) proposed

to solve [Equation 2.13| by a step function with ¢,(z) = ¢, for 0 < 2 < d,, (region 1) and
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op(z) = Py for d,, < x (region 2), where d, (m) is the thickness of the adsorbed polymer
layer. Consequently, 5(z) = (5 in region 1 and 5(x) = 0 in region 2. By use of the boundary

conditions that for
(1) © =0: (d¥'/dzx); = —o /e (according to [Equation 2.5,
(2) x=d,: ¥} =V, and (dV'/dz); = (dV'/dx),,
(3) x =o00: ¥, =0 and (d¥V'/dx); =0

the following expressions for the electric potential as a function of distance to a charged

surface were derived (Brooks 1973):

¥ (2) = (1) (sinh (r(dy — ) + €12 cosh (i (d, — x>>) o1

Kg€ e(=#/2) sinh (kgd,) + cosh (kgd,)

o - e(ra=dr) 2.15
5(z) = (E) (6(—5/2) sinh (kpd,) + cosh (“6dp)) 219

with:

With respect to the proposed approach, it has to be noted that Brooks (1973) referred to
colloidal dispersions composed of biological cells rather than clay minerals. Thereby, the

surface charges, o, differ significantly for both types of solids, for which reason the proposed

simplified form of the differential equation for the diffuse double-layer, i.e., [Equation 2.13|

becomes invalid for conditions present at clay mineral surfaces (van Olphen 1963).

2.4.2 Cluster model

The Kozeny-Carman equation (Kozeny 1927, Carman 1937) is widely accepted for cal-
culating the hydraulic permeability of soils (Mitchell & Soga 2005). By this approach,
geometrical characteristics of the flow path as well as physical properties of the fluid are

considered since it is based on Poiseuille’s law for fluid flow through a round capillary. The
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resulting equation reads as follows:

oy 1 e
C nkot2Se2 1+ e

kxc (2.16)
where kxc (m/s) is the hydraulic permeability according to Kozeny-Carman approach,
v (N/m?) and n (Ns/m?) are the specific gravity and viscosity of the fluid, respectively,
ko (-) and t (-) are the pore shape and tortuosity factor, respectively, Sy (1/m) is the

specific surface area of solids and e (-) is the total void ratio.

As pointed out in [subsection 2.3.3] the hydraulic permeability of clays depends significantly

on the clay fabric, i.e., on the type of PSD. Since bimodal PSDs, which prevail in aggregated
and flocculated clay fabrics, cannot be reproduced by Kozeny-Carman equation, Olsen
(1962) introduced an advanced approach valid for calculating the hydraulic permeability
of clays. Thereby, additional geometrical characteristics of the clay pore system having
bimodal PSDs are taken into account in order to express the deviation of effective flow rate
from calculations based on Kozeny-Carman approach, which is valid for unimodal PSDs
only. In the model, namely cluster model, the total void ratio is divided into two main
groups of voids, i.e., the inter-cluster and intra-cluster voids, respectively, with clusters
corresponding to aggregates (see[Figure 2.9)). It was concluded from experimental data that
at high total void ratios only the inter-cluster voids change with varying total void ratio.
Since fluid flow is exclusively controlled by this type of voids, the decrease in hydraulic
permeability with decreasing total void ratio is more rapid than predicted by Kozeny-
Carman equation. At low total void ratios intra-cluster voids start to change as well with
varying total void ratio. Since fluid flow is still controlled by inter-cluster voids hydraulic
permeability decreases less rapid than predicted by Kozeny-Carman equation. In order to

express this behaviour theoretically, Olsen (1962) introduced the following equation:

kCM o 2/3 (1 - ec/et)3

where kcps (m/s) is the hydraulic permeability according to cluster model, N (-) is the
number of particles per cluster, e, (-) is the intra-cluster void ratio and e; (-) is the total

void ratio.

The assumptions on the development of inter- and intra-cluster void ratios with varying
total void ratio are illustrated in [Figure 2.15 It is obvious that in its original form, cluster
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Figure 2.15: Development of inter- (e,) and intra-cluster void ratio (e.) with varying total void
ratio (e;) according to cluster model. Exemplary, an initial intra-cluster void ratio
(ec0) of 0.3 is illustrated.

model implies that intra-cluster voids participate in total void ratio changes in case of
inter-cluster void ratio < 0.43. In this region, changes in the inter- and intra-cluster void
ratios occur lineary with varying total void ratio. Advanced considerations on inter- and
intra-cluster void ratio development with varying total void ratio in case of swelling clays
were introduced by Achari et al. (1999) calculating the intra-cluster void ratio on the basis
of DDL theory.

2.5 Clay-polymer composites for application in
geotechnical and geoenvironmental engineering

2.5.1 General

It has been pointed out in that clay macro-scale behaviour and thus, the engi-

neering properties, can be attributed to the micro-scale characteristics, i.e., the clay fabric,

resulting from interparticle forces and external loading conditions. Since in this context,
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the clay mineral surface-water interaction is of great importance, attempts have been made
on the modification of the clay mineral surface-water interface, e.g., by complexation of
clay minerals with organic compounds. Doing so, manipulation of the clay macro-scale
properties with relevance in geotechnical and geoenvironmental engineering was enabled.
For several applications the high potential of such composites has been shown with great

success.

One of the most promising focus to date is on the modification of bentonite, i.e., a natural
clay mixture dominated by interlayer swelling clay mineralogies, in order to stabilize its
sealing capacity, e.g., in landfill lining, even when permeated with chemically aggressive
electrolytes. Another promising application refers to soil conditioning in tunneling in order
to modify adhesive properties of clays, i.e., to gain reduced adhesion on steel surfaces while
maintaining inner strength properties. Most recently, polymer treatment as a method to

reduce volume change of expansive clays has also become of growing interest.

In the following, clay-polymer composites for application in landfill technology, i.e., the

hydraulic barrier performance of bentonite and bentonite-polymer composites, are focused.

2.5.2 Bentonite as hydraulic barrier material for geoenvironmental

applications

Current technologies of clay based barriers in landfill lining prefer the application of geosyn-
thetic clay liners (GCLs), which are composed of a thin layer of bentonite sandwiched
between geotextiles or geomembranes. Thereby, the bentonite controls the hydraulic per-
meability of the system, whereas the geotextiles fulfill the constructive demands. Generally,
the use of sodium bentonites, i.e., the exchangeable cations of the interlayer swelling clay
minerals are dominated by sodium, is preferred since fluid flow is inhibited most effectively

due to the physico-chemical clay mineral surface characteristics.

One of the most prominent problems occurring in geoenvironmental practice when using
GCLs arises from cation exchange processes when the bentonite comes into contact with

the leachate. Thereby, monovalent exchangeable sodium cations become preferentially

replaced by di- and trivalent cations (for details see [subsubsection 2.2.1.1)). In consequence,

clay mineral surface repulsion due to DDL overlapping decreases and surfaces tend to

approach and form aggregates. By this modification of the physico-chemical clay mineral
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surface characteristics, the originally dispersed clay fabric with an unimodal PSD becomes

aggregated with a bimodal PSD and thus, large inter-aggregate pores promoting fluid flow

(see subsection 2.3.3). It was found by several researchers that the macro-scale effect due

to cation exchange processes, i.e., the increase in hydraulic permeability, can be kept to
a minimum when the bentonite is prehydrated with deionized water before coming into
contact with the leachate (e.g., Shackelford et al. 2000, Jo et al. 2004). Thereby, in case
of previous clay fabric dispersion, i.e., in case of prehydrated bentonite, subsequent clay

fabric aggregation in consequence of cation exchange is restricted rather than the cation
exchange process itself. This phenomenon is illustrated in |[Figure 2.16

Other factors influencing hydraulic GCL performance refer to pH and electrolyte concen-
tration conditions of the leachates as well as to cracking mechanisms due to to desiccation
of the bentonite layer (e.g., Shackelford et al. 2000, Albrecht & Benson 2001, Jo et al. 2005).
Generally, special attention is turned on the long-term material behaviour since the relia-
bility of GCL hydraulic barrier performance is of major importance in geoenvironmental

practice.

2.5.3 Bentonite-polymer composites as hydraulic barrier material

for geoenvironmental applications

The use of organic compounds to form complexes with clay minerals has been referred
to geoenvironmental applications first by Kondo (1996) presenting a composite, which is
dominantly composed of montmorillonite and highly polar propylene carbonate monomers
termed 'multiswellable bentonite’ (MSB). Several studies illustrated its modified swelling
characteristics and hydraulic barrier performance under varying environmental conditions,
i.e. ionic concentration and valence of cations in the permeant (e.g., Onikata et al. 1999,
Katsumi et al. 2007). It was shown that MSB hydraulic permeability remained nearly unaf-
fected even in case of permeation with 1.0 molar NaCl- and C'aC'l,-solution as well as under
long-term conditions. It is supposed that osmotic swelling in MSB appears up to higher
electrolyte concentrations in the bulk fluid and thus, inhibits fluid flow under these con-
ditions. Other approaches focus complexes composed of bentonites and anionic polymers.
The resultant composites are termed "HYPER clay’”(Di Emidio et al. 2011) and "bentonite-
polymer nanocomposite’ (BPC) (Scalia et al. 2014). Thereby, the former is composed of

2 wt% carboxymethylcellulose mixed with bentonite by solution intercalation, i.e., clay and
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Figure 2.16: Development of bentonite fabric due to cation exchange processes with (top) and
without (bottom) prehydration.

polymer are mixed in dispersion, whereas the latter is composed of 50 wt% polyacrylate
mixed with the bentonite by in situ polymerization, i.e., clay and polymer monomers are
mixed in dispersion followed by polymerization of monomers. BPC has been characterized
comprehensively in the literature with respect to its hydraulic barrier performance under
chemical aggressive, i.e., electrolyte concentration and pH, as well as long-term conditions,
showing its excellent barrier performance (e.g., Bohnhoff & Shackelford 2014). Generally,
anionic polymer addition was interpreted to inhibit fluid flow by clogging pores (Scalia
et al. 2014) and altering the clay fabric due to particle bridging (Di Emidio et al. 2011).
Similar interpretation is given in (Razakamanantsoa et al. 2012), where reduced hydraulic
permeabilities were obtained when mixing 2 wt% of an unspecified anionic polymer with
calcium activated bentonite in the dry state, i.e., by dry powder mizing. However, detailed

investigations on the underlying mechanisms are lacking throughout the literature.

The results clearly illustrate that polymer modification of bentonites is a promising method

and beneficial alternative to conventional methods on bentonite stabilization in landfill
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technology, such as prehydration and activation. However, in contrast to the above ma-
terials, Ashmawy et al. (2002) illustrated the incapability as well as existing limitations,
e.g., threshold electrolyte concentration or pH, of several commercially available bentonite-
polymer composites. Since specific information on the materials used and mixing proce-
dures adopted were lacking, the mechanisms and principles determining composite hy-

draulic performance were not interpreted.

2.6 Summary

The fundamentals of clays and clay-polymer composites relevant to this study were given.
The clay mineralogical basics as well as the interaction mechanisms with water and poly-
mers were outlined. Thereby, the importance of interlayer swelling clay mineralogies with
respect to both, the adsorption of water and polymers, has been pointed out. On this basis,
the micro-scale characteristics in terms of the clay and composite fabric resulting from in-
terparticle forces and external loading conditions were discussed. Further, clay macro-scale
properties in terms of the volumetric behaviour and the hydraulic permeability were sum-
marized. Thereby, established phenomenological multiscale coupling phenomena governing
clay behaviour were addressed and introduction was given to theoretical approaches on the
multiscale behaviour, i.e., diffuse double-layer theory and cluster model. With respect to
the former, an advanced model considering adsorbed neutral polymer layers on charged
surfaces has been introduced. Thereby, its limitation in the present form with respect to
clay mineral surface conditions has been pointed out. Finally, the current status of clay-
polymer composites for application in geotechnical and geoenvironmental engineering was
summarized. Thereby, special attention was turned on the hydraulic barrier performance
of bentonite-polymer composites in landfill lining highlighting their great potential as well

as the lack of knowledge on the governing mechanisms improving barrier performance.
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3.1 General

In the following chapter the research program of the study as well as the main properties of
the materials used and methods adopted are introduced. Thereby, the mineralogical and
soil mechanical classification of clays, the physical and chemical characteristics of polymers
as well as the preparation and initial conditions of their respective composites are summa-
rized. Further, the experimental methods for the determination of micro- and macro-scale
clay-polymer composite behaviour are outlined. These include the determination of poly-
mer adsorption characteristics by means of the adsorption isotherms as well as the deter-
mination of clay and composite fabric, plastic properties, volumetric behaviour, hydraulic
permeability and water retention. In addition, the individual procedures and parameter
sets used for the theoretical analysis of clay-polymer composite multiscale behaviour are
summarized. Finally, the experimental procedures for investigating the hydraulic barrier
performance of bentonite-polymer composites for application in geoenvironmental engi-
neering by means of the hydraulic permeability as well as the liquid limit and swelling

behaviour are outlined.

3.2 Research program

This research aims on the fundamental understanding of the mechanisms determining
the hydro-mechanical behaviour of clay-polymer composites in order to illustrate their
potentials and limitations with respect to the geotechnical and geoenvironmental practice

and thus, enable their efficient and reliable application.

Therefore, in a first approach, i.e., the multiscale approach, systematic variations in the
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constitutive physical and mineralogical properties combined with the experimental multi-
scale analysis of composites form the basis. Additionally, by means of the experimental test
results, the validity of theoretical models characterizing clay-polymer composite multiscale
behaviour is examined. Thereby, one of the main objectives is to identify the governing

micro- and macro-scale coupling phenomena.

In a second approach, i.e., the application-oriented approach, the hydraulic barrier per-
formance of bentonite-polymer composites for application in landfill lining is explicitly
addressed. Thereby, material and experimental boundary conditions cover the appropriate

issues of practical demands with respect to geoenvironmental practice.

In the research program is illustrated showing the individual working steps as
well as their relationships among each other. Details on the respective working steps are

summarized in the following sections.
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Figure 3.1: Flow chart showing the organization of the research program.

53



3 Materials and methods

3.3 Clays, polymers and clay-polymer composites

Clays

Three different types of raw clays are used to form clay-polymer composites. From liter-
ature review it is known that clay-polymer interaction occurs most distinctive in case of
interlayer swelling clay mineralogies and varies significantly with the valence of predomi-
nant exchangeable cations. Therefore, two types of montmorillonite-rich clays exhibiting
predominantly mono- and divalent exchangeable cations, respectively, are selected, i.e.,
MX 80 and Calcigel bentonite. Additionally, a kaolinite-rich clay, i.e., Spergau kaolin, is
selected having minor interaction with both, water and polymer. Their basic properties
are summarized in Thereby, the cation exchange capacity, CEC (meq/g), was
obtained from Cu-Triethylenetetramine method according to (Meier & Kahr 1999); spe-
cific gravity, G (-), was determined by use of pycnometer method according to (ASTM
D854-14 2014) with kerosene as recommended by Head (2006); liquid limit, w; (%), and
plastic limit, w, (%), were determined according to (ASTM D4318-10el 2010); shrink-
age limit, wy (%), was determined according to (ASTM D4943-08 2008) modified by use
of fluid displacement method for volume measurement with kerosene as recommended by
Péron et al. (2007). Information on the respective main mineral as well as the specific
surface area (SSA), S (m?/g), were adopted from the given references. In the following,
the general terms 'Na'-bentonite, Ca®™"-bentonite and kaolin’ are used when referring to
the special types of clay used, i.e., MX 80 bentonite, Calcigel bentonite and Spergau kaolin,

respectively, since by these terms the constitutive properties of clays are covered.

Polymers

The polymers used are high molar mass polyacrylamides differing in their charge charac-
teristics, i.e., non-ionic polyacrylamide (PAA®) in a homopolymer form as well as cationic
(PAA™) and anionic (PAA™) polyacrylamides in a co-polymer form. Their structural for-
mulae are illustrated in and their basic physical properties are summarized in
[Table 3.2] Since polyacrylamides are widely used in the research on clay mineral-polymer
complex formation (e.g., Deng et al. 2006, Laird 1997, Schamp & Huylebroeck 1973, Es-
pinasse & Siffert 1979), the novel approach on multiscale analysis can rely on previous

findings in the colloid chemical context, which are beyond the scope of this study.

Clay-polymer composites

With respect to the multiscale approach, clay-polymer composites are prepared by solu-
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Table 3.1: Basic properties of clays.

MX 80 bentonite Calcigel bentonite Spergau kaolin
main mineral montmorillonite* montmorillonite* kaolinite**
CEC (meq/g) 0.81 0.65 0.07
(Nat,K*,Mg**,Cat™) (57,1,5,23) (2,1,19,35) (0,0,1,5)

S (m?/g) 676"+ 651+ 0g**
G () 2.60 2.60 2.63
w; (%) 588 109 51
w, (%) 37 33 32
ws (%) 14 13 30

*(Madsen 1998); **(Baille 2014); ***(Tripathy et al. 2013); ****(Agus 2005)

Table 3.2: Basic properties of polymers.

PAAT PAA° PAA~
charge cationic non-ionic anionic
ionicity, | (mol-%) 40 - 40
molar mass (107 g/mol) 0.75 1.0 1.6

tion intercalation in order to enable distinct interaction between clay mineral surfaces and
polymers. Thereby, the polymer-to-clay ratio is chosen so that the individual maximum
adsorption capacity, ¢me: (mg/g), is reached. In addition, Ca*"-bentonite-polymer com-
posites are also prepared with a polymer-to-clay ratio of 10% of ¢4.. In order to derive
these values adsorption isotherms of each clay-polymer combination are experimentally de-
termined in advance (seefsection 4.2)). From literature review it is known that in addition to
the individual clay and polymer characteristics, e.g., mineralogy, polymer charge, polymer
chain length, the boundary conditions during solution intercalation process, e.g., tempera-
ture, pH, clay concentration, are of great importance in the adsorption process. Therefore,
in the present study, the boundary conditions during adsorption tests and composite prepa-

ration are kept constant for each of the composites. Detailed information on the conditions

adjusted in the present study are given in the following subsection [subsection 3.4.1|

With respect to the application-oriented approach, the preparation method to form clay-
polymer composites is varied since solution intercalation is a rather laborious method and

thus, expensive in large-scale applications. Thus, in accordance to practical demands,
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Figure 3.2: Structural formulae of polymers: non-ionic polyacrylamide (a); anionic acrylamide-
acrylic acid co-polymer (b); cationic acrylamide-methylated dimethylaminoethyl

acrylate co-polymer (c).
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composites are additionally prepared by dry powder mixing in order to investigate the
macro-scale effect of established preparation methods. The polymer-to-clay ratio is chosen
to correspond to the value of 1%, which is in the same order magnitude of composites used
in the literature in the geoenvironmental context (e.g., Razakamanantsoa et al. 2012, Di
Emidio et al. 2011). Composites are prepared with Na™-bentonite only since this type of
clay is commonly used in GCL’s, as well as with PAA™ and PAA™ polymers, respectively.

Initial conditions of clays and clay-polymer composites

Clays and polymers are available as powders with their individual hygroscopic water con-
tents. For adsorption tests, pre-treatment of raw materials is explained in detail in
For fabric investigation as well as hydro-mechanical testing within the frame-
work of the multiscale approach, pure clay and clay-polymer composites are prepared to
slurry conditions, i.e., 1.1 times the individual liquid limit of clays and composites. With
this initial condition, clay micro-fabric develops as a direct consequence of interaction be-
tween clay mineral-surfaces, polymers and water at approximately zero external hydraulic
and mechanical loading conditions. The influence of polymer adsorption on clay mineral
surfaces on the micro- and macro-scale behaviour is thus, represented most accurately.
With respect to the application-oriented approach, pure Na'-bentonite as well as Na™-
bentonite-polymer composites are compacted to proctor density of the pure bentonite, i.e.,
Popt — 1.1 g/cm?® with the corresponding water content, Wept, Of 35.4%. Compaction test
results are summarized in

13 B \ T T T
\‘\‘ S r = 1 ...........
1.25 S, =08 - -
& 1.2
% 115 LT
3 1.1
= x\\_
1.05 X,
20 25 30 35 40 45 50 55 60
w (%)

Figure 3.3: (Standard) proctor curve of Nat-bentonite used in this study.

57



3 Materials and methods

3.4 Experimental methods

3.4.1 Micro-scale analysis

Adsorption characteristics

The experimental procedure and boundary conditions of composite formation using so-
lution intercalation are as follows (for schematic illustration, see [Figure 3.4): Polymer
adsorption is performed in a constant laboratory environment under a controlled tempera-
ture of 20°C. Clays and polymers are mixed with deionized water at pH 6.1 separately until
complete dispersion (clays) and solution (polymers) is reached. Dispersions and solutions
of clays and polymers are mixed together and stirred for 24 hours as the adsorption process
is almost completed within this period (Greenland 1963, Schamp & Huylebroeck 1973).
Clay concentrations in this step are chosen to correspond to tenfold their individual liquid
limits. Polymer concentration is stepwise increased with each test in order to determine
the individual relationship between adsorbed polymer mass and polymer concentration in
solution at equilibrium. After adsorption, the clay-polymer dispersions are centrifuged at
4,000g for 30 min. The supernatant is analyzed for total organic carbon (TOC) to deter-
mine polymer concentration in solution after adsorption and thus, to derive the amount of
polymer adsorbed on the sedimented clay. Thereby, analysis of TOC is performed by pho-
tometric measurement using standard cuvette tests. The individual relationships between
TOC and PAA'-, PAA°- and PAA -concentration, respectively, are determined in advance

and illustrated in

Fabric

Clay and composite fabrics prepared with a polymer-to-clay ratio of ¢, are investigated
using Environmental Scanning Electron Microscopy (ESEM). By use of this special mode
of Scanning Electron Microscopy (SEM), the sample is placed in the pressure chamber
at low vacuum conditions as against high vacuum conditions, which are adjusted in case
of classical SEM in order to detect most accurate signals. As a result, ESEM enables the
investigation of samples, which are equilibrated at various relative humidities of the gaseous
environment and thus, having various water contents. Additionally, sample artifacts are
kept to a minimum since the preparation of non-conductive materials, such as clay minerals,
with a conductive coating in order to prevent charging of the sample surface isn’t necessary.

On the other hand, image resolution is restricted by use of this mode since numerous
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Figure 3.4: Illustration of the experimental procedure and boundary conditions for the determi-
nation of adsorption isotherms.
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collisions of electrons and water molecules in the gaseous environment occur, lowering the

accuracy of detected signals.

The following conditions are chosen for sample analysis using ESEM: Clay and compos-
ite slurries are equilibrated in the pressure chamber at relative humidities of 90-95% by
adjusting the temperature and chamber pressure to approximately 2°C and 6.5 mbar, re-
spectively: the electron beam scanning the sample surface is accelerated with an electrical
potential of 30 kV; the 2D surface plot of clay and composite samples is generated by
detection of secondary electrons, i.e., electrons, which are bounced out from the respective
position on the sample surface due to collisions with accelerated primary electrons of the

electron beam.

3.4.2 Macro-scale analysis

Plasticity

Clay and composite liquid limits, w;, (%), and plastic limits, w, (%), are determined accord-
ing to (ASTM D4318-10el 2010). For the determination of shrinkage limits, ws (%), the
procedure described in (ASTM D4943-08 2008) is modified by the use of fluid displacement
method with kerosene for sample volume measurements as described in (Péron et al. 2007).
For the calculation of water contents based on sample volume measurements, water densi-
ties are assumed to deviate from 1 g/cm?® according to (Martin 1960). A summary of water
densities depending on the respective mineralogy as well as clay water content as adopted

in the present study are given in [lable 3.3, Interim values are interpolated linearly.

Oedometer tests

Oedometer tests involve investigation of the materials in terms of their volumetric be-
haviour and hydraulic permeability. The prepared samples are 70 mm in diameter and
19 mm in height. Vertical loads are applied from 2 (seating load) to 800 kPa followed by
unloading from 800 to 25 kPa. Compression and decompression indices, C. (-) and C; (-
), respectively, are determined along e-log(p’) relationships, where e (-) is the void ratio
and p’ (kPa) is the applied vertical pressure. For each stress increment along the loading
path, the corresponding coefficient of consolidation, ¢, (m?/s), is calculated according to
Casagrande log(t)-method. Subsequently, the hydraulic permeability, k£ (m/s), is computed

from the value of ¢, and the coefficient of volume compressibility, m, (m?/kN).
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Table 3.3: Water densities, p,, (g/cm?), of pore water in clays according to Martin (1960).

w (%) montmorillonite  kaolinite
0.4 1.68
0.8 1.12
0.9 1.03
6.5 0.99
11.6 1.41

16.6 1.37

28.4 1.32

46.0 1.16

244.0 1.02

301.0 1.02

Water retention tests

Clays and clay-polymer composites are investigated in terms of their water retention be-
haviour under unconfined conditions (i) along the first drying curve, i.e., from zero to
350 MPa suction and (ii) along the subsequent (scanning) wetting curve, i.e., from 350 to
0.1 MPa suction. Application of suction to the samples is achieved using osmotic method
(OM) (drying) as well as axis translation technique (ATT) (wetting) in the low suction
range, i.e., from 0.1 to 10 MPa, and vapour equilibrium technique (VET) in the high
suction range, i.e., from 2.5 to 350 MPa. The summary of suction steps applied to the
samples is given in Thereby, each suction step is performed as single step suction

application test.

Application of the various techniques is chosen for practical reasons, although it is known,
that the osmotic component of total suction in the pore water is assumed to remain un-
affected in the OM and ATT, whereas it is affected in the VET. However, in (Tripathy
et al. 2014) it is shown that differences in the results of sample water contents by use of

the three techniques are negligible in account of this fact.

In the following, only the individual boundary conditions adopted in the present study
by use of the three methods are explained since details of the techniques can be found
elsewhere, (e.g., Delage et al. 1998, Fredlund & Rahardjo 1993). In |Figure 3.6/ a schematic

illustration of soil sample conditions during suction application is given.

OM is performed using polyethylene glycol (PEG)-water mixtures of 20,000 g/mol molec-
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Table 3.4: Summary of suction steps of single step suction application tests for determination
of water retention.

inital suction applied suction (MPa)

material
(MPa) oM VET ATT
0 0.1
0 0.4
0 1.0
0 4.0
0 10.0
0 21 KCl
Na'*-bentonite- 0 37 NaCl
(composites) 0 83 Mg(NO3)-
0 154 MgCl,
0 354 NaOH
354 83 Mg(NOs),
354 3 K2504
354 01
0 0.1
0 0.4
0 1.0
0 4.0
0 10.0
0 21 KCl
0 37 NaCl
Ca™*-bentonite- 0 83 Mg(NOs),
(composites) 0 154 MgCl,
0 286 LiCl
0 354 NaOH
354 83 Mg(NOs),
354 3 KQSO4
354 01
0 0.1
0 0.4
0 1.0
0 3 K2S04
0 9 KNO3
kaolin- 8 éé y (T\IC(L |
[ g(NO3)2
(composites) 0 vot e
262 37 NaCl
262 9 KNO;
262 3 K2504
262 10
262 01
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osmotic method vapour equilibrium technique axis-translation technique
saturated
soil sample
2 1N (partially) saturated
(partially) saturated soil sample
soil sample with continous water phase

sample holding

Lt L5

semi-permeable /
membrane sample holding

Y= f(CPEG) R Y= f(RH) =Yt ¥o= Yot Y = uz-uy =¥

Figure 3.6: lllustration of clay and composite boundary conditions for the determination of water
retention using osmotic method, vapour equilibrium technique and axis translation
technique.

ular weight of PEG. Suctions applied to the samples, which depend on the respective PEG
concentration, are calculated according to the relationship established by Tripathy et al.

(2013) for this type of polymer:
W,, = —3.9139¢5 o + 14.692¢% 5 — 1.1336¢ppq (3.1)

where ¥, (MPa) is the matric suction applied and cppg (g/g) is the related PEG concen-
tration. Sample conditions as applied in this study are constrained to the saturated state,

i.e., no air is allowed to enter the system.

In the high-suction range, VET is adopted using saturated salt solutions. Relative humidi-
ties and temperatures of the ambient air of the samples placed in desiccators are controlled

and converted to their respective suction values by the adoption of Kelvin’s law:

RT
Uipp = —1 H 2

where Uy, (MPa) is the total suction; R (J mol/K) is the ideal gas constant; 7' (K) is

the absolute temperature; M (g/mol) is the molar mass of water; g (m/s?) is the gravity

acceleration and RH (-) is the relative humidity, i.e., the ratio of partial and saturated

63



3 Materials and methods

water vapour pressure.

For the low suction range in the wetting process of samples, ATT is adopted using pressure
plate apparatuses equipped with ceramic disks of various air entry values. Therefore,
samples are placed on prewetted filter papers in order to enable continuity of the water
phase between pore water and the water saturated ceramic disk artificially. The matric
suction applied to the samples using this technique is calculated as the difference between

the pore air and pore water pressure, u, and u,,, respectively:
U, = Uy — Uy (3.3)

After equilibration of the samples, the water contents and, in case of VET and ATT, the
volumes of the samples are determined. Thereby, volume measurement is conducted by
fluid displacement using kerosene following the method described in (Péron et al. 2007).

For the OM, the volumes of samples are calculated based on fully saturated conditions.

For the representation of clay and composite soil-water characteristic curve (SWCC), the
degree of saturation, S, (-), is plotted over the respective value of soil suction, ¥ (MPa),
for each suction step of the first drying curve. By means of the experimental data, fitting
curves are generated following the relationship given by Fredlund & Xing (1994) since it
was found to give the best fit among the most popular equations proposed in literature
(Leong & Rahardjo 1997):

1

= e

(3.4)

e e

where C'(¥) (-) is a correction function assumed to be unity (Leong & Rahardjo 1997) and

n, m and a are fitting parameters. In order to calculate S, for each suction step, water

densities depending on the respective mineralogy as well as the water content established

in (Martin 1960) are adopted (Table 3.3)).

3.4.3 Hydro-mechanical tests on bentonite-polymer composite

hydraulic barrier performance

In order to evaluate clay and composite barrier performances with respect to practical de-

mands, various material characteristics are determined. (i) the liquid limit and the swelling
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behaviour as well as (ii) the hydraulic permeability. With respect to the latter, the hy-
draulic barrier performance is directly addressed, whereas by the determination of the
former characteristics it is indirectly addressed since they are correlated to the hydraulic
permeability in case of clays (Mitchell & Soga 2005) and thus, indicators of material hy-
draulic barrier performance. In practice, the index properties are of great importance since
their experimental determination is much less laborious and time consuming as compared
to hydraulic permeability tests. Thereby, the swelling behaviour is generally determined
by means of the swell index according to (ASTM D5890-11 2011).

The liquid limits of Na*-bentonite-polymer composites are determined according to (ASTM
D4318-10el 2010). Swelling behaviour as well as hydraulic permeability of clay and com-
posites are determined successively by use of the same sample. Therefore, samples of 20 mm
height and 50 mm diameter are prepared and saturated with deionized and deaired water
under isochoric conditions. Therefore, a burette is connected to the bottom of the sample
and saturation is permitted under atmospheric pressure conditions. The development of
the axial swelling pressure, p; (kPa), is measured during the saturation process by a load
cell and water uptake is recorded by means of the burette scaling. After equilibration,
samples are permeated with deionized and deaired water by using a volume and pressure
control device (VPC) connected to the bottom of the sample. Thereby, the pressure is
increased successively to 36, 100, 200 and finally 500 kPa while the pressure at the sample
top equals atmospheric conditions. Thus, a maximum hydraulic gradient of 2,500 is ad-
justed. During permeation, the sample inflow and outflow are monitored by the VPC as
well as by means of the burette scaling, which is placed at the sample top. For each pres-
sure step, hydraulic permeability is determined for constant pressure conditions according

to the following equation:
QA
-~ AAh

where k (m/s) is the hydraulic permeability, @ (m?/s) is the flow rate permeating the

k (3.5)

sample, A (m?) is the cross-sectional area of the sample permeated by the fluid, Ak (m) is
the difference between inflow and outflow pressure heads and Al (m) is the length of the
sample permeated by the fluid. After equilibration at 500 kPa, i.e., the inflow equals the
outflow and the hydraulic permeability remains constant, the permeation fluid is replaced
by a deaired 0.5 molar CaCly solution in order to initiate cation exchange process of
exchangeable sodium cations. Using the salt solution, sample permeation is continued

until the pore volume is replaced completely.
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It has to be noted, that according to ASTM D5084-03 (2003) a maximum hydraulic gradi-
ent of 30 is recommended in order prevent sample consolidation during testing. However,
by Rad et al. (1994) it was shown that in case of GCL conditions, i.e., sample thicknesses
of about 20 mm, hydraulic gradients up to 2,800 do not essentially affect hydraulic perma-
bilities. Thus, in order to reduce testing duration a hydraulic gradient of 2,500 is adjusted
in the present study. In a schematic illustration of the experimental setup used
for the determination of swelling pressure and hydraulic permeability of Na'-bentonite as
well as its respective composites is given. Details on the equipment used, i.e., the isochoric
cell as well as the VPC device, can be found in (Khan 2012).
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3.5 Theoretical methods

3.5.1 Physico-chemical approach

The volumetric behaviour of pure bentonites and bentonite-PAA°-composites, determined
experimentally by oedometer compression tests on their respective slurries, are theoretically
analysed by use of (modified) DDL theory. Therefore, the fundamental Poisson-Boltzman

equation of the DDL (Equation 2.1)) as well as its modified form considering non-ionic
polymer adsorption on charged surfaces (Equation 2.11)) are used. As pointed out in

lsubsection 2.4.1} the solution obtained by Brooks (1973) is valid for small surface potentials
only, i.e., U << £25 mV (van Olphen 1963), since it is based on a simplified form of the

original nonlinear equation. However, in case of interlayer swelling clay mineralogies, clay
mineral surface potentials amount around -275 mV, for which reason the existing solution
is invalid for clay mineral surface conditions. This is illustrated in where the
effect of non-ionic polymer adsorption on the electric potential in the near-field of charged
surfaces is illustrated for varying values of 8 and d,. It is obvious that the calculated
values of U'(z) become enormous and definitely unrealistic, when applying the proposed
equations to clay conditions , whereas the approximation is valid in case of
small surface potentials . Therefore, in the present study, new equations are

introduced obtained by semi-analytical solution of the original nonlinear [Equation 2.11]in

order to account for the influence of adsorbed non-ionic polymers on clay mineral surfaces

on DDL formation characteristics. The novel approach is introduced in [subsection 6.2.1}

3.5.2 Cluster model

Analysis of pure clay as well as composite hydraulic permeability as a function of total

void ratio is performed on the basis of cluster model (see [subsection 2.4.2). The following

conditions are considered for theoretical calculation by use of [Equation 2.17] and [Equa-|
tion 2.16t

In case of water being the pore fluid at 20°C, v and  amount 9810 N/m? and 0.001005 Ns/m?,
respectively. ko and t amount 2.5 and v/2, respectively, which is valid for uniform pore size
distributions and thus, for Kozeny-Carman approach (Mitchell & Soga 2005). According

to the underlying assumptions in cluster model, e, i.e., the intra-cluster void ratio, begins
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Figure 3.8: Electric potential versus distance to charged surface plots following

(no polymer) and [Equation 2.14|& [2.15((with polymer) with ng = 10 mol/l, v = 1,
e =7.1.101"° C?/Jm, T = 298 K: Small surface potential of ¥, = -5 mV (a); clay
mineral surface conditions of ¥{, = -275 mV (b).

to participate in compression process when the inter-cluster void ratio, e,, falls below the

value of 0.43. Thus, for e, > 0.43, e, equals e.(, whereas e, decreases by the same value as

the total void ratio, e;, decreases. In case of ¢, < 0.43, both void ratios, e. and e,, decrease

linearly with decreasing e, (see [Figure 2.15). Therefore,

and

€c €c,0
(3.6)
ep = € — €. for e, >0.43
€c,0
€. =
(043 + 6070) * € (37)
ep = € — € for e, <0.43

Finally, the unknown values of the initial intra-cluster void ratio, e., as well as the num-

ber of particles per cluster, N, are derived by fitting the cluster model approach, i.e.,

[Equation 2.17, with the respective experimental data of oedometer time-compression test

results. Thereby, it is assumed that the initial fabric of clay and composite slurries is

69



3 Materials and methods

formed at zero external loading conditions, i.e.,

€c,0 S €0 — 0.43 (38)

3.6 Summary

The fundamentals on the study’s approach, the materials used as well as the experimental
and theoretical methods adopted were summarized. In the beginning, the organization of
the research program was defined. Thereby, the multiscale approach focusing on the sys-
tematic multiscale experimental and theoretical investigation of clay-polymer composites
as well as the application-oriented approach focusing on the identification of the governing
mechanisms determining the hydraulic barrier performance of polymer enhanced bentonite

barriers were distinguished.

With respect to the multiscale approach, variations of the constitutive properties in terms
of the clay mineralogy, the polymer charge as well as the polymer-to-clay ratio were de-
fined. Further, the experimental methods of micro-scale analysis in terms of the adsorption
characteristics by means of the adsorption isotherms as well as the fabric were introduced.
Similarly, the experimental methods of macro-scale analysis in terms of the plastic prop-
erties, the volumetric behaviour, the hydraulic permeability as well as the water retention
were given. With respect to the theoretical multiscale analysis, i.e., (modified) DDL the-
ory and cluster model, the individual procedures, parameter sets and boundary conditions
were summarized. These involve the development of new equations on the basis of modified
DDL theory by solving the original non-linear differential equation introduced in

within the framework of the thesis.

With respect to the application-oriented approach, variations of the constitutive properties
in terms of the polymer charge and composite preparation method were defined. Further,
the testing boundary conditions, especially concerning the determination of swelling pres-

sure and subsequently the hydraulic permeability were outlined.
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analysis

4.1 General

In the following chapter, the results of clay and composite experimental micro-scale analysis
are presented and discussed. Firstly, consideration is given to the adsorption characteristics
of each clay-polymer combination. Thereby, the results obtained are discussed in terms

of polymer adsorption spots on clay mineral surfaces as well as its shape in the adsorbed

state based on the state-of-the-art knowledge summarized in[subsection 2.2.3 In the second

part of this chapter, experimental results of microscopic clay and composite investigations

are presented and discussed in terms of their fabrics based on the definitions given in

[subsubsection 2.2.1.3| and [subsection 2.2.4l Thereby, interpretation of clay and composite

fabrics aims on the identification of physico-chemical as well as steric mechanisms caused
by the presence of adsorbed polymer on clay mineral surfaces. Parts of the results presented
in the following have been published in (Haase & Schanz 2015, Haase & Schanz 2016).

4.2 Adsorption characteristics

Test results on the adsorption characteristics of PAAT, PAA° and PAA™ on Na'- and
Ca™"-bentonite as well as kaolin are given in showing the respective adsorption
isotherm, i.e., the mass of adsorbed polymer per gram clay, ¢ (mg/g), over the concentration
of polymer in solution, c., (mg/l), each for the state of equilibrium. In accordance to
previous findings on the adsorption characteristics of polyacrylamide polymers on clay

mineral surfaces, e.g., by Schamp & Huylebroeck (1973), adsorption isotherms can be
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characterized most suitable by the Langmuir-type, following the equation:

o KQmaa: Ceq

= 4.1
1+ Kceq (4.1)

q
Where, K (-) is the Langmuir adsorption coefficient and g, (mg/g) is the maximum
adsorption capacity. The parameters K and ¢, describing the individual shape of the
adsorption isotherm are summarized in for each clay-polymer combination. It
is obvious that both, the clay mineralogy as well as the polymer charge have significant

influence on the maximum adsorption capacity.

With respect to the polymer charge, the highest amount of polymer adsorption was found
to occur in case of PAA°, followed by PAA™. This behaviour is in accordance to similar
findings, e.g., by Denoyel et al. (1990), on the influence of polymer cationicity on adsorption
characteristics, and can be explained by the geometrical shape of polymers in the adsorbed
state. Randomly coiled PAA° chains adsorb with large loops and tails, whereas stretched
geometries of PAA™ result in a large portion of train segments. The adsorbed volume
and thus, mass, is therefore reduced in case of PAAT, even if the coverage of clay mineral
surfaces is equal. In case of PAA", the maximum adsorption capacity is in a quite lower
order of magnitude as observed for PAA° and PAA™. This indicates that the governing
mechanisms of anionic polymer adsorption, i.e., anion exchange on clay mineral edges and
cation bridging on multivalent exchangeable cations, are significantly less in quantity as
compared to cation exchange, which is the governing mechanism in cationic polymer ad-
sorption. Additionally, ion-dipole and dipole-dipole bonding to polar parts of the polymer
chain, as observed e.g., by Deng et al. (2006) for all three types of polymers, are of minor

significance in case of the anionic polymer.

With respect to the clay mineralogy, polymer adsorption occurs most distinctive in case of

Table 4.1: Adsorption parameters according to Langmuir-type adsorption isotherms.

PAA* PAA° PAA-
K Gmaz  Gmac* K Tmax K Tmaz
(-)  (mg/g) (meq/g) () (mg/eg) )  (mg/eg)
Na*-bentonite 0.017 18518 0.70 0.033  201.60 - -
Ca**-bentonite 0.011 32.63 0.12 0.009 67.88 0.026 2.01
kaolin 0.009 9.26 0.04 0.014 16.11 0.033 0.53
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Figure 4.1: Adsorption isotherms of polyacrylamide polymers on clays: PAA* and PAA° on
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Na't-bentonite, followed by Ca™'-bentonite and kaolin. These results are in good agree-
ment with the respective surface accessibilities for polymer adsorption on clay mineral
surfaces since inner surface adsorption is possible in the presence of interlayer swelling
clay minerals only, i.e., in case of bentonites. Additionally, for the Ca®"-bentonite, re-
strictive access to the inner surfaces of interlayer swelling clay minerals can be expected
since DDL repulsion of clay mineral surfaces is decreased in the presence of multivalent
exchangeable cations, which accounts for its lower maximum adsorption capacity as com-
pared to Na™-bentonite. Quantitative information on the individual surface accessibilities
of the bentonites studied can be obtained when incorporating PAA™ ionicity, I™ (mol-
%), as well as the respective molar masses, M (g/mol), of acrylamide and methylated
dimethylaminoethylacrylate monomers into the corresponding results on maximum ad-

sorption capacity of PAA™. By use of the following equation,

(1= I*/100) -
= (Mo .~ T At . 4.2
Qmaz* ( [+/1OO + Qmaz ( )

(maz (Mg/g) can be rewritten as ¢nq.* (meq/g), where M° (g/mol) is the molar mass of
acrylamide, i.e., 71.08 g/mol, and M™ (g/mol) is the molar mass of methylated dimethy-
laminoethylacrylate, i.e., 158.21 g/mol. Finally, by the ratio gyq. * /CEC, an indication of
clay mineral surface occupancy can be given leading to the conclusion that polymer chains
do not intercalate completely into montmorillonite layers. Thereby, calculations assume
that by each cationic monomer adsorbed an exchangeable cation is replaced. In case of
Ca™"-bentonite, an average amount of 5 stacked montmorillonite layers with the inner
surfaces remaining inaccessible for polymer adsorption can be concluded since only 19%
of the exchangeable cations were replaced by the adsorption of PAAT. In case of Na'-
bentonite, on the other hand, an average amount of 1.2 montmorillonite layers per stack
was calculated and thus, almost complete polymer intercalation. Since kaolinite minerals
are characterized by a very low layer charge the above assumptions, i.e., by each cationic
monomer adsorbed an exchangeable cation is replaced, do not apply for the kaolin clay

and thus, the corresponding calculations will not be considered.

It has to be noted, that in case of Na'-bentonite, actually no adsorption of PAA~ was
detected leading to the conclusion that multivalent cation bridging, which are present in
considerable amount only in case of Ca™ "-bentonite and kaolin, is the dominant mechanism
in PAA™ adsorption rather than anion exchange. This conclusion is in agreement with the

fact, that under the present pH conditions, i.e., pH 6.1, clay mineral edges are approxi-
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mately neutral or rather slightly negatively charged and thus, do not have an appreciable

amount of exchangeable anions.

4.3 Fabric

Results of microscopic investigation using ESEM are illustrated in [Figure 4.2a]- |Figure 4.4d|

With respect to the pure clay fabrics, it is obvious that bentonites are characterized by a

homogeneous smooth surface of the clay (Figure 4.2al & [4.3a)) without visible pore systems

on the particular scale. However, individual units, i.e., (stacked) layers, can be identified
rudimentary smearing into each other rather than having finite dimensions. Thus, pref-
erential clay mineral layer/stack orientations in terms of well-defined F-F, E-F and E-E
orientations, respectively, cannot be identified. Generally, the diffuse effect of layer/stack
smearing is more pronounced in case of the Na'-bentonite indicating that clay mineral
layers are more dispersed as compared to the Ca™"-bentonite, which is in accordance to
the findings on polymer adsorption characteristics, i.e., 1.2 versus 5 layers per stack (see
section 4.2)). The fabric of pure kaolin, on the other hand, is dominated by the existence
of individual finite units, i.e., particles and aggregates, with the latter having well-defined
F-F particle orientations. In consequence, large inter-aggregate pores can be identified be-
tween F-F aggregates and assemblages of dispersed and deflocculated particles indicating
the existence of a bimodal PSD. These observations are in accordance to the physico-
chemical surface characteristics of the particular clay minerals. In case of montmorillonite,
clay mineral basal surface repulsion due to DDL overlapping dominates, whereas in case
of kaolinite, basal surface attraction due to London-van der Waals forces is dominant. In
consequence, the existing units in bentonites are single montmorillonite layers as well as
stacks of few layers in a dispersed and deflocculated state appearing as a 'clay mass’ on the
particular scale. Kaolinite layers on the other hand, form large units, i.e., several thousands

of stacked layers, which can be identified distinctly as particles on the particular scale.

It is obvious that due to composite formation with PAA™", bentonite fabrics rearrange from
the initial smooth surface and form large units, i.e., aggregates, each consisting of an as-
semblage of numerous clay mineral layers and stacks with inter-aggregate pores between
them (Figure 4.2b| & [4.3b)). Thereby, the diffuse effect of (stacked) layers as observed in

pure bentonites, persists within aggregates, for which reason a dominant intra-aggregate

orientation of clay mineral layers and stacks is still not obvious. Since PAAT polymers
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Figure 4.2: ESEM images of Na*t-bentonite (a), PAAT (b) and PAA° (c) composites.
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adsorb by cation exchange as the governing mechanism, the surface charge of clay mineral
layers becomes significantly lowered and eliminated, respectively. Thus, DDL repulsion
decreases and clay mineral layers approach forming larger units, i.e., aggregates. Thereby,
as it is obvious from microscopic investigation, layers and stacks approach irregularly in
dependence on their initial orientation rather than forming well-defined particles, which
accounts for the persisting diffuse effect within aggregates. The kaolin-PAA™ composite
fabric (Figure 4.4b)), on the other hand, differs from its pure clay counterpart by having
smaller F-F associated clay particle aggregates, i.e., aggregates are composed of a less
amount of particles. However, the smaller aggregates are additionally associated with each
other by E-F and E-E flocculation forming further units. Additionally, individual parti-
cles tend to flocculate, which is obvious from the alternating particle orientation within
particle assemblages. Thus, intra-aggregate fabrics differ from pure kaolin, whereas the
inter-aggregate pore-system remains nearly unaffected. As a result of these differing fab-
rics, an additional pore size fraction can be identified in case of the kaolin-PAA™ composite,
i.e., intra-aggregate pores between small aggregates. Since DDL repulsion and thus, the
reduction of surface charges due to cation exchange by PAA™ adsorption is insignificant in

case of kaolinite, the mechanisms determining composite fabric differ from the governing

effects in the bentonites. As it has been pointed out in [subsubsection 2.2.3.2] cationic

polymer shape in the adsorbed state tends to form large loop and tail segments, if the clay
mineral surface can be electrostatically equilibrated by the remaining train segments only.
This is particularly significant in case of kaolinite having a very low layer charge and thus,
extensive loop and tail segments of the adsorbed polymer. Under these conditions, cationic
polymers promote interparticle bridging since they act as long-distance connectors. Obvi-
ously, this effect occurs between individual particles as well as F-F associated aggregates

resulting in their respective flocculation.

The micro-fabric observed in case of bentonite-PAA° composites is characterized by a net-

like surface of the clay (Figure 4.2¢| & [4.3¢), i.e., the smooth surface, which is similar

to that of pure bentonite, is interrupted by a large number of small pores with the clay
still forming a continuous mass rather than individual units, i.e., aggregates. However,
the diffuse effect of (stacked) layers persists within the clay, for which reason preferential
layer and stack orientations are still not obvious. From colloid chemical point of view,
non-ionic polymer adsorption is assumed to promote dispersion and deflocculation by an

increase in DDL repulsion as well as steric stabilization between clay mineral surfaces (see

lsubsection 2.2.4)), which accounts for the observation of a continuous clay mass similar to
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that of pure bentonite. However, the formation of small pores may be attributed to local
variations in the physico-chemical surface characteristics of clay mineral layers originated
from, e.g., non-uniform polymer adsorption, i.e., surfaces having adsorbed layers and sur-
faces without adsorbed layers co-exist, as well as variations in the specific polymer shape,
i.e., the individual extent of loops and tails. Since the net-like fabric is very similar to
the "honeycomb-fabric’ as observed in some silts, its metastable nature, i.e., collapse under
the action of applied stresses, can be assumed accordingly (see Mitchell & Soga (2005)).
In case of the kaolin-PAA° composite, it is obvious that its fabric is characterized by a
single particle association without having aggregated or flocculated units (Figure 4.4¢)),
i.e., the fabric is dispersed and deflocculated. In consequence, only interparticle pores, i.e.,
an unimodal PSD, can be observed. This effect of non-ionic polymer adsorption on kaolin
fabric is therefore in accordance to the concept of steric stabilization between clay mineral
surfaces since F-F aggregation of particles is suppressed by preventing particle approaching

into each others attraction sphere.

PAA~ composites of Ca''-bentonite as well as kaolin were found to deviate from pure
clay fabrics by the formation of preferred E-F flocculation. This is most obvious in case
of the Ca™"-bentonite composite with the ESEM image clearly illustrating alternating
orientation of stacks (Figure 4.3d)). Thereby, the formation of large units having flocculated
intra-aggregate fabrics cannot be identified and thus, the PSD remains unimodal. With
respect to the kaolin composite, E-F flocculation occurs between F-F associated aggregates,
whereby assemblages of single particles remain dominantly dispersed and deflocculated
since distinct alternation in particle orientation is lacking. Thereby, F-F aggregates are
composed of a similar amount of particles as observed in pure kaolin and thus, intra-
aggregate pores between them are in the same order of magnitude as inter-aggregate pores
between assemblages of flocculated aggregates and assemblages of single particles. From
adsorption results , it was concluded that PAA- interacts via divalent cation
bridging with the clay mineral surface. In doing so, long-distance bridging between clay
mineral surfaces is enabled since adsorption spots, i.e., the local excess of positive surface
charges, are rarely as compared to the polymer anionicity. Consequently, flocculation
between the existing units, i.e., layers/stacks and aggregates, respectively, occurs. However,
in case of kaolin, assemblages of single particles remain unaffected by the flocculating effect
of PAA" indicating that the existence of adsorption spots on the kaolinite surface, i.e., the
local excess of positive surface charges originated by the presence of divalent exchangeable

cations, correlates with the tendency of particle F-F aggregation.
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4.4 Summary

Micro-scale analysis of clays and clay-polymer composites has been performed including the
experimental determination of adsorption isotherms as well as the microscopic investigation
of clay and composite fabrics prepared with a polymer-to-clay ratio of ¢,,4,. The concluding

findings are as follows:

Adsorption isotherms of each clay-polymer combination were found to follow the Langmuir-
type adsorption. Their individual maximum adsorption capacities were found to be in the
following orders of magnitude: PAA® > PAA' >> PAA~ as well as Na'-bentonite > Ca™ -
bentonite > kaolin, which is in agreement with the respective constitutive characteristics
dominating the interaction between clay mineral surfaces and polymers, i.e., polymer shape
in the adsorbed state, the amount of adsorption spots on clay mineral surfaces as well
as clay mineral surface accessibility. With respect to the latter, adsorption results were
confirmed by microscopic investigation indicating distinctive layer dispersion in the Na™-
bentonite, layer stacking in the Ca™"-bentonite as well as the existence of particles and F-F
aggregates in the kaolin. Thereby, calculations of PAAT maximum adsorption capacity let

to the conclusion of an average amount of 5 layers per stack in case of Ca™"-bentonite.

PAA™ adsorption was found to promote aggregated clay fabrics in case of bentonites due to
the reduction in DDL repulsion, whereas in case of kaolin, flocculation was promoted due
to long-distance interparticle and inter-aggregate bridging. PAA° adsorption, on the other
hand, was found to cause dispersed clay fabrics due to an increase in DDL repulsion as
well as steric stabilization between clay mineral surfaces. However, in the slurry condition,
bentonite composites tend to develop a net-like fabric similar to the well-known honeycomb-
fabric, which is assumed to be sensitive to the stress level. PAA™ adsorption was found
to promote flocculated clay fabrics due to long-distance interparticle bridging. Thereby,
multivalent cation bridging was concluded to be the governing mechanism in adsorption
process rather than anion exchange since in case of Na'-bentonite having a very little

amount of multivalent exchangeable cations no adsorption of PAA~ has been detected. In

& the results are summarized schematically.
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Figure 4.5: Summary of clay and composite micro-scale analysis - bentonite fabric.

82



4.4 Summary

regation PAA": flocculation
aals i

PAA?: dispersion/deflocculation PAA’: flocculation

o
—
—
—
(o}
—
Q.
—
o
5
=
[}
w
Q
«Q
«Q
p=y
(9
«Q
Q
—_
(0]
o
=.
Q.
Q
=}
(]

8\] %\ adsorbed with large adsorbed with stretched geometries
via

loops and tails

%QA\\‘@% v

83



84



5 Experimental results of

macro-scale analysis

5.1 General

In the following chapter, the results of clay and composite experimental macro-scale anal-
ysis are presented and discussed. Thereby, consideration is given to the plastic properties
as well as oedometer and unconfined water retention test results performed on clay and
composite slurries. In order to enable comparison of composite macro-scale properties to
their respective pure clay counterparts, modified definitions in terms of the water content

as well as the void ratio are introduced:

m
*=—2.100 5.1
W= (5.1)

Ve +V,
eclay = V P (52)

where w* (%) is the modified water content indicating the influence of polymer adsorption
on the physico-chemical properties of clay mineral surfaces; m,, (g) is the mass of water;
me (g) is the mass of clay; eqqy (-) is the modified void ratio indicating the influence
of polymer adsorption on clay fabric, i.e., clay mineral solid separation and orientation;
V, (¢cm?) is the volume of voids; Vj, (cm?) is the volume of polymer and V, (cm?) is the

volume of clay mineral solids.

Interpretation of clay and composite macro-scale behaviour is based on fundamental mul-
tiscale relationships established for clays (see taking into account the results
of micro-scale analysis. Parts of the results presented in the following have been published
in (Haase & Schanz 2016, Haase & Schanz 2015).
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5 Experimental results of macro-scale analysis

5.2 Plasticity

It is established in literature that in case of montmorillonite being the predominant clay
mineral the extent of DDLs controls the order of liquid limits, whereas in case of kaoli-
nite being th predominant clay mineral the fabric is the governing factor (Sridharan
et al. 1986, Sridharan et al. 1988). Thereby, with increasing degree of DDL extent and
flocculation, respectively, w-values are increased. Nonetheless, both mechanisms exist
simultaneously in montmorillonitic as well as kaolinitic clays with different degree of inten-
sity and may act opposed to each other (Sridharan 2002). In addition, both mechanisms
directly influence shrinkage limits, i.e., with increasing extent of DDLs in case of mont-
morillonite wg-values decrease as well as with increasing degree of flocculation in case of
kaolinite wg-values increase. With respect to the former relationship, the accompanying

effect of fabric dispersion in consequence of extensive DDL formation is reflected (for de-

tails see [subsection 2.3.2)). The results on composite plastic behaviour, i.e., the liquid,
plastic and shrinkage limits, summarized in largely reflect these relationships

when taking into account their respective micro-scale characteristics:

In case of kaolin clay, w;- as well as w?-values of PAA™ and PAA™ composites are increased,
which is in accordance to the flocculating effect of polymer adsorption identified in
tion 4.3 In addition, the particular degree of flocculation, as illustrated in [Figure 4.6

correlates to the absolute values of w; and w}. With respect to the kaolin-PAA® com-
posite, fabric dispersion and deflocculation has been identified (see [section 4.3)), in which
consequence a decrease in liquid and shrinkage limits is expected based on the established
relationships on micro- and macro-scale coupling. However, since an increase in w;- and
wi-values can be identified, the effect of polymer adsorption in terms of steric stabiliza-
tion, as illustrated in is assumed to dominate the effect of dispersion and
deflocculation, i.e., the interparticle pore-space is increased rather than decreased, which

is macroscopically similar to the effect of flocculation.

In case of bentonite composites, aggregated and flocculated fabrics have been identified
to exist in PAA" and PAA~ composites. In consequence, both types of composites have
significantly increased wj-values. Thereby, it has to be noted that the effect of PAAT-
adsorption in terms of fabric aggregation dominates the effect of clay mineral surface
charge equalization and thus, reduction in DDL extent, by which the reverse effect on the

value of liquid limit is promoted. In case of Ca'"-bentonite-PAA° composites prepared
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5.2 Plasticity

Table 5.1: Modified consistency limits of clay-polymer composites.

pure PAAt PAA° PAA-
Na*t-bentonite prepared with ¢,,,.
wy (%) 588 654 1 2
w? (%) 37 -1 -1 -2
w’ (%) 14 7 10 -2
Ca™*-bentonite prepared with ¢4,
wi (%) 109 153 173 171
wy (%) 33 -1 -1 38
w* (%) 13 17 12 12
Ca™*-bentonite prepared with 10% of ¢,qz
wi (%) 109 139 163 138
w? (%) 33 34 53 30
w* (%) 13 14 12 12
kaolin prepared with ¢4
wi (%) 51 113 96 57
w? (%) 32 75 49 37
w* (%) 30 42 40 39

!determination failed, standard test method unsuitable; 2composites were not considered (see [section 4.2))

with a polymer-to-clay ratio of ¢q, and 10% of ¢q., respectively, the increase in DDL
extent due to polymer adsorption is reflected by their liquid limits, i.e., wj)-values are
significantly increased. However, in case of the Na™-bentonite-PAA° composite standard
test methods for the determination of liquid limit were found to be not applicable, for
which reason no wy-value was obtained. With respect to the shrinkage limits of bentonite-
PAA composites, it is obvious that significant deviations from pure bentonite values occur
in case of Na™-bentonite-PAA composites only, i.e., the shrinkage limits are decreased.
This behaviour is not consistent with established w;-w}-relationships, on which basis the
increased wj-value due to aggregation in case of the Na'-bentonite-PAA™ composite is
expected to be accompanied by an increase in w}. Since the polymer-to-clay ratio is
very high for both Na'-bentonite-PAA composites, it is concluded that polymer specific
characteristics, such as the flexibility of polymer chains as against the rigidity of clay

mineral layers, dominate the formation of residual composite fabrics during shrinking. In
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5 Experimental results of macro-scale analysis

contrast, in case of Ca™-bentonite-PAA composites, consistent w?-values can be observed
for the PAA™ and PAA° composites, i.e., slightly increased and decreased values due to
fabric aggregation and DDL increase, respectively, whereas in case of PAA™ composites, w-
values are inconsistent with the corresponding wj-values, i.e., they are slightly decreased
in spite of fabric flocculation and thus, increased wj-values. With respect to the effect
of polymer-to-clay ratio, Ca™"-bentonite-PAA composites prepared with ¢,,., and 10% of
Jmaz, Tespectively, show similar tendencies in w;- and w}-values with the more pronounced

effect in case of composites prepared with ¢,,q,. w;-w? relationships of clays and composites

are illustrated in

Since the determination of plastic limits failed for many of the composites, interpretation

of the values in terms of general relationships cannot be given.
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Figure 5.1: w;-w?-relationships of clays and composites: Na*-bentonite (a); Cat*-bentonite
(b); kaolin (c).
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5 Experimental results of macro-scale analysis

5.3 Volumetric behaviour

The results obtained experimentally by oedometer compression and rebound tests on the
volumetric behaviour of pure clays and clay-polymer composites prepared with a polymer-
to-clay ratio of gq, are shown in [Figure 5.2] They indicate that the changes in volumetric
behaviour due to composite formation have similar tendencies independently on the domi-
nant clay mineralogy, even though e-log(p’) relationships have different orders of magnitude
for kaolinite- and montmorillonite-rich clays dominated by mono- and divalent exchange-
able cations, respectively. It is obvious that composites have generally higher void ratios at
the same applied pressure as compared to their pure clay counterparts. Since the void ratio
expressed in terms of ey, implicates that the volume of polymer adsorbed on clay mineral
surfaces is treated as voids the contribution of polymer volumes to the calculated void
volumes is indicated by dashed lines for high polymer-to-clay ratios . Thereby,
polymer volumes are neglected completely for the calculation of void ratios. Doing so, it is
obvious that the higher void ratios in case of composites cannot be attributed to polymer
volumes only and additional factors dominate composite volumetric behaviour. The gen-
eral tendency of increased void ratios at the same applied pressure in case of composites

can be further differentiated by polymer charge as follows:

In case of PAAT composites, the abovementioned behaviour can be observed most sig-
nificantly for all the three clays as well as along the whole pressure range tested. This
behaviour is in accordance to the micro-scale findings on clay fabric, i.e., aggregated and
flocculated fabrics in case of bentonites and kaolin, respectively. Thereby, it was found
that the bentonite-PAA™ composite fabrics differ from the pure bentonite fabrics by hav-
ing large inter-aggregate pores and thus, a bimodal PSD as against the unimodal PSD in
pure bentonites. The kaolin-PAA™ composite, on the other hand, differs from the pure
clay fabric by having increased intra-aggregate pores between flocculated small aggregates,
whereas inter-aggregate pores, that can also be found in the pure kaolin fabric, remain un-
changed. However, for both types of predominant clay mineralogies a bimodal PSD exists
in the PAA™ composite fabrics, whereas the pore size fraction accounting for distinctly

increased void ratios is different for montmorillonite and kaolinite dominated clays.

With respect to PAA° composites, it can be observed that in case of bentonites, composite
e-log(p’) relationships tend to approach to the respective relationship of pure clays with

increasing pressure. At 800 kPa their corresponding dashed line approximately equals the
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5 Experimental results of macro-scale analysis

value eqqy of pure clays. However, the kaolin-PAA° composite has no tendency to approach
to the e-log(p’) relationship of pure clay. This differing behaviour can be attributed to the
fact that the mechanisms of non-ionic polymer adsorption on clay fabric formation are
different and depend on the predominant mineralogy, although the qualitative effect on
clay fabric, i.e., dispersed and deflocculated fabrics, is equal. In case of montmorillonite,
polymer adsorption causes an increase in DDL repulsion of clay mineral surfaces, whereas in
case of kaolinite, the mechanism of ’steric stabilization’ governs kaolinite surface separation.
Since the latter mechanism dominates for physical reason independently on the stress level
differences in egq, exist for each applied pressure. However, due to decreased differences
with increasing stress level, it can be assumed that polymer shape rearranges, i.e., loop and
tail sizes become reduced and train parts are increased with increasing pressure applied.
In case of increased DDL repulsion due to PAA°-adsorption, on the other hand, the effect
has less dominance with increasing clay mineral surface approaching and thus, stress level.
This can be attributed to additional attractive forces acting between adsorbed polymer
parts and the opposing clay mineral surface, i.e., dipole-dipole and ion-dipole attraction,
causing 'forced polymer bridging’ between clay mineral surfaes. Additionally, the influence
of attractive London-van der Waals forces has to be considered since due to the adsorbed
polymer chains separation of solids is distinctly smaller than separation of clay mineral
surfaces as referred to by egqy. Thus, clay mineral surface separations, at which attractive

forces become relevant can be assumed to differ from the findings in literature on pure clay

mineral surfaces (see subsection 2.4.1)). Further, since in the high pressure range differences

in eqqy can be attributed to the polymer volume between montmorillonite solids only, the
initial polymer shape in terms of large loops and tails becomes rearranged with increasing
pressure, i.e., train segments are increased. Taking additionally into account the results of
micro-scale investigations, i.e., the presence of a net-like fabric, which is morphologically
similar to the honeycomb fabric, the assumption of its metastable nature is confirmed by

oedometer compression test results.

In case of PAA™ composites, increased e-log(p’) relationships have least extent in compari-
son to the PAAT and PAA° composites. Further, for the Ca™ "-bentonite composite it can
be observed that its e-log(p’) relationship approaches to that of pure clay at an applied
vertical pressure of about 100 kPa. However, the kaolin composite has no tendency to ap-
proach to its corresponding pure clay e-log(p’) relationship. In both cases, E-F flocculation
was found to dominate the clay fabric, which accounts for the general increase. In addition,

when taking into account the respective differences in clay fabrics, i.e., E-F flocculation
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5.3 Volumetric behaviour

between stacks (Ca™t-bentonite) and aggregates (kaolin), the latter fabric can be expected
to have higher resistance against loading induced particle rearrangement, which is caused
by an increase in shearing resistance between flocculated units due to an increase in the
shearing area. Thus, E-F flocculation of the Ca®"-bentonite-PAA- composite is highly sen-
sitive to the stress level, which obviously applies for anisotropic as well as isotropic loading
conditions, i.e., the sensitivity is indicated by oedometer compression test results as well
as the w?-value, which is inconsistent to the corresponding wi-value (see [section 5.2).

With respect to the influence of polymer-to-clay ratio, oedometer (de)compression curves
of Ca'"-bentonite-PAA composites prepared with ¢.. and 10% of @, are similar in a
qualitative manner (see . Thereby, the effect of polymer adsorption as discussed
in the previous paragraphs is more pronounced for the higher polymer-to-clay ratio. Thus,
differences in composite fabric as proposed in literature in terms of flocculation by inter-
particle bridging in case of moderate amounts of adsorbed polymer and steric stabilization

in case of high amounts of adsorbed polymer cannot be confirmed by the results obtained.

The compression and decompression indices, C,. (-) and C; (-), obtained by linearization of
e-log(p’) relationships between 25 and 800 kPa vertical stress are listed in [Table 5.2 The
pure clay values of both parameters follow the order Na'-bentonite >> Ca*'-bentonite >
kaolin. With respect to the composites, slightly increased values of C. can be identified.
Since the compression index was proposed by Sridharan (2002) to be correlated to w,-values
in dependence on the predominant clay mineralogy the individual C.-w relationships are
illustrated in Thereby, inconsistencies with established relationships on micro-
and macro-scale coupling, which have been identified in on the basis of w;-w}
relationships as well as the results of fabric investigation, are confirmed, i.e., decreased
w-values of Na™-bentonite-PAA composites due to polymer chain flexibility as well as de-
creased w-values of Cat"-bentonite-PAA™ composites due to fabric sensitivity to the stress
level. Kaolin-PAA composites as well as Ca™ "-bentonite-PAA™ and -PAA° composites, on
the other hand, show very good agreement between macro-scale C.-w} relationships and
their respective micro-scale characteristics. The individual mechanisms are indicated in
[Figure 5.4, The C,-values amount 10 - 35% of the corresponding C,-values, which is in
accordance to ratios given by Mitchell & Soga (2005). Generally, the influence of polymer
adsorption is most obvious in case of Na'-bentonite-PAA composites, i.e., C,-values are
signifiantly decreased, which additionally emphasizes the relevance of attractive forces at

small clay mineral surface separations due to adsorbed polymer layers.
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Figure 5.3: (De)compression curves of Ca**-bentonite and its composites prepared with a
polymer-to-clay ratio of ¢.. (a) and 10% of ¢a. (b).

Table 5.2: (De)compression indices of clays and composites.

pure PAAT PAA° PAA~
Na*-bentonite prepared with ¢4z
C. () 6.46 6.85 6.93 E
Cs (-) 1.95 0.62 0.98 -1
Ca™*-bentonite prepared with ¢,
C. () 0.97 1.33 1.22 1.55
c, () 0.17 0.15 0.21 0.19
Ca™*-bentonite prepared with 10% of ¢4z
C. () 0.97 1.14 1.10 1.20
c, () 0.17 0.16 0.19 0.18
kaolin prepared with ¢4
C. () 0.28 0.58 0.53 0.45
C, () 0.10 0.11 0.10 0.11

Lcomposites were not considered (see [section 4.2));
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5 Experimental results of macro-scale analysis

5.4 Hydraulic permeability

Hydraulic permeabilities of pure clays and clay-polymer composites obtained by the analy-
sis of time-compression curves for each stress increment along the loading path of oedometer
compression tests are illustrated in & as a function of total void ratio eq,-
For each type of clay as well as their respective composites, hydraulic permeability decreases
exponentially with decreasing void ratio. Additionally, as expected, pure clay values of k
follow the order Na™*-bentonite < Ca’"-bentonite << kaolin, which can be attributed to
the respective clay fabrics and thus, fluid flow paths, in consequence of physico-chemical
clay mineral surface characteristics. With respect to clay-polymer composites prepared
with a polymer-to-clay ratio of ¢4z, it is obvious that hydraulic permeabilities differ from

their pure clay counterparts by different tendencies depending on polymer charge as follows:

In case of PAA™ composites, a general increase in hydraulic permeability can be observed.
For bentonites, this increase amounts about 0.5 - 1 order of magnitude along the whole void
ratio range tested. It has to be noted that time-compression curves of the Na-bentonite-
PAA™ composite were found to have established distributions in the high pressure range
only. k-values were therefore obtained for 200, 400 and 800 kPa vertical loading instead of
each stress increment. In contrast to the bentonite-PAA™ behaviour, kaolin-PAA™ com-
posite does not differ significantly from its pure clay counterpart in terms of the hydraulic
permeability. The differences are in accordance to the findings of microscopic investiga-
tion summarized in [section 4.3l Thus, increased k-values of bentonite-PAAT composites
are caused by the formation of aggregated clay fabrics including bimodal PSDs exhibiting
preferential fluid flow paths. The kaolin-PAA™ composite, on the other hand, was found
to be altered with respect to the intra-aggregate pores, whereas the inter-aggregate pores
remained unchanged. Since the fluid flow is controlled by the latter, macro-scale behaviour

in terms of the hydraulic permeability remains unchanged as well.

In case of PAA® composites, the tendency is vice versa, i.e., hydraulic permeabilities are
decreased. This behaviour is most evident for the kaolin-PAA° composite with reductions
by about 2 orders of magnitude. This is in accordance to the micro-scale characteristics
of pure kaolin and kaolin-PAA®° composite since PSDs were identified as bimodal and uni-
modal, respectively. Thus, a decrease in maximum pore radii in case of the kaolin-PAA®°
composite causes decreased hydraulic permeabilities. However, PAA° composites of ben-

tonites have reduced hydraulic permeabilities in case of Na'-bentonite only, whereas in
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Figure 5.5: Hydraulic permeability versus void ratio plots of clays and composites prepared with
a polymer-to-clay ratio of ¢,,,: Na™-bentonite (a); Ca**-bentonite (b); kaolin (c).
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Figure 5.6: Hydraulic permeability versus void ratio plots of Cat*-bentonite and its composites
prepared with a polymer-to-clay ratio of ¢4, (a) and 10% of gpa. (b).

case of Ca'"-bentonite, composite hydraulic permeabilities do not differ from pure ben-
tonite values. Since pure bentonite as well as composite fabrics were found to be dispersed
and deflocculated for both types of predominant exchangeable cations, an additional fac-
tor controlling fluid flow in case of monovalent exchangeable cations has to be considered,
e.g., the influence of DDL formation on clay mineral surfaces on water viscosity, which has
also been discussed by Olsen (1962). Thus, PAA°-adsorption causing an increase in DDL
extent, impacts composite macro-scale behaviour in terms of the hydraulic permeability in
case of distinct DDL formation, i.e., monovalent exchangeable cations, whereas its impact

is negligible in case of slight DDL formation, i.e., divalent exchangeable cations.

The effect of PAA™ composite formation on hydraulic permeability is of no significance,
which is independent of the dominant clay mineralogy. This behaviour can be attributed
to the fact, that in spite of the micro-scale alterations of the clay fabric in terms of E-F
flocculation, the PSD remains unchanged, i.e., unimodal in case of Ca™'-bentonite and
bimodal in case of kaolin. The respective units in both types of clays, i.e., stacks, particles
and aggregates, persist regardless of their orientations. Thus, fluid flow paths are deter-
mined by the same type of pores in case of pure clays as well as clay-PAA™ composites, for

which reason k as a function of the total void ratio remains unchanged.

With respect to the effect of polymer-to-clay ratio, the macro-scale hydraulic permeabil-

ities of Ca'"-bentonite-PAA composites prepared with 10% of ¢4 equal the pure clay

98



5.5 Water retention

values (Figure 5.6)). Thus, in spite of slightly altered clay fabrics, which are indicated by
composites volumetric behaviour (see [section 5.3)), fluid flow paths in dependence of global

void ratio are widely unchanged.

5.5 Water retention

The results of unconfined water retention tests of clays and composites prepared with ¢,,q.

are illustrated in [Figure 5.7]- [Figure 5.10, Thereby, S,, w* and eyq, versus suction plots are
illustrated. With respect to material SWCCs, i.e., the fitting curves of S,-W relationships
of the first drying curves generated according to the equation proposed by Fredlund &
Xing (1994), the corresponding air entry values, ¥ gy (MPa), are listed in [Table 5.3] The

results can be summarized as follows:

Based on their respective SWCCs, the drying behaviour of pure clays in terms of their
air entry values follows the order Na*-bentonite > Ca™"-bentonite >> kaolin, which is
in accordance to their respective plastic properties, i.e., the more plastic the clay, the
greater the air entry value (Fredlund & Xing 1994), as well as to results obtained on similar
materials in literature (e.g., Tripathy et al. 2014). Further, composite formation results in a
decrease of U 4y in case of Na"-bentonite, whereas it results in an increase of W gy in case
of Ca™"-bentonite and kaolin clay. Since the degree of saturation depends on the amount of
water adsorbed as well as the void space in between solids related to the equilibrium state of
the respective value of suction, the physico-chemical clay mineral surface characteristics as
well as the clay fabric govern the desaturation behaviour. For this reason, the corresponding
values of w* and e, indicating the physico-chemical (polymer layered) clay mineral surface
characteristics and the clay fabric, respectively, have to be taken into account in order to
interpret the above findings on composite desaturation behaviour. In the low suction
range of the first drying curve, composites have generally increased values of w* and eqqy,
while maintaining the saturated state. This is in accordance to the results on composites
liquid limits and can be attributed to the same governing mechanisms, i.e., increased DDL
repulsion as well as fabric flocculation, aggregation and steric stabilization, respectively,
providing an increased pore space to be filled with water (for details see . With
increasing suction, composite w*- and eq,~-values approach to their pure clay counterparts,
whereas differing characteristics can be observed with varying clay mineralogy and polymer

charge as follows:
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Figure 5.7: Degree of saturation versus suction plots of clays and composites prepared with a
polymer-to-clay ratio of ¢,..: Nat-bentonite (a); Cat*-bentonite (b); kaolin (c).
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Table 5.3: Air entry values of clays and composites.
pure PAAt PAA° PAA

Na*t-bentonite prepared with ¢,,,.

U sy (MPa) 60 30 20

Ca™*-bentonite prepared with ¢4,

V4pyv (MPa) 35 60 35 50

Ca™*-bentonite prepared with 10% of ¢4z
U 4pyv (MPa) 35 35 35 45

kaolin prepared with ¢4z
U apy (MPa) 2.1 2.9 2.3 2.1

In case of bentonite-PAA™ composites, drying curves of w* cross their respective pure clay
counterparts and have thus, decreased values of w* in the high suction range (Figure 5.8al &
5.9a). Thereby, the corresponding suction at intersection is close to the individual air entry

value of the respective composite. Values of €.q,, on the other hand, remain permanently

increased in comparison to their pure clay counterparts (Figure 5.8b| & [5.9b]). Thereby,

differences in e, correspond approximately to the volume occupied by the polymer in
between clay mineral solids, i.e., &~ 0.1 and =~ 0.4 in case of Ca™"- and Na'-bentonite,
respectively. This finding indicates that fabric changes in terms of aggregation including
the formation of bimodal PSDs, which have been observed microscopically and confirmed
by macro-scale oedometer test results, do not persist in the high suction range > 20 MPa.
This kind of fabric rearrangement can be attributed to the flexible characteristic of polymer
chains, which has also been concluded from a significantly decreased shrinkage limit in
case of the Na'-bentonite-PAA™ composite having a very high polymer-to-clay ratio and
thus, a significant ratio of flexible solids. Further, since the shrinkage limit in case of the
Ca™"-bentonite-PAA™ composite having a moderate polymer-to-clay ratio was found to be
increased due to the persisting dominance of fabric aggregation, the rearrangement of clay
fabric is concluded to additionally depend on the drying rate, i.e., it is partly suppressed
in case of rapid drying (shrinkage limit testing conditions), whereas it is permitted in case
of moderate drying rates (water retention testing conditions).  In summary, bentonite-
PAA™ composites are characterized by decreased values of w* in the high suction range

indicating significantly altered physico-chemical characteristics of the (polymer layered)
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Figure 5.8: Water content and void ratio versus suction plots of Na*-bentonite and its com-
posites prepared with a polymer-to-clay ratio of ¢u..: PAAT (a) & (b); PAA° (c)
& (d).
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clay mineral surface in terms of its hydration. In addition, an approximate agreement of
eclay-values can be observed in the high suction range when taking into account the polymer
volume between clay mineral solids. In consequence, Na™-bentonite-PAA™T composite’s air
entry value is decreased since the amount of adsorbed water is decreased in the relevant
suction range while the void volume between composite solids is equal to its pure clay
counterpart. Ca’"-bentonite-PAA™' composite’s air entry value, on the other hand, is
increased, which can be attributed to the dominance of clay fabric rearrangement due
to polymer chain flexibility in the relevant suction range of air entry. In case of the
kaolin-PAA™ composite, differences in w* in the high suction range are marginal, whereas

€aay-values of composites remain distinctly increased in comparison to the pure kaolin

clay values (Figure 5.10a] & |[5.10b)). Thus, polymer induced fabric rearrangement is of less

significance in case of kaolinite dominated clays, which can be attributed to the distinctly
lower amount of adsorbed polymer and thus, flexible solids. However, in the relevant
suction range of air entry, i.e., in the medium suction range, an increase in composite w*
dominates the effect of an increase in egq, resulting in an increase of W4gy. Thereby,
based on micro-scale findings on the kaolin-PAA™ composite fabric, especially in terms of
polymer shape in the adsorbed state (see [Figure 4.6)), the increase in w* in the medium
suction range can be attributed to the distinct interaction between non-adsorbed parts of
the cationic polymer chain (trains and loops bridging aggregates) and water rather than an
alteration of physico-chemical clay mineral surface characteristics since adsorption spots

on kaolinite surfaces and thus, polymer layered surfaces are rarely.

In case of bentonite-PAA® composites w*- and egq,-V relationships of the first drying curves
are very similar to the behaviour identified for bentonite-PAA™ composites, i.e., w* dry-
ing curves of composites cross their respective pure bentonite counterparts and have thus,

decreased values of w* in the high suction range, whereas e.q,-values remain increased by

approximately the volume of polymer between clay mineral solids (Figure 5.8¢| - [5.8d &

[Figure 5.9¢|-5.9d)). From the latter behaviour it can be concluded that polymer shape in

the adsorbed state rearranges from its initial state, which is characterized by large loops
and tails (see , and reduces loop and tail sizes while increasing train parts with
increasing suction. This is in accordance to the results of oedometer compression tests
at maximum vertical loading. However, the deviations from pure bentonite behaviour in
terms of w* are more pronounced in case of PAA° composites, whereas deviations in terms
of e.qy are approximately equal since the volume of adsorbed non-ionic and cationic poly-

mer, respectively, is in the same order of magnitude. The former finding can be attributed
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to the differences in physico-chemical characteristics of the polymer layered clay mineral
surface, i.e., clay mineral surface and exchangeable cation hydration is reduced in case of
adsorbed PAA° as compared to adsorbed PAA™. This is caused by the fact that non-ionic
polymer chains exclusively replace hydration water molecules, whereas cationic polymer
chains additionally provide charge carriers, i.e., cationic monomers, which become hydrated
with water molecules. Thus, the decrease in adsorbed water due to water molecule replace-
ment by non-ionic monomers of the polymer chain is partially balanced in case of PAA™
by the hydration of cationic monomers of the polymer chain. Further, this difference in
surface hydration accounts for the finding that Wy (PAAT) > Upy (PAA°) since the
fabrics have become approximately equal in the relevant suction range of air entry. Similar
to composite behaviour of bentonites, the kaolin-PAA° composite is characterized by the

same features as observed for the kaolin-PAA™ composite in terms of its w*- and egq,-¥

relationships of the first drying curve (Figure 5.10¢| & [5.10d)). However, in the relevant

suction range of air entry, differences between PAA° and PAA™ composites primarily exist
in terms of w*, whereas the respective egq,-values are approximately equal, i.e., the water
content of the PAA™ composite exceeds the water content of the PAA° composite account-
ing for the finding that ¥ py(PAAT) > Uapy (PAA®). This behaviour is in accordance
to the differing interaction characteristics of non-adsorbed parts of the polymer chain with
water, i.e., interaction in terms of DDL formation and hydration on polymer chain surfaces

is increased in case of PAA™T as compared to PAA°.

With respect to composites prepared with PAA", significant differences in terms of increased
values of w* and eqqy, can be observed in case of kaolin composites in the low suction
range < 1 MPa only (Figure 5.9¢| - 5.91] & [Figure 5.10¢| - [5.10f). This is in accordance

to the results of oedometer compression tests indicating that PAA™ composite micro-scale

properties in terms of E-F flocculation are highly sensitive to the stress level. Further, the
higher resistance of E-F flocculated F-F aggregates in case of kaolin as compared to E-F
flocculated stacks in case of Ca*"-bentonite is confirmed by the results of water retention
tests. However, slightly increased values persist along the whole suction range, indicating
that (i) fabric rearrangement from the E-F flocculated state occurs imperfectly under
isotropic stress conditions, which is indicated by ey, and (ii) interaction of non-adsorbed
parts of PAA™ chains and water is significant, which is indicated by w*. In consequence,
composite SWCCs result in an increased value of ¥ 4y in case of Ca ™ '-bentonite indicating
that polymer chain-water interaction governs the macro-scale behaviour, whereas a nearly

unchanged air entry value can be observed in case of kaolin, which can be attributed to
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5.5 Water retention

the very low amount of adsorbed polymer and thus, polymer chain-water interaction.

With respect to clay and composite (scanning) wetting curves, the effect of hysteresis in
terms of decreased values of .S, w* and ey, respectively, as compared to the first drying
curves can be observed independently on clay mineralogy and polymer charge. In spite
of this behaviour, the fully saturated state is reached at the minimum applied suction of
0.1 MPa in case of Na"-bentonite as well as kaolin clay, whereas in case of Ca™ "-bentonite
pure clay and composite S,-values remain permanently below the value of 1.0 .
Thus, a general irreversibility of the fully saturated state due to air entrapment and cracks
as proposed e.g., by Fleureau et al. (2001) cannot be confirmed from the results obtained.
However, when taking into account the corresponding w*- and eqq,~-V relationships the

following characteristics of pure clay and composite wetting behaviour can be observed:

Pure Na'-bentonite wetting curves are characterized by the complete reversibility of w*
and egqy drying curves, which is in accordance to the dominance of DDL repulsion in vol-
ume change behaviour (Bolt 1956). Thereby, it has to be noted that in case of oedometer
compression and rebound tests, the e-log(p’) relationship during compression was found
to be irreversibly, which has been attributed to attractive forces dominating at small clay
mineral surface separations and thus, preventing interlayer expansion during unloading.
Since under anisotropic loading conditions clay mineral layer base surface orientations are
assumed to be parallel attractive London-van der Waals forces are of great importance
in case of oedometer tests. In case of isotropic loading, on the other hand, base surface
orientations are randomly accounting for the insignificance of attractive forces in case of
unconfined water retention tests and thus, complete reversibility during drying and wet-
ting cycles. However, Na'-bentonite composites differ significantly from pure bentonite
behaviour, i.e., w*- and egq,-values of the wetting curves remain distinctly below the cor-
responding values of the drying curves (Figure 5.8). A similar behaviour has been observed
during oedometer testing with distinctly decreased C,-values in case of Na™-bentonite com-
posites. This behaviour has been mainly attributed to an increase in attractive (polymer
layered) surface forces between parts of the adsorbed polymer chain and the opposing clay
mineral surface. This mechanism of 'forced polymer bridging’ is therefore of great impor-
tance with respect to both, isotropic and anisotropic (un)loading conditions. Obviously,
in consequence of this mechanism, the fully saturated state is reached at a higher value of

applied suction during the wetting process.

In case of Ca™"-bentonite as well as its composites w*- and eqq,-¥ relationships of the
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wetting curves differ insignificantly from each other (Figure 5.9). Thus, polymer bridging
at small surface separations as concluded from Na'-bentonite composite wetting curves
cannot be observed, which is in accordance to the results of oedometer rebound tests,
i.e., nearly unchanged C-values. However, PAA" and PAA° composites are character-
ized by slightly increased values of w* and ey, as compared to the pure Ca™-bentonite
behaviour indicating that the respective initial composite fabrics become partially recon-
stituted, whereas this tendency cannot be observed for the PAA"~ composite, ie., E-F

flocculation is rearranged irreversibly during the drying process.

In case of kaolin composites, on the other hand, the effect of fabric reconstitution is most
obvious for the PAA™ composite, whereas e.q,-values of kaolin-PAA™ and -PAA° compos-
ites remain approximately constant during wetting (Figure 5.10). However, since even in
the high suction range of the drying process PAAT and PAA° composite €q,-values re-
main distinctly increased as compared to the pure kaolin clay values, it can be assumed
that the initial fabrics (partially) persist during the complete process of drying and wetting
accounting for the insignificance of fabric reconstitution during wetting. In consequence
of initial fabric reconstitution and persistence, respectively, composite S,-¥ relationships
during wetting are characterized by continously decrased values of S, as compared to their
respective pure clay counterpart. However, finally the fully saturated state is reached at

the minimum applied suction of 0.1 MPa.

With respect to the effect of polymer-to-clay ratio, the macro-scale behaviour in terms
of S,-U relationships of the first drying curve as well as the subsequent (scanning) wet-
ting curve of Ca™-bentonite-PAA composites prepared with 10% of ¢4, equals the pure
clay behaviour (Figure 5.11). Thereby, w*- and egq,-V relationships are characterized by
slightly increased values in case of PAA™ and PAA° composites in the low suction range
only . Thus, the alteration of physico-chemical (polymer layered) clay mineral
surface properties as concluded from bentonite-PAA™ and -PAA° composites prepared with
Gmaz 18 insignificant in case of the reduced polymer-to-clay ratio. Further, the influence of

non-adsorbed parts of PAA" chains in terms of their interaction with water is negligible.
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Figure 5.11: Degree of saturation versus suction plots of Ca**-bentonite and its composites
prepared with a polymer-to-clay ratio of ¢4, (a) and 10% of ga. (b).
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Figure 5.12: Water content and void ratio versus suction plots of Cat*-bentonite and its com-
posites prepared with a polymer-to-clay ratio of 10% of ¢4 PAAT (a) & (b);
PAA° (c) & (d); PAA™ (e) & (f).
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5.6 Summary

Macro-scale analysis of clays and clay-polymer composites has been performed including
the experimental determination of materials’ plastic properties, the volumetric behaviour
and saturated hydraulic permeability by oedometer compression and rebound tests as
well as the water retention by unconfined drying and wetting tests. The results can be

summarized as follows:

In general, considerable agreement with the micro-scale findings has been found when
taking into account established relations on micro- and macro-scale coupling. Thus, aggre-
gated fabrics in case of PAA™ adsorption on montmorillonite surfaces result in an increase
of the liquid and shrinkage limits as well as the compressibility and hydraulic permeability.
Flocculated fabrics as promoted by PAA™ adsorption on kaolinite surfaces as well as PAA”
adsorption, on the other hand, have no influence on material hydraulic permeability since
the development of preferential fluid flow paths is lacking, whereas the liquid and shrinkage
limits as well as the compressibility are increased. Further, the micro-scale effect of non-
ionic polymer adsorption, i.e., fabric dispersion and deflocculation due to increased DDL
repulsion and steric stabilization, respectively, causes an increase in liquid limit and com-
pressibility as well as a decrease in hydraulic permeability by reducing the maximum pore
radii of the governing fluid flow paths. In addition, shrinkage limits are decreased in case
of DDL repulsion being the governing effect of PAA° adsorption (bentonite) and increased
in case of steric stabilization being the governing effect of PAA® adsorption (kaolin). With
respect to composite water retention behaviour similar mechanisms can be observed, e.g.,
increased water contents and void ratios in the low suction range < 1 MPa due to fab-
ric aggregation, flocculation, steric stabilization as well as increased DDL repulsion. In
addition, with increasing suction, especially in the partially saturated state, additional
mechanisms have been observed, i.e., a decrease in (polymer layered) clay mineral surface
hydration due to water molecule replacement by adsorbed PAA' and PAAP° chains in case
of montmorillonite surfaces as well as increased water adsorption due to distinct interac-
tion of non-adsorbed parts of polymer chains and water, which is relevant in case of PAA"
adsorption as well as PAA" and PAA° adsorption on kaolinite surfaces. Finally, due to
the versatile effects participating in the water retention behaviour, composite SWCCs have
various tendencies, i.e., the resulting air entry values are increased in case of Na-bentonite,

whereas they are decreased in case of Ca’"-bentonite and kaolin.
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However, in addition to the findings showing good agreement between micro- and macro-

scale composite properties some unique features related to the presence of adsorbed polymer

chains have been identified:

112

e In case of high polymer-to-clay ratios (Na'-bentonite) the flexibility of polymer

chains may cause complete clay fabric rearrangement with increasing loading to the
point of minimum void space between clay mineral layer and polymer chain solids. In
addition, during subsequent unloading the mechanism of ’forced polymer bridging’
between clay mineral surfaces is obvious, which is manifested in distinctly decreased

values of C; as well as distinct hysteresis in case of water retention wetting curves.

Even with very low polymer-to-clay ratios in case of PAA™ composites, flocculated
clay fabrics are highly sensitive to the stress level. Thereby, E-F flocculation of stacks
(Ca™*-bentonite) becomes destroyed at vertical loadings of about 100 kPa, whereas

E-F flocculation of aggregates (kaolin) persists up to isotropic suction loadings of
about 10 MPa.

The redistribution of non-ionic polymer shape in the adsorbed state with increasing
loading, i.e., loop and tail sizes become reduced, whereas train segments are increased,
is obvious from composite volumetric behaviour under anisotropic oedometer testing

conditions as well as isotropic unconfined water retention testing conditions.



6 Theoretical analysis

6.1 General

In the following chapter, the hydro-mechanical behaviour of clays and composites is an-
alyzed theoretically by use of classical approaches on micro- and macro-scale coupling in
clays, i.e., DDL theory and cluster model. With respect to the former approach, the
volumetric behaviour of bentonites as well as bentonite-PAA° composites is calculated
theoretically and compared to the experimental results of oedometer compression tests
performed on clay and composite slurries. Therefore, based on a modified form of the
fundamental differential equation of the diffuse double-layer proposed by Brooks (1973)
new equations for calculating the electric potential as a function of distance to clay min-
eral surfaces having adsorbed layers of non-ionic polymers are presented by solving the
nonlinear differential equation. With respect to cluster model approach, the hydraulic per-
meability of pure clays as well as clay-PAA° and -PAA™ composites obtained by oedometer
time-compression test results are recalculated by theory. Thereby, special focus is set on
the resulting values of fitting parameters characterizing clay and composite fabric in order

to compare the theoretical results with micro-scale characteristics of clay and composite

fabrics summarized in [Figure 4.5 and [Figure 4.6 Parts of the results presented in the
following have been published in (Haase & Schanz 2015, Haase & Schanz 2016).
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6.2 Physico-chemical approach

6.2.1 Theoretical solution for the determination of bentonite-

non-ionic polymer composite volumetric behaviour

The following solutions are based on the modified form of the fundamental nonlinear differ-

ential equation of the diffuse double-layer at charged surfaces proposed by Brooks (1973)

taking into account adsorbed layers of non-ionic polymers, i.e., [Equation 2.11} Thereby, in

accordance to the author’s suggestion, 5(z) is simplified by a step function. Thus, by use
of the substitutions introduced in [Fquation 2.2, the fundamental differential equations in
region 1 (5(z) = /) and region 2 (f(x) = 0) read:

2
(Z—é) = sinh (y — ) 0<¢&< ¢, (6.1)
1
d*y .
(d_§2)2 = sinh (y) a, <& (6.2)

By use of the boundary conditions that for

(1) E =00 y1 =y2 =0, (dy/d), = (dy/dE); =0 and B =0

the following semi-analytical solutions for the potential functions y; » can be found:

s =3 +2In [coth (% (€ - (Jl)ﬂ (6.3)

= 2m o (L6 )| ”

where the integration constants C; and C5 can be derived by the boundary conditions that

for

(2) £ =&q,0 y1 = w2 and
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(3) (ove)/(ewkT) = (dy/d€)e=¢,, — (dy/dE)1e=0 = (dy/dE)ze=c,,’

<coth (
CQ =In

(bap — Ch)) Vel — 1 ‘e
coth( a»

(Eap — C1)) Vel +1

N [N

(52 ) =~ sia (m [Coth (#)D
+ sinh (m [Coth (_%)D (6.6)
+ sinh (m [coth (#)D

By this approach, the electric potential as a function of distance to the clay mineral sur-
face refers to single DDLs. However, in the context referred to in the present study, the
condition of interacting DDLs is of specific significance. Therefore, is used to
correlate W’ _ . i.e., the electric potential calculated for a single DDL at distance d to the
charged surface, to its corresponding value of ¥/, i.e., the electric potential at the midplane
calculated for interacting DDLs of charged surfaces separated by distance 2d. Similarly, for
calculating the midplane potential between pure clay mineral surfaces without having lay-
ers of adsorbed polymers, the approach of calculating W’ _, for single DDLs
and subsequently converting it to its corresponding value of ¥/, (Equation 2.9)) is used.
The suitability of this method is illustrated in showing good agreement between
the empirical relationship proposed by Bharat et al. (2013), i.e., ¥/, = f(V’_,), and the
results obtained based on numerical calculations of interacting DDLs as proposed by Tri-
pathy et al. (2004) for typical clay-water conditions. On the other hand, by summation
of the potentials of two single DDLs at the midplane as proposed by van Olphen (1963)
for weak interaction, i.e., W), = 20’ _ . the results deviate significantly from the exact so-

lution in case of surface separations < 800 A (Figure 6.1). Finally, 2d-log (p) relationships
are obtained by use of [Equation 2.10} i.e., by relating the midplane potential, ¥/, to its

corresponding repulsive pressure, p. The procedure for calculating 2d-log (p) relationships
of bentonites and bentonite-PAA® composites is summarized in [Figure 6.2
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Figure 6.1: Electric potential at the midplane versus surface separation plots following (i) [Equa-
tion 2.4, where U/, = 20’ _ ., (ii) [Equation 2.6 where 0 = const. and (iii) [Equa-
tion 2.4, where ¥/, = f(U’'_,) (Equation 2.8) with ng = 10* mol/l, v = 1,
e=17.110" C?/Jm, T =298 K and 0 = -0.125 C/m?.

6.2.2 Determination of bentonite-PAA° composite volumetric

behaviour

In order to determine bentonite-PAA° composite volumetric behaviour theoretically by use
of the equations proposed in the previous subsection, special attention is turned on the two
unknown parameters of the clay-polymer-water system, i.e., the thickness of the adsorbed
non-ionic polymer layer, d,, as well as the polymer-electrolyte interaction parameter, 3. In
the influence of both parameters is illustrated for typical conditions of the clay-
polymer-water system. Obviously, with increasing values of both, d, and /3, the electric
potential at the midplane of two opposing polymer layered clay mineral surfaces separated
by a certain distance, 2d, and thus, the repulsive pressure is increased. Thereby, d, is
increased with increasing loop and tail size of the adsorbed polymer chain, whereas
is increased with increasing density of the adsorbed polymer layer (¢,) as well as with
increasing interaction of polymer and ions with water (xs,, Xsi) and decreasing interaction
between ions and polymer (x;,). It is noteworthy that the latter components governing the
value of (3, i.e., the interaction parameters, x, are constant for a given clay-polymer-water
system. The former component governing the value of 3, ¢,, as well as the value of d,, on
the other hand, may vary with varying polymer layered clay mineral surface separation,

especially in case of extensive loop and tail sizes in the initial state. Theoretically, these
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Figure 6.2: Flow chart showing the determination of 2d-log(p) relationships of bentonites (hav-
ing non-ionic polymer layered clay mineral surfaces) by use of (modified) DDL
theory.

variations occur since the persistence of, e.g., d,, o = 100 A is unlikely in case of 2d < 200 A
due to polymer overlapping and becomes sterically impossible in case of 2d < 100 A.
Practically, these variations have been concluded from the experimental results on macro-
scale composite behaviour (see . Thereby, in consequence of a decrease in d,, ¢,

and thus, f increases.

In the experimental results of bentonite and bentonite-PAA° composite volu-
metric behaviour obtained by oedometer compression tests are illustrated and compared
to the theoretical 2d-log (p) relationships obtained by use of the (modified) approach based
on DDL theory according to the procedure given in [Figure 6.2] Thereby, calculation of
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Figure 6.3: Surface separation versus repulsive pressure plots of bentonites (having non-ionic

polymer layered clay mineral surfaces) following the procedure given in [Figure 6.2
with ng =10* mol/l, v =1, ¢ =7.1-10° C?/Jm, T =298 K and o = -0.125 C/m?:
Influence of d, with 3 =1 (a); Influence of 3 with d, = 25 A (b).

2d-values follows the approximation given by Bolt (1956) for saturated clays:
Ceay = Gpu10°5d (6.7)

For pure bentonites, it is obvious that by theoretical analysis, surface separation is over-
estimated as compared to the experimental results. This is in accordance to previous ob-
servations, e.g., by Schanz et al. (2013) and Tripathy et al. (2013), for the pressure range
tested in this study. In case of Ca™"-bentonite, the discrepancies between theoretical and
experimental results, especially in the low pressure range up to 400 kPa, are more sig-
nificant in comparison to the Na*-bentonite. For montmorillonites having predominantly
divalent exchangeable cations, these great discrepancies have already been observed, e.g.,
by Blackmore & Warkentin (1960) and Schanz & Tripathy (2009). In the former study,
it was suggested that due to divalent exchangeable cations and thus, increased attractive
forces between cations and negatively charged clay mineral surfaces, stacks of montmoril-
lonite layers are present with DDLs only acting at their outer surfaces. The conventional
approach, on the other hand, suggests complete layer separation with DDLs also acting
at the inner surfaces. From PAA™ adsorption test results, stacks with an average amount
of 5 montmorillonite layers were concluded to exist in Ca™"-bentonite. On this basis, the

experimental 2d-log (p) relationship is recalculated by fixing 4/5 of the layer distances to
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Figure 6.4: Surface separation versus repulsive pressure plots of bentonites and bentonite-PAA°
composites prepared with a polymer-to-clay ratio of ¢,,q, based on (i) experimental
oedoemter compression test results with p = p’ and (ii) theoretical analysis following
the procedure given in |Figure 6.2t Na*-bentonite (a); Ca**-bentonite (b).

2d =94 A (Mitchell & Soga 2005), i.e., the maximum layer separation when exchangeable
cations are hydrated, and calculating layer separations between stacks. The results are also
shown in indicating that overestimated layer separations as obtained by DDL
theory can be explained by this approach, i.e., agreement between theoretical and exper-
imental results increases significantly. Similarly, in case of Na'-bentonite, which has few
divalent exchangeable cations as well, an average amount of 1.2 montmorillonite layers per
stack was calculated based on PAA™ polymer adsorption and the respective corrections to
the experimental results are plotted in Generally, the prediction of bentonite
volumetric behaviour by use of DDL theory is limited, even though a good approxima-
tion can be given for the stress range investigated in this study. Thereby, the limitations
can be attributed to the assumptions of DDL theory, rather than additional acting forces,

which have been found to be insignificant for the layer separations studied (for details see

lsubsection 2.4.1)), i.e., discrepancies between theory and experiments in the low pressure

range < 25 kPa can be mainly attributed to existing deviations from perfectly parallel clay
mineral surface orientations. However, in the medium pressure range (25 - 400 kPa), good
agreement between experimental and theoretical 2d-log (p) relationships can be observed

for both types of bentonites.

Taking into account the limitations of DDL theory in reproducing bentonite volumetric
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behaviour accurately, especially in the low pressure range < 25 kPa, the modified approach
proposed in the present study for the calculation of bentonite-PAA® composite volumetric
behaviour gives a good approximation to the experimental results (Figure 6.4). Thereby,
the aforementioned behaviour of polymer shape in the adsorbed state during compression
is confirmed by theory, i.e., d, has to be considered as a function of interlayer distance
rather than a constant since experimentally, composite 2d-values tend to approach to
their respective pure bentonite counterpart with increasing pressure, which is vice versa
by theoretical treatment assuming constant values of d, and 5. Thus, d, decreases with
decreasing 2d and adsorbed polymer shapes tend to reduce loop and tail extensions while
increasing train segments with decreasing surface separation. In consequence, the value
of B increases by the same factor as d, decreases since in the special case treated in the
present study it can be assumed that ¢,, = 0. On this basis, bentonite-PAA° composite
volumetric behaviour can be reproduced by modified DDL theory according to the following

procedure:

1. From experimental results in the high pressure range, i.e., at very small surface
separations with sterically restricted polymer layer extension, d, is estimated in its
residual state (dj, s ~ 5 A).

2. The corresponding value of [3 is derived by fitting so that the experimental behaviour

of composites is matched within the limitations of classical DDL theory (.5 ~ 20).

3. Various states of the polymer layered clay mineral surface during compression in

terms of d,; and ; are calculated, where 5, = d, es/dp.i - Bres-

The resulting 2d-log (p) relationships for various states of the polymer layered clay mineral
surface are illustrated in Obviously, composite volumetric behaviour as found
from experiments can be reproduced quite accurately by modified DDL theory in the
medium pressure range (25 - 400 kPa) with S varying between 1 and 20 and d, varying
between 100 and 5 A.

6.3 Cluster model

- 6.7/ summarize the results on reproducing clay and composite hydraulic perme-

ability as a function of total void ratio theoretically by use of (i) Kozeny-Carman approach
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as well as (ii) cluster model approach. Since the experimental results obtained in case of
Na™-bentonite cannot be reproduced accurately detailed analysis and discussion is limited
to Ca’"-bentonite and kaolin as well as their respective composites. It is supposed that
due to the great influence of physico-chemical forces acting at montmorillonite surfaces
having predominantly exchangeable Na™ cations, additional factors, such as the decreased
viscosity of water in the near-field of clay mineral surfaces, have to be taken into account
in order to express hydraulic permeability by theoretical relations. Similar conclusions
were drawn from the macro-scale finding of reduced hydraulic permeabilities due to PAA°
adsorption in case of Na'-bentonites only (see [section 5.4). In case of Ca™"-bentonite and
kaolin, on the other hand, the experimental results can be reproduced quite accurately by
cluster model theory, whereas by use of the Kozeny-Carman approach great discrepancies

between experiments and theory can be identified.

With respect to the cluster model approach, the influence of the unknown parameters V.
i.e., the number of particles per cluster, and e, iz, 1-€., the initial intra-cluster void ratio,
is illustrated taking into account the individual clay mineralogical conditions. Finally, the

resulting log (k)-ecqy relationships based on parameter fitting according to the boundary

conditions given in [subsection 3.5.2| are shown graphically and the corresponding fitting
parameters are summarized in It is obvious that the conclusions derived qual-

itatively by phenomenological analysis of clay and composite hydro-mechanical behaviour

as well as their micro-scale characteristics agree with the quantitative results obtained.
For both clays, the increase in cluster particle number due to PAA™ adsorption, i.e., from
60 to 400 (Ca™"-bentonite) and from 80 to 1200 (kaolin), is significant. In addition, the

kaolin-PAA®° composite has a distinctly reduced value of N, i.e., 1.5, whereas it remains

Table 6.1: Cluster model fitting parameters of Catt-bentonite and kaolin as well as their re-
spective PAAT and PAA° composites.

pure PAAT PAA®°
Ca™*-bentonite prepared with ¢4,
N () 60 400 60
eeo () 0.9 0.8 0.8
kaolin prepared with ¢4
N (-) 80 1200 1.5
eeo () 1.1 2.1 1.7
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6 Theoretical analysis

constant in case of Ca™"-bentonite. It has to be noted that the values of N refer to min-
eral layers in case of bentonite, whereas they refer to particles in case of kaolin. This
is caused by the differences in clay mineral surface accessibility of the predominant clay
minerals kaolinite and montmorillonite, respectively, during SSA measurements since this
parameter is incorporated in the calculations. The results on N values reveal that the
formation of aggregated fabrics is the main reason for increased hydraulic permeabilities
due to PAA™ adsorption in case of Ca'"-bentonite. Further, in case of kaolin, PAA° ad-
sorption causes an increase in clay particle dispersion accounting for significantly decreased

hydraulic permeabilities. These findings completely agree to the micro-scale observations

on clay and composite fabrics, summarized in [Figure 4.5| & [Figure 4.6] Similarly, the in-

formation obtained on e.o confirms the experimental findings on micro- and macro-scale.
The kaolin-PAA™ composite fabric derived by microscopic investigation was found to be
characterized by E-F and E-E flocculated small F-F associated aggregates. As a result, the
intra-aggregate pores were concluded to be altered due to the formation of an additional
pore size fraction, i.e., intra-aggregate pores between small aggregates, whereas the inter-
aggregate pore-system controlling fluid flow remains nearly unaffected. This interpretation
is confirmed by the increase in initial intra-cluster void ratio, e.g, i.e., from 1.1 to 2.1 due
to PAAT composite formation with kaolin. The kaolin-PAA° composite, on the other hand,
is characterized by a dispersed fabric, for which reason the increase in e.o from 1.1. to
1.7 approximately equals the increase in total void ratio, caused by steric stabilization due
to non-ionic polymer adsorption. In case of Ca®™"-bentonite, the initial intra-cluster void
ratio remains approximately constant due to polymer adsorption leading to the conclusion
that clay mineral layer surface orientations remain unaffected by the overall state of the
clay fabric, i.e., dispersed in case of pure Ca®"-bentonite as well as its PAA° composite
and aggregated in case of Ca™ -bentonite-PAA™ composite. This is in accordance to the

microscopic observations in terms of clay mineral layer/stack orientation in bentonites as

well as its PAAT and PAA® composites (see [section 4.3)).

It is noteworthy that the N-value obtained by fitting amounts 80 in case of Ca®"-bentonite
as well as its PAA® composite. Thus, the value of 5 stacked montmorillonite layers derived
from PAA™ adsorption tests is exceeded significantly indicating that in spite of clay fabric

dispersion preferential fluid flow paths develop between small assemblages of stacks.
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Figure 6.5: Hydraulic permeability versus void ratio plots of Na*™-bentonite and Na*-bentonite-
PAA*- and -PAA° composites prepared with a polymer-to-clay ratio of ¢,,,. based
on (i) experimental oedometer time-compression test results and (ii) theoretical
analysis with k = kcys and k = kge: Influence of N according to cluster model
approach (a); Influenece of e, according to cluster model approach (b); theoretical
relationship according to Kozeny-Carman approach (c).
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bentonite-PAA*- and -PAA° composites prepared with a polymer-to-clay ratio of
(max based on (i) experimental oedometer time-compression test results and (ii)
theoretical analysis with & = kgy and k = kgo: Influence of N according to
cluster model approach (a); Influence of e.o according to cluster model approach
(b); best fit of experimental results by varying N and e.p, theoretical relationship
according to Kozeny-Carman approach (c).
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-PAA° composites prepared with a polymer-to-clay ratio of ¢, based on (i) exper-
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k = kcy and k = kge: Influence of N according to cluster model approach (a);
Influence of e, according to cluster model approach (b); best fit of experimental
results by varying NV and e, theoretical relationship according to Kozeny-Carman

approach (c).
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6.4 Summary

Clay and composite behaviour was analyzed based on classical theoretical multiscale ap-
proaches reproducing the micro- and macro-scale coupling in clays, i.e., diffuse double-layer
theory and cluster model. Thereby, a set of equations was derived by solving the fundamen-
tal nonlinear differential equation of the diffuse double layer taking into account adsorbed
layers of non-ionic polymers as proposed by Brooks (1973). Finally, by use of the novelly
developed equations as well as the well known equations of classical DDL theory and clus-
ter model the experimental macro-scale behaviour in terms of the volumetric behaviour
of bentonite(-PAA® composite)s as well as the hydraulic permeability of clay(-PAA™ and
-PAA° composite)s was analyzed with respect to the micro- and macro-scale coupling phe-

nomena. The main findings are as follows:

The volumetric behaviour of bentonite-PAA° composites has been reproduced quite accu-
rately by use of the novelly developed equations when taking into account the well-known
limitations of DDL theory, especially in terms of the deviations from perfectly parallel clay
mineral layer surface orientation in the low pressure range. Thereby, a key finding con-
cerns the rearrangement of polymer shape in the adsorbed state during compression, i.e.,
the extent of loop and tail segments decreases with increasing clay mineral layer surface
approaching and thus, pressure, which is expressed by the thickness of the adsorbed non-
ionic polymer layer, d,. Consequently, the polymer-electrolyte interaction parameter, /3, in-
creases with increasing pressure. This behaviour accounts for the tendency in experimental
bentonite-PAA° composite behaviour to approach to the respective pure bentonite e-log (p’)
relationship with increasing pressure. An additional finding concerns the micro-scale ob-
servation in terms of layer stacking, which is macroscopically manifested in significantly
reduced interlayer distances, 2d, in case of predominantly divalent exchangeable cations.
Thus, taking into account the presence of 5 stacked layers in case of Ca®™"-bentonite as
well as its composite with DDLs acting at the outer surfaces only, theoretical 2d-log (p)

relationships agree well with the experimental results.

With respect to clay and composite hydraulic permeability, theoretical analysis by use of
cluster model approach confirmed the experimental findings on micro-scale fabric. Thus,
aggregated (bentonite) and flocculated (kaolin) fabrics due to PAA™ adsorption as well
as dispersed and deflocculated fabrics due to PAA° adsorption were confirmed by the

individual value of the fitting parameter NV, i.e., the number of particles per cluster, which
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6.4 Summary

was increased in case of aggregated and flocculated fabrics, whereas it was decreased in
case of dispersed and deflocculated fabrics. Further, considerable agreement between the
individual value of the fitting parameter, e.o, and the type of intra-cluster fabric deduced
by microscopic investigation was found, i.e., intra-cluster E-E and E-F flocculation in case
of the kaolin-PAA™ composite was confirmed by an increase in e.o, whereas constant clay
mineral layer surface orientations in bentonites and its respective composites were indicated
by an unchanged value of e, independently on the underlying fabric. However, in case of
bentonites, the cluster model approach was successfully adopted in case of predominantly
exchangeable Ca™ " cations only. Thus, the exclusive dominance of clay fabric in governing
the process of fluid flow, i.e., the cluster model approach, was found to be invalid in case
of distinct DDL formation at clay mineral layer surfaces, i.e., in case of predominantly

exchangeable Na™ cations.
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7 Bentonite-polymer composites for

geoenvironmental applications

7.1 General

In the following chapter, the influence of polymer addition on the hydraulic performance
of NaT-bentonite is investigated and discussed with respect to its application as barrier
material in landfill lining. Therefore, cationic and anionic polymers are added with a
polymer-to-clay ratio of 1% by weight. Further, with respect to the practical demands,
composite preparation method is varied, i.e, dry powder mixing and solution intercalation,
and its influence on hydraulic performance is investigated. Experimental investigation in-
cludes the determination of pure bentonite and composite hydraulic permeabilities, km,0
and kcqci,, 1-e., when permeated with deionized water and 0.5 M CaCl, solution, respec-
tively. In addition, the relevance of index properties for estimating hydraulic permeability
is veryfied. Therefore, pure bentonite and composite liquid limits and swelling pressures
are determined and related to the respective values of hydraulic permeability. Thereby,
the swelling pressure is determined instead of the classical swell index, although it is no
index property. However, the general swelling behaviour can be derived from both, swelling
pressure and swell index. Interpretation of the effect of polymer addition on macro-scale

behaviour is based on the outcome of multiscale approach.

7.2 Liquid limits

Table 7.1 summarizes the values of liquid limits obtained on Na'-bentonite-PAA™ and
-PAA- composites prepared by (i) dry powder mixing (DP) and (ii) solution intercalation
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7 Bentonite-polymer composites for geoenvironmental applications

(SI), respectively. Obviously, due to polymer addition an increase in w; can be observed,
which is most significant in case of PAA™ composites. Further, the effect of anionic polymer
addition results in similar w;-values for both types of preparation method. In case of
PAA™" addition, on the other hand, a moderate increase in w; occurs in case of SI only,
whereas the composite prepared by DP has a nearly unchanged liquid limit as compared to
pure Na'-bentonite. Taking into account the results obtained from multiscale approach,
composite formation in case of Na'-bentonite was found to be restricted to the cationic
and non-ionic PAA, whereas PAA™ adsorption was not detected (see. Thus, the
insignificance of preparation method in case of PAA™ composites is plausible since polymer
chains are located at similar positions within the clay matrix, i.e., in the pore system acting
as individual solids. Thereby, the significant increase in liquid limits can be attributed to
the high affinity of polymer chains to adsorb water, which is in accordance to the results
of water retention tests on Ca’"-bentonite- and kaolin-PAA" composites (section 5.5). It
has to be noted that the procedure of ST adopted within the application-oriented approach
differs from the procedure adopted within the multiscale approach in order to keep the non-
adsorbed PAA™ within the Na'-bentonite, i.e., the bentonite-polymer dispersion was dried
t0 W,y without preceding centrifugation. PAA™ polymer chains, on the other hand, adsorb
on clay mineral layer basal surfaces and the individual composite characteristics obviously
differ with the variation in preparation method. In case of SI, the resulting fabric was found
to be aggregated from multiscale approach, which accounts for the moderate increase in
liquid limit. However, in consequence of DP, the dominance of clay fabric aggregation
in micro- and macro-scale coupling behaviour cannot be confirmed from liquid limit test

results.

Table 7.1: Liquid limits, w; (%), of Na*-bentonite and Na*-bentonite-PAA composites prepared
with a polymer-to-clay ratio of 1% by weight as well as by (i) dry powder mixing
(DP) and (ii) solution intercalation (SI).

Na*-bentonite PAA* composite PAA" composite
DP Sl DP Sl
588 602 750 941 971
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7.3 Swelling pressure

In [Figure 7.1| & [Table 7.2| the results of swelling pressure tests are summarized. In the

following, the great discrepancies observed in terms of the individual p,-log(time) relation-

ships will not be considered since their interpretation is beyond the scope of the present
research. However, with respect to the individual swelling pressure values reached in equi-
librium, significant deviations from pure Na-bentonite behaviour can be observed in case
of the PAA™ composite prepared by DP as well as the PAA™ composite prepared by SI,
i.e., the swelling pressures, p,, are decreased. The PAA™ composite prepared by SI as well
as the PAA™ composite prepared by DP, on the other hand, have nearly unchanged values
of ps, i.e., they are slightly increased. Taking into account classical relations between the
properties liquid limit and swelling behaviour in the context of estimating bentonite hy-
draulic barrier performance these results are not in agreement with consistently increased
wi-values. However, it has to be considered that the respective testing boundary condi-
tions differ from each other: (i) liquid limit testing conditions imply a ’closed system’ with
a constant polymer-to-clay ratio, whereas swelling pressure testing conditions allow for
a reduction in polymer-to-clay ratio by leaching of non adsorbed polymer chains during
the water saturation process, which is of great importance in case of PAA™ composites;
(ii) in case of composites prepared by DP, liquid limit testing conditions include polymer
adsorption in the state of clay fabric dispersion since the water contents allow for complete
clay mineral layer separation, whereas swelling pressure testing conditions include polymer
adsorption within an existing clay fabric corresponding to the initial state of sample prepa-
ration, i.e., to optimum proctor conditions. The latter boundary condition during swelling
pressure testing accounts for the decrease in p, in case of the PAA™' composite prepared by
DP since initially aggregated and flocculated clay units are stabilized by a 'coat of paint’

due to polymer adsorption (Greenland 1963) preventing clay mineral interlayer expansion

Table 7.2: Swelling pressures, p, (kPa), of Nat-bentonite and Na*-bentonite-PAA composites
prepared with a polymer-to-clay ratio of 1% by weight as well as by (i) dry powder
mixing (DP) and (ii) solution intercalation (SI).

Na*-bentonite PAA* composite PAA" composite
DP Sl DP Sl
430 365 450 450 325
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Figure 7.1: Swelling pressure and degree of saturation versus time plots of Na™-bentonite and
Nat-bentonite-PAA composites prepared with a polymer-to-clay ratio of 1% by
weight as well as by (i) dry powder mixing (DP) and (ii) solution intercalation (SI):
PAAT composites (a) & (b); PAA" composites (c) & (d).
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within units and thus, swelling. However, the slight increase in p, in case of SI preparation
is in good agreement with the corresponding increase in w; and thus, the dominance of clay
fabric aggregation in composite micro- and macro-scale coupling behaviour. Taking into
account the former boundary condition during swelling pressure testing, the slight increase
in ps as against the significant increase in w; detected in case of the PAA™ composite pre-
pared by DP is plausible. Thereby, the high affinity of anionic polymer chains to adsorb
water as indicated by the w;-value is macroscopically insignificant in terms of composite
swelling pressure since polymer chains are leached during the saturation process. In case of
SI preparation, on the other hand, additional effects obviously dominate PAA~ composite
swelling behaviour accounting for the corresponding decrease in ps. One possible expla-
nation refers to an increase in clay fabric dispersion during SI preparation since repulsive
forces between negatively charged solids, i.e., moderately charged clay mineral layers and
highly charged polymer chains, are increased. Finally, due to polymer chain leaching during

swelling pressure testing the alteration in clay fabric remains the only acting mechanism.

7.4 Hydraulic permeability

In [Figure 7.2| & [Table 7.3|the results of hydraulic permeability tests on pure Na™-bentonite
as well as its PAAT and PAA" composites prepared by (i) DP and (ii) SI as well as

permeated with (i) HoO and (ii) 0.5 molar CaCl, solution are summarized. The hydraulic

performance can be summarized as follows:

Pure Na'-bentonite hydraulic permeability amounts 7.2 - 107!3 m/s when permeated with

deionized water. This value is in good agreement with the test results obtained from

Table 7.3: Hydraulic permeabilities, & (m/s), of Nat-bentonite and Na*-bentonite-PAA com-
posites prepared with a polymer-to-clay ratio of 1% by weight as well as by (i) dry
powder mixing (DP) and (ii) solution intercalation (SI).

Na*- PAAT composite PAA" composite
bentonite
DP Sl DP Sl
kmo 721071 1.3-10°12 45.10713 5810713 2.6-10713
kcocs, 151072 25.10712  6.0-10713 1.3-10712  20-10°8
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Figure 7.2: Hydraulic permeability versus time plots of NaT-bentonite and Na™-bentonite-PAA
composites prepared with a polymer-to-clay ratio of 1% by weight as well as by (i)
dry powder mixing (DP) and (ii) solution intercalation (SI): PAAT composites (a);
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7.4 Hydraulic permeability

multiscale approach, i.e., the hydraulic permeabilities determined from oedometer time-
compression curves . Thereby, the compacted bentonite is characterized by a
slightly increased hydraulic permeability as compared to the log (k)-e relationship estab-
lished for bentonite slurries indicating that complete clay fabric dispersion and defloccu-

lation cannot be reached from its initial state. This finding is in agreement with several

studies on this topic referred to in [section 2.3|

With respect to composites hydraulic permeability, considerable deviations from pure Na -
bentonite can be observed in case of the PAA™ composite prepared by DP, i.e., ky,o is
increased by the factor 2, as well as the PAA" composite prepared by SI, i.e., kg0 is
decreased by the factor 3. This observation is in accordance to the respective effects of
polymer addition concluded from swelling pressure test results, i.e., clay unit stabilization
by a ’coat of paint’ in case of the PAA™ composite prepared by DP as well as an increase
in clay fabric dispersion in case of the PAA™ composite prepared by SI. With respect to the
former mechanism, interlayer expansion is prevented, which is manifested in a decreased
value of ps. Consequently clay fabric homogenization in terms of dispersion and defloccu-
lation including the disappearance of preferential fluid flow paths through inter-aggregate
pores is prevented, which is manifested in an increase in kp,o. The latter mechanism, i.e.,
an increase in clay fabric dispersion in case of the PAA™ composite prepared by SI, on the
other hand, results in a decrease in both, p, and kp,0, since non-adsorbed anionic polymer
chains are leached during swelling pressure testing and thus, the alteration in clay fabric
remains the only acting mechanism. The proposed mechanism can be confirmed when com-
paring the PAA" composite hydraulic permeability with the results obtained on bentonite
slurries, which are characterized by complete clay fabric dispersion and deflocculation,

i.e., considerable agreement between the compacted composite hydraulic permeability and
bentonite log (k)-e.q, relationship obtained on slurries can be observed (Figure 7.3).

In case of the PAA' composite prepared by SI as well as the PAA™ composite prepared by
DP, on the other hand, kp,o-values are very similar to the pure bentonite value, which is
in agreement with previous findings from multiscale approach and swelling pressure tests,
respectively. The effect of cationic polymer addition by SI, i.e., clay fabric aggregation, is
insignificant with respect to kp,o, whereas it is obvious with respect to w; and p,. This is
in accordance to the findings from multiscale approach on the influence of polymer-to-clay
ratio on the liquid limit, the volumetric behaviour as well as the hydraulic permeability

of composites prepared with a polymer-to-clay ratio of gnq. as well as 10% of gpa, (for
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Figure 7.3: Hydraulic permeability versus void ratio plot of Nat-bentonite (as well as Na*-
bentonite-PAA™ composite prepared with a polymer-to-clay ratio of 1% by weight
as well as by SI) obtained by (i) oedometer time-compression test results of
bentonite slurries and (ii) hydraulic permeability test results of compacted ben-
tonite/composite (wopt, popt) under isochoric and constant head conditions.

details see |chapter 5). Anionic polymer addition by DP, on the other hand, is negligible
with respect to both, ps and kp,o, since polymer chains are leached during saturation
process, whereas the difference in boundary conditions during liquid limit testing allow for

a significant increase in wy.

The hydraulic permeability obtained by permeating Na™-bentonite with a 0.5 molar CaCl,
solution, kcqci,, 1S characterized by an increased value as compared to kp,o, approximately
by the factor 2. The same finding applies for the PAA™ composites as well as the PAA-
composite prepared by DP. However, in case of the PAA- composite prepared by SI, the
hydraulic permeability remains approximately constant. Thus, the hydraulic performance
of this type of composite with respect to its application as hydraulic barrier material in
geoenvironmental practice is significantly enhanced as compared to the pure Na"-bentonite.
Thereby, based on the foregoing conclusions on the effect of PAA™ addition by SI, the
mechanism during CaCl, leaching is very similar to the well known effect of prehydration,
i.e., the more dispersed and deflocculated the initial clay fabric, the lower the aggregating
effect of divalent cation exchange. The enhancement of hydraulic barrier performance due
to polymer addition amounts about one order of magnitude, whereas the enhancement
reached by prehydration is characterized by the factor 5, which is illustrated in
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Figure 7.4: Enhancement of Na*-bentonite hydraulic barrier performance due to (i) prehydra-
tion and (ii) polymer modification when permeated with a 0.5 molar CaCl; solution.

Taking into account previous studies on polymer enhancement of bentonite barriers, the
preferred type of anionic polymers can be confirmed by the results obtained. However, the
underlying mechanisms of barrier enhancement are related to alterations in the clay fabric
rather than pore clogging by polymers as proposed by, e.g., Scalia et al. (2014). On this
basis, the irregularity of classical relations between material hydraulic permeability and
the liquid limit as well as the swelling behaviour, reported, e.g., by Scalia et al. (2014)
and Ashmawy et al. (2002) and confirmed in the present study, is plausible. Further, the
importance of composite preparation method has been demonstrated accounting for the

limited hydraulic barrier performance using dry powder mixing.

7.5 Summary

Na'-bentonite-polymer composites prepared with a polymer-to-clay ratio of 1% by weight
and compacted to optimum proctor conditions have been experimentally investigated with
respect to their application as barrier materials in geoenvironmental engineering. Thereby,
the polymer charge (cationic and anionic) as well as the preparation method (dry pow-
der mixing, DP, and solution intercalation, SI) have been varied in order to identify the
governing mechanisms determining the macro-scale hydraulic permeability, k£, by use of

the permeants HoO and 0.5 M CaCl, solution, respectively. The macro-scale results have
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7 Bentonite-polymer composites for geoenvironmental applications

been interpreted by taking into account the outcome of the multiscale approach given in
& [l Further, (index) properties, i.e., the liquid limit, w;, as well as the swelling
behaviour indicated by the swelling pressure, p,, have been investigated with respect to
their significance in estimating hydraulic barrier performance. The results can be summa-

rized as follows:

The addition of cationic polymer (PAA™) using SI was found to result in a slight increase in
wy and ps, whereas the hydraulic permeabilities, kg0 and kcqcr,, remain unaffected. This
macro-scale behaviour is in accordance to the results of the multiscale approach and can
be attributed to the tendency of clay fabric aggregation due to cationic polymer addition
using SI. In case of DP, on the other hand, adsorption of polymer chains occurs within
an existing clay fabric rather than a colloidal dispersion resulting in its stabilization. In
consequence, p; is decreased and kp,o as well as ko,qci, are increased. This can be attributed
to the stabilization of the initially aggregated clay fabric, i.e., the restriction of interlayer
expansion within aggregated clay units, and thus, the prevailing of preferential fluid flow

paths through inter-aggregate pores. However, the value of w; was found to be nearly
unaffected by PAAT addition using DP.

Anionic polymer (PAA") addition was found to result in a significant enhancement of
bentonite barrier performance in case of SI preparation, i.e., ky,o is decreased by the factor
3 as compared to pure Na'-bentonite and remains constant in case of permeation using
0.5 M CaCl, solution. Thereby, an increase in clay fabric dispersion during SI preparation
was concluded to be the governing mechanism accounting for the decrease in ps, ky,o and
kcact,- This conclusion assumes that anionic polymer chains are leached during saturation,
which is based on the findings from multiscale approach, i.e., anionic polymer chains were
found to be not adsorbed by the Na'-bentonite type. Thus, extensive water adsorption of
anionic polymer chains as concluded from water retention test results (multiscale approach)
and indicated by the corresponding wj-value (application-oriented approach) is insignificant
with respect to ps as well as ky,o and kcqcr,- The concluded mechanism of enhancement
due to PAA" addition using SI is illustrated in highlighting its similarity to the
effect of pure bentonite prehydration. However, in accordance to the assumption of anionic
polymer chain leaching, DP preparation in case of PAA" was found to be insignificant
with respect to ps as well as ky,o and ke, since the dispersing effect during composite
preparation is not available. The resulting w;-value, on the other hand, is significantly

increased indicating the extensive water adsorption of anionic polymer chains.
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Finally, with respect to classical relations between bentonite hydraulic barrier performance
and its index properties, great discrepancies have been observed in case of bentonite-
polymer composites. Thereby, the following factors have been identified accounting for
the discrepancies: (i) liquid limit testing conditions imply a fixed polymer-to-clay ratio,
whereas hydraulic permeability testing conditions allow for a decreased value by non-
adsorbed polymer chain leaching. The influence of polymer physico-chemical characteris-
tics in terms of its water adsorbing capacity is therefore diminished in case of hydraulic
permeability testing; (ii) polymer addition alters clay micro-scale properties with respect
to the physico-chemical characteristics as well as the fabric, whereas classical relations be-
tween bentonite hydraulic barrier performance and its index properties are based on the
physico-chemical characteristics, only. Alterations in clay fabric can therefore not be re-
produced by the classical approach. Thus, index properties were found to be insignificant

in terms of evaluating composite hydraulic barrier performance.
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8.1 General

In the present work, the topic of clay-polymer composites for application in geotechnical
and geoenvironmental engineering was examined. Thereby, the concept of the research
was developed based on the following situation discovered from the current literature on
this topic: With respect to various geotechnical and geoenvironmental applications, such
as landfill lining, tunnelling and expansive soil stabilization, clay-polymer composites were
introduced in the literature. Their great potential to enhance pure clay hydro-mechanical
properties was demonstrated. However, in many cases limitations in their gained prop-
erties were found. Thereby, the governing mechanisms with respect to both, success and
failing in enhancing clay hydro-mechanical properties, have been examined rudimentary in
scientific literature, for which reason the benefits of their high potential performance are
strongly limited to single specific compositions and applications that have been developed
to date. In addition to their presence in the geotechnical and geoenvironmental literature,
clay-polymer composites have faced considerable attention in fields of colloid chemistry.
Thereby, several mechanisms evoked by the respective constitutive characteristics of clay
minerals and polymer chains as well as the environmental conditions during complex forma-
tion have been discovered. Thus, due to the significance of micro- and macro-scale coupling
established in soil mechanics, especially when dealing with clays, the present work aims on
the identification of multiscale coupling phenomena determining clay-polymer composite
macro-scale hydro-mechanical behaviour in dependence on the constitutive characteristics

of clay minerals and polymers and the related micro-scale properties of composites.

The study was conducted on the basis of two approaches, i.e., the multiscale approach and
the application-oriented approach. Thereby, the former approach aimed on deriving fun-

damental information on the micro- and macro-scale coupling phenomena in clay-polymer
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composites. Thus, clay and polymer constitutive characteristics in terms of the clay miner-
alogy, polymer charge and polymer-to-clay ratio were varied systematically and composites
were analyzed experimentally in terms of their micro-scale characteristics, i.e., the adsorp-
tion behaviour by means of adsorption isotherms and the composite fabric using ESEM, as
well as their macro-scale hydro-mechanical behaviour, i.e., the plastic properties by means
of Atterberg limits, the volumetric behaviour and hydraulic permeability by means of oe-
dometer (time-)compression and rebound test results and the water retention by means
of unconfined drying and wetting test results. In addition to the experimental investi-
gation and phenomenological identification of composite micro- and macro-scale coupling
phenomena, theoretical multiscale approaches were adopted and advanced, i.e., (modi-
fied) DDL theory and cluster model. With respect to the application-oriented approach,
one promising field of application, i.e., bentonite-polymer composites as hydraulic barrier
materials for geoenvironmental applications, was explicitly addressed. Thereby, material
modifications in accordance to the current literature as well as initial preparation and
environmental boundary conditions relevant in this field of application were considered.
The hydraulic barrier performance under these conditions was experimentally investigated
by means of the hydraulic permeability as well as the (index) properties, liquid limit and
swelling behaviour. Finally, interpretation was based on the outcome of the multiscale
approach as well as established relationships of micro- and macro-scale coupling in clays.

The main findings of the present work are summarized in the following.

8.2 Multiscale approach

The phenomenological multiscale behaviour of clay-polymer composites was found to de-
pend significantly on the constitutive properties clay mineralogy and polymer charge. The

general relationships derived are as follows:

Experimental multiscale analysis of clay-cationic polymer composites

Cationic polymer adsorption was found to promote clay fabric aggregation in case of mont-
morillonite being the predominant clay mineral due to the corresponding reduction in DDL
extent at clay mineral surfaces, whereas in case of kaolinite being the predominant clay
mineral, clay fabric flocculation was promoted due to long-distance interparticle and inter-
aggregate bridging. Thereby, polymer shape in the adsorbed state is characterized by a flat

stretched polymer chain in case of montmorillonite, whereas large loops and tails develop
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8.2 Multiscale approach

in case of the kaolinite, which is caused by the corresponding differences in clay mineral
layer charges. With respect to composite macro-scale behaviour, clay fabric aggregation in
case of bentonite was found to result in an increase in liquid and shrinkage limits as well
as compressibility and hydraulic permeability, which is in agreement with established rela-
tions on the multiscale coupling behaviour in pure clays governed by their fabric. Similarly,
agreement between micro- and macro-scale findings was found in case of kaolin, i.e., liquid
and shrinkage limits as well as the compressibility are increased, whereas the hydraulic
permeability remains unaffected in consequence of clay fabric flocculation. With respect
to composite water retention, water molecule replacement by the polymer chain in case of
tightly adsorbed polymers on montmorillonite surfaces was reflected by decreased water
contents in the high suction range. Large loop and tail segments in case of kaolinite, on
the other hand, allowed for an increase in water adsorption in the medium suction range
due to additional solid surfaces to be hydrated. However, with respect to the resulting
degree of saturation versus suction relationships of clay-polymer composites, the various
factors of clay fabric, solid surface hydration as well as some special features related to the
presence of polymer chains within the clay matrix, i.e., its flexibility and bridging capacity,
were found to affect composite (de)saturation behaviour with varying significance depend-
ing on clay mineralogy as well as the type of predominant exchangeable cations in case of

bentonite.

Experimental multiscale analysis of clay-non-ionic polymer composites

Due to the adsorption of non-ionic polymers on clay mineral surfaces clay fabric disper-
sion and deflocculation is promoted, which is originated by an increase in DDL repulsion
between polymer layered montmorillonite surfaces as well as steric stabilization between
polymer layered kaolinite surfaces. Thereby, polymer shape in the adsorbed state is charac-
terized by large loops and tails and tends to rearrange with increasing stress condition, i.e.,
the extent of loops and tails decreases and train segments increase. Macroscopically, the
micro-scale alteration in clay fabric is reflected by an increase in liquid limit and compress-
ibility as well as a decrease in hydraulic permeability caused by the reduction of maximum
pore radii. In addition, shrinkage limits are decreased in case of DDL repulsion being
the governing effect and increased in case of steric stabilization being the governing effect.
Thus, clay fabric dispersion and deflocculation in consequence of steric stabilization is in
parts in contrast to established relations on micro- and macro-scale coupling phenomena
in clays. With respect to composite water retention, similar effects as observed for the

cationic polymer were found, i.e., water molecule replacement by the polymer chain result-
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ing in a decreased water content in the high suction range in case of bentonites as well as
additional polymer chain surface hydration resulting in an increased water content in the
medium suction range in case of kaolin. Finally, composite (de)saturation behaviour is gov-
erned by various factors depending on clay mineralogy as well as the type of predominant

exchangeable cations in case of bentonite.

Experimental multiscale analysis of clay-anionic polymer composites

Anionic polymer adsorption was found to promote flocculated clay fabrics due to long-
distance interparticle bridging. Thereby, multivalent cation bridging was concluded to be
the governing mechanism in adsorption process since in case of predominant monovalent
exchangeable cations no adsorption of polymers has been detected. In bentonites floccula-
tion occurs between stacks of few montmorillonite layers, whereas in case of kaolin small
F-F associated aggregates are flocculated. However, anionic polymer induced flocculation
is highly sensitive to the stress level and becomes rearranged at vertical loadings of about
100 kPa in case of bentonite, whereas flocculation of aggregates in case of kaolin persists up
to isotropic suction loadings of about 10 MPa. With respect to the macro-scale behaviour,
liquid and shrinkage limits as well as the compressibility are increased, whereas the hy-
draulic permeability remains unaffected, which is in agreement with established relations
on the multiscale coupling behaviour in pure clays. Finally, composite water retention be-
haviour is dominated by the interaction of non-adsorbed parts of the polymer chain with

water resulting in slightly increased water contents over the whole suction range tested.

Polymer-to-clay ratio
With respect to the influence of the polymer-to-clay ratio, identical tendencies in terms of
the composite macro-scale behaviour were detected for various ratios. Thereby, the effect

of polymer adsorption is generally more pronounced for the higher polymer-to-clay ratio.

Theoretical multiscale analysis of clay-polymer composites

By theoretical analysis of clay-polymer composite multiscale behaviour good agreement
was observed between theory and the actual micro- and macro-scale properties obtained by
experiments. Based on a modified form of the Gouy-Chapman diffuse double-layer theory
considering layers of non-ionic polymers on charged surfaces new equations were developed
obtained by semi-analytical solution of the proposed nonlinear differential equation within
the boundary conditions relevant in clay systems. As a result, the volumetric behaviour
of bentonite-non-ionic polymer composites was found to be reproduceable quite accurately

when taking into account the rearrangement of polymer shape during compression. Further,
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cluster model was found to reproduce clay-cationic/non-ionic polymer composite hydraulic
permeability when taking into account the micro-scale characteristics of composite fabric

in terms of aggregation and dispersion.

8.3 Application oriented approach

The hydraulic barrier performance of Na'-bentonite-polymer composites for application
in geoenvironmental engineering was found to depend significantly on polymer charge as
well as the composite preparation method. Thereby, the preference of anionic polymers
suggested from literature in this field of application was confirmed by the results obtained.
Based on the outcome of multiscale approach, i.e., no adsorption of anionic polymers on
montorillonite surfaces having predominantly monovalent exchangeable cations was de-
tected, the effect of barrier enhancement due to anionic polymer adsorption was concluded
to be related to an increase in fabric dispersion during preparation, i.e., by solution interca-
lation. Thus, the underlying effect is quite similar to the effect of bentonite pre-treatment
in terms of prehydration. Consequently, the effect of bentonite barrier enhancement is
independent on the long-term polymer performance, which is an important finding regard-
ing geoenvironmental practice. Finally, with respect to classical relations between ben-
tonite hydraulic barrier performance and its (index) properties, liquid limit and swelling
behaviour, it was found that index properties are insignificant in terms of evaluating com-

posite hydraulic barrier performance.

8.4 Recommendations for further studies

Based on the outcome of the present study one important field of interest concerns the
development of composite fabric with varying stress condition. Since the fabric has been
investigated in its initial state only and macro-scale composite behaviour from a certain
stress level on was found to be inconsistent with these findings to some extent, the respective
mechanisms of fabric rearrangement proposed in this study should be investigated in detail,
e.g, microscopically subsequent to the loading. These include the sensitivity in case of
honeycomb-fabrics observed in bentonite-non-ionic polymer composites and flocculated

fabrics in bentonite /kaolin-anionic polymer composites as well as the dominance of polymer
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chain flexibility in case of very high polymer-to-clay ratios.

In addition, one important macro-scale composite property has been neglected in the
present work, i.e., the shear strength. With respect to various geotechnical fields, e.g.,
embankment and dam construction, clay-polymer composites may offer beneficial perfor-

mance due to, e.g., interparticle bridging as well as fabric flocculation.

Since from colloid chemical point of view, the polymer chain length was found to rep-
resent one of its constitutive properties determining clay-polymer composite micro-scale
characteristics, i.e., clay-polymer complex morphology as well as the resulting fabric, the
general influence of polymer molecular weight on composite multiscale behaviour should
be investigated. Thereby, entropy effects leading to an increase in polymer adsorption with
increasing chain length as well as limitations in clay mineral surface accessibility leading to
a decrease in polymer adsorption with increasing chain length should be analyzed in terms

of their influence on composite multiscale behaviour.

With respect to the application oriented approach, promising hydraulic barrier performance
was found in case of anionic polymer addition using solution intercalation. However, the
experimental research program on this type of composite should be extended in order to
(i) identify the optimum polymer-to-bentonite ratio as well as (ii) to evaluate hydraulic
barrier performance by means of further governing mechanisms, such as the development
and self-healing of cracks during drying and wetting cycles as well as (de)protonation of

clay mineral edges and mineral dissolution in consequence of the pH conditions.
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