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ABSTRACT

This work provides an insight into how the molecular interactions influence macroscale
properties of two materials: swelling clay and oil shale. Swelling clays cause enormous damage
to infrastructure: buildings, roads, and bridges. Understanding the mechanisms are essential to
prevent the detrimental effects and use of these clays for engineering applications. Our group
studied the effect of fluid polarity on sodium montmorillonite (Na-MMT) swelling clay mineral
using molecular modeling and experiments for bridging the molecular level behavior with the
microstructure, swelling pressure, permeability, and compressibility. Various polar fluids
(Dielectric Constant 110 to 20) found in landfill leachates are used. Our molecular dynamics
(MD) simulations show that the nonbonded interactions of Na-MMT with polar fluids are higher
than with low and medium polar fluids. These results are consistent with the results from Fourier
transform infrared (FTIR) spectroscopy experiments. The polarity of the fluids and the fluid
content influence the interlayer spacing, interlayer modulus, nonbonded interactions, and
conformation as well as the shear strength parameters, the angle of internal friction (¢) and
cohesion (c). Furthermore, the unconfined compressive strength experiments are used to evaluate
the undrained cohesion at various swelling level. The nanomechanical properties, the modulus of
elasticity (E) and hardness (H), of the undisturbed dry and saturated Na-MMT at various level of
swelling are evaluated using nanoindentation experiments for the first time. The undrained
cohesion, modulus of elasticity, and hardness decrease with increase in swelling level. Swelling
controls the microstructure of Na-MMT clay, and the clay particles breakdown into smaller sizes
with increase in swelling level.

The Green River Formation located in the United States is the richest oil shale deposit in

the world. Oil shale contains clay minerals, bitumen, and kerogen—a precursor to crude oil. A



three-dimensional (3D) kerogen model is built from seven fragments, and the interactions of
kerogen with Na-MMT is investigated using MD simulations to understand how the kerogen is
bound to the clay mineral. The nonbonded interactions between Na-MMT and kerogen as well as
among kerogen fragments are found. This work seeks to develop new methods to extract kerogen

economically and efficiently.
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1. INTRODUCTION
1.1. Swelling Clays
Swelling clays are extensively found all over the world. The volume of these clays

increases when exposed to water, causing an increase in swelling, swelling pressure, and loss of
strength. Sodium-montmorillonite (Na-MMT) is one of the major constituents of swelling clays.
The unit cell of Na-MMT consists of one aluminum octahedral (O) sandwiched between two
silica tetrahedral (T) sheets [1]. The large stresses due to swelling of clays cause severe damages
to the buildings, roads, retaining walls, bridges, and embankments [2, 3]. Figure 1.1 shows the
extent of swelling clay deposits in the United States [4]. The red colored regions in the map
contain abundant clay having high swelling potential, and the blue colored areas show the
regions with less than 50% swelling clays that have high swelling potential. Furthermore, the
orange and green regions show abundant and less than 50% swelling clays having slight to

moderate swelling potential, respectively.

COLOR-CODE EXPLANATION FOR
SWELLING-CLAY MAP
abundant clay having bigh sw

Figure 1.1. Swelling clays deposits in the United States (U.S. Geological Survey publication,
1989; W.W. Olive, 1989).
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Some areas in the Midwest United States possess the most abundant clays with high
swelling potential. An average annual damage caused by swelling clays is over $9 billion to the
infrastructures in the United States [5, 6]. However, these clays also have various useful
applications in engineering due to high swelling capacity, small particle size, large surface area
to mass ratio [7], and low permeability [8]. Thus, these clays have been used as the barrier liner
materials in landfills, as drilling mud and catalyst in petroleum engineering, drug delivery
systems in pharmaceutical and biomedical applications, enhancing the mechanical properties of
polymer-clay-nanocomposites, and modifiers in pavement construction.

Shear strength is a critical engineering property that controls the bearing capacity of soils.
The bearing capacity is ability of soils to carry the load of the structures, which transfers from
the foundation to soils, without undergoing a shear failure [9]. The shear failure occurs due to the
relative movement of the individual soil particles when the externally applied compressive
stresses exceed the internal shear strength of soils. The major civil engineering problems are
related to the shear strength. The failure of the building foundations, landslides, and erosions are
some examples of failures that are related with shear strength properties of clays.

The term clay indicates the particle size as well as mineral type. The clay mineral crystals
consist of sheet like structures that are stacked one upon another and are of colloidal dimension.
The lateral dimension of a single clay particle ranges from 102 to 10° A and a thickness of about
10 A. The shape, size, and surface of soil particles and their interactions with various solvents
can be evaluated using mineralogy technologies. These characteristics play an important role on
various properties of soils such as plasticity, swelling, hydraulic conductivity, compression, and
shear strength, and these properties of soils can be further used to mitigate environmental

problems like the disposal of hazardous and radioactive wastes [1].



To avoid the detrimental effects of swelling clays on infrastructures and effectively use
these clays in geoenvironmental applications and geotechnical engineering, understanding of the
swelling mechanisms, evaluating the interactions occurring on the molecular scale, evolution of
important engineering properties such as microstructure, swelling pressure, permeability, and
consolidation of swelling clay is essential. An attempt has been made to explain the swelling
behaviors of clays using the traditional theories, which are based on electric double layer. The
diffuse double layer concept, which is also known as Stern and Guy theory [10], has been used to
evaluate the clay-water interactions in the interlayer gallery. However, this theory has various
limitations such evenly distribution of surface charge, an infinite long clay particle, ions in the
solution are considered as point charges, and uniform dielectric permittivity throughout double
layer [11]. Furthermore, this theory is unable to precisely describe the expansion of the interlayer
as well as swelling behavior [12]. Additionally, the DLVO theory (Derjaguin, Landau, Verwey,
and Overbeek) describes the colloidal suspension stability of clay for interlayer spacing of more
than 20A. Thus, the DLVO theory cannot describe the swelling mechanism of the clay interlayer
at smaller interlayer spacing.

To overcome these limitations, molecular modeling studies are essential to accurately
explain the swelling mechanisms and interactions of swelling clays not only with water but also
with various organic fluids at the molecular level. The interactions swelling clays with organic
fluids with a wide range of dielectric constants: formamide (110), water (80), methanol (33),
acetone (20) are chosen. The values in the parentheses represent the dielectric constant values
(DEC) of the fluid molecules. According to the United States Environmental Protection Agency
(EPA), these organic fluids are commonly found in landfill leachates, which are also identified as

toxic and hazardous to health. Furthermore, the classical theory of bearing capacity does not



account for clay-fluid interactions, thus reducing its predictive capabilities. Globally, the
expenditure of the construction-related properties and services in the civil engineering arena is
about $10 trillion a year [13], and improving the fundamental theory used in the design and
construction of the infrastructures will be an important contribution to the field and the society.
A better understanding of shear failure mechanism, accounting for the clay-fluid molecular
interactions is crucial not only for economical design and construction but also for public safety.
Therefore, this dissertation also provides the development of the multiscale models for the
reliable prediction of the shear strength of swelling clays that would improve design capabilities,
prevent the failure of civil infrastructures, reduce the cost of the projects, and enhance public
safety in swelling clay regions.
1.2. Oil Shale

The world demand for energy continues to increase, and the conventional source of
energy is unable to maintain the stability of supply and demand. It is essential to explore and
develop alternative unconventional sources of energy to fulfil the future demand. The alternative
energy sources such as coal, oil shale, wind energy, solar energy, hydroelectric energy, and oil
shale are now becoming popular throughout the world. Thus, oil shale is the most significant
and complementary source of energy [14]. Oil shale is a fine-grained sedimentary rock, which is
formed by the deposition of the clay minerals and organic matter. The organic matter of oil shale
contains bitumen and kerogen. Kerogen is the most abundant form of hydrocarbon, which is a
precursor of crude oil and insoluble in common organic solvents [15]. Oil shales are found in 27
countries. Figure 1.2 shows the Green River Formation that is situated in Colorado, Utah, and
Wyoming, and this formation has about 70% of the total oil reserves in the world [16]. This is

the largest oil shale deposit in the world. It is estimated that there is about 1.8 trillion barrels oils



found in the Green River Formation. An about 800 billion barrels of oil can be recovered, which
is three times greater than the oil reserves in Saudi Arabia. Today’s oil demand in the United
States is over 20 million barrels a day. If 800 billion barrels of recoverable oil can meet a quarter
of demand that is 5 million barrels a day, oil shale will supply oil for 400 years in the United

States [17].

Figure 1.2. The Green River Formation located in the United States parts of Colorado, Utah, and
Wyoming.

Green River oil shale has 86.20% mineral matrix, and dolomite, calcite, montmorillonite,
feldspar, and quartz are the predominated minerals [18]. Organic matter contains about 13.80%
by weight percentage [19]. Kerogen is amorphous organic matter [20] that is finely dispersed on
the mineral matrixes with a size in the order of tens of nanometers [21, 22], and there is a
significant molecular interactions between kerogen and minerals. Kerogen is in solid form in oil
shale, and the extraction of kerogen requires a heat of about 500 °C in the absence of oxygen
[23] to change from solid to liquid state. Thus, this current method of extraction of kerogen
requires a tremendous amount of energy.

The major difference between oil shale and shale oil is the size of shale oil that is trapped
in mineral matrix. These large pockets of oil in shale oil are commercially extracted using a

high-pressure water mixture called fracking method. However, as of now, the commercial



extraction of kerogen from oil shale is not feasible in the United States. It is essential to extract
kerogen from the surrounding mineral complexes for the viable production of oil from oil shale
in the future. Therefore, the study of kerogen-mineral molecular interactions is crucial to extract
the oil efficiently, economically, and environmental friendly from oil shale.

1.3. Significant of the Work

The compressibility and shear strength are the most significant properties for the bearing
capacity and slop stability analysis. Current methods for predicting these properties of clays are
inadequate, which is also yet to be understood. The clay-fluid molecular interactions play key
role in the macroscale properties such as swelling pressure, permeability, compressibility, and
shear strength that are not reflected in the current models. Thus, evaluating clay-fluid molecular
interactions along with changes to microstructure are key to accurately predicting the macroscale
properties. A multiscale approach is needed to relate the molecular interactions and
microstructure to the engineering properties. In this study, the role of the molecular scale
interaction on the microscale properties such as compressibility and shear strength of clay is
investigated using the molecular modeling and experimental techniques.

Furthermore, current practices of excessive oil use increase the oil demand. Overreliance
on conventional sources of energy can cause the instability of supply and demand in the future.
Therefore, oil shale is an integral and alternative source of energy. Also, the variation of oil price
over time has led researchers to develop alternative and unconventional sources of energy. Qil
shales are fine-grained sedimentary rocks that contain minerals, bitumen, and kerogen and yield
a significant amount of oil by heating in absence of oxygen. Kerogen is the most abundant form
of hydrocarbon, and a precursor of crude oil. Kerogen is also finely dispersed on oil shale

minerals, and there is a significant molecular interaction between them. Therefore, a better



understanding of the molecular interactions between kerogen and mineral is essential to design
new methodologies to extract the oil efficiently, economically, and environmental friendly from
oil shale. In this work, the evaluation of how kerogen is locked in oil shale mineral matrix by
developing a three-dimensional (3D) kerogen-mineral model is carried out.
1.4. Original Contributions

This research consists of six sections: 1) the role of fluid polarity on the clay-fluid
interactions on swelling, swelling pressure, permeability, and evolution of microstructures using
molecular modeling and correlated the modeling results with the results from Fourier transform
infrared (FTIR) spectroscopy experiments, 2) the influence of fluid polarity on the
compressibility of the interlayer of swelling clays using steered molecular dynamics simulations,
3) the investigation of the molecular shear resistance and shear strength parameters—angle of
internal friction and cohesion—of swelling clays with various organic fluids using steered
molecular dynamics, 4) the relationship between swelling level and the macroscale mechanical
properties such as swelling pressure and unconfined compressive strength of undisturbed
saturated swelling clays, 5) the investigation of the nanomechanical properties such as the
modulus of elasticity and hardness of undisturbed saturated swelling clays at various level of
swelling using nanoindentation experiments, and 6) the nonboned kerogen-clay interactions to
develop new methodologies for the extraction of kerogen economically and efficiently from the
Green River oil shale using molecular dynamics simulations.

In the first part of the research, the nonbonded interactions of Na-Montmorillonite clay
with four organic fluids with a wide range of dielectric constant values are quantitatively
evaluated using molecular dynamics simulations. Furthermore, the results from the molecular

dynamic simulations correlate well with the results from Fourier infrared spectroscopy



experiments. These molecular models are further used in the second part of the research to study
the compressibility of clay interlayer spacing using constant-force steered molecular dynamics
simulations. Furthermore, the influence of the polarity of fluids in the interlayer spacing,
interlayer volume, interlayer strain, interlayer modulus, nonbonded interactions, and
conformation of the fluid molecules upon externally applied stresses is studied. The third part of
the research includes the shear strength of these clay-fluids molecular models when the clay
layer is pulled in the horizontal direction using constant-velocity steered molecular dynamics
simulations. Also, the molecular shear strength parameters—cohesion and angle of internal
friction angle—are evaluated.

The fourth part of the research explains the experimental study of the measurement of
swelling level and swelling pressure using controlled uniaxial swelling (CUS) device. The
saturated clay samples are allowed to swell at three level of welling, 0%, 10%, and 20%, with
respect to original volume in the CUS devices. The evolution of the microstructures and
unconfined compressive strength at three different level of swelling are evaluated. The fifth part
of the research comprises the evaluation of nanomechanical properties at three different level of
swelling. Furthermore, this is the first study that discloses the variation of the nanomechanical
characteristics of swelling clays at various level of swelling of the undisturbed saturated swelling
clays.

In the sixth part of the research, molecular dynamics simulations are used to evaluate the
nonboned interactions (electrostatic and van der Waals) of kerogen with clay in the Green River
oil shale. A three-dimensional (3D) molecular model of kerogen is developed for the first time.
This work further provides a comprehensive analysis of the quantitative interactions of the 3D

kerogen structure with montmorillonite clay. The nonboned interactions between kerogen and



clay mineral as well as the interactions within kerogen fragments provide insight for future

research to develop new methods of extraction of kerogen economically, efficiently, and

environmental friendly from oil shale.

1.5. Objectives of the Research

The major objectives of the research are:

To develop the molecular model of swelling clays with polar, medium polar, and
low polar fluids (Dielectric constant from 20 to 110) to investigate the role of
clay-fluids molecular interactions to swelling pressure, permeability,
compressibility, and shear strength of clays.

To study the molecular shear strength parameters, cohesion and angle of internal
friction, for clay with various organic fluids using molecular dynamics
simulations.

To develop the macroscale relationship between swelling and the mechanical
properties such as swelling, swelling pressure, and shear strength of undisturbed
saturated swelling clays. The evolution of the microstructures at predetermined
level of swelling is also captured using scanning electron microscopy
experiments.

To investigate the nanomechanical properties, modulus of elasticity and hardness
and the evolution of microstructural changes of saturated swelling clays at various
level of swelling using nanoindentation experiments.

To understand how the kerogen is “locked” in the mineral matrix by developing a
three dimensional kerogen-clay mineral molecular model for the Green River oil

shale.



1.6. Dissertation Organization

This dissertation is organized into following manner:

1.

2.

Chapter 1: Introduction

Chapter 2: This chapter presents review of the literature on clay fluid interactions
and mechanical properties such as swelling pressure, permeability, consolidation,
and shear strength of swelling clays.

Chapter 3: This chapter presents the role of fluid polarity in the swelling of
sodium-montmorillonite clay: a molecular dynamics and Fourier transform
infrared spectroscopy study.

Chapter 4: This chapter describes the compression of Na-montmorillonite
swelling clay interlayer is influenced by fluid polarity: a steered molecular
dynamics study.

Chapter 5: This chapter describes the influence of the molecular interactions on
shear strength of Na-MMT with organic fluids: a steered molecular dynamics
study.

Chapter 6: Experimental evaluation of shear strength of swelling clays for various
magnitude of swelling is discussed in this chapter.

Chapter 7: This chapter presents the modeling molecular interactions of sodium
montmorillonite clay with 3D kerogen models.

Chapter 8: This chapter presents summary and major conclusions presented in this
dissertation.

Chapter 9: This chapter discusses the future directions for the research in this

field.
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2. LITERATURE REVIEW
2.1. Clay Mineralogy

Clay indicates to particle size as well as mineral type. For engineering applications, clays
are defined as the fine-grained particles smaller than 0.002 mm (2 um). The clay mineral
possesses specific characteristics such as small in size, negatively charged surface, plasticity
upon mixing with water, and resistance to weather [1]. Due to natural weathering of rock
forming minerals, clay minerals are formed on the surface of earth. The clay minerals further
dominate the mineralogy of soils [2]. Clay minerals consist of complex aluminum
phyllosilicates, and the two basic building blocks of phyllosilicates are silica tetrahedral (T) and
aluminum octahedral (O). These minerals have a sheet like structure, which has comparatively
higher surface area than that of cubic or rectangular shape. Additionally, the ratio of length to
thickness of the sheet structure is about twenty, and thus the surface area of a clay particle is
three times greater than that of a cube with the same volume [3].
2.1.1. Structure of Clay Minerals

Clay minerals are layered structures that belong to the family of minerals known as
phyllosilicates or layer silicates. The unit cell of layer silicate is made of combination of silica
tetrahedral and aluminum octahedral sheet. The structure of clay is characterized by stacking of
these two sheets. Silica tetrahedral sheet consists of one silicon atom surrounded by four oxygen
atoms as shown in Figure 2.1. Also, three out of four oxygen atoms in tetrahedral sheet is shared
in order to form a hexagonal net. The chemical composition of the silica tetrahedral sheet is

(Si4O10)* where the negatively charge are balanced by replacing oxygen by hydroxyls [4].
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Figure 2.1. Silica tetrahedron cell and silicon tetrahedral sheet (Grim, 1968, as cited by Mitchell,
1993).

On the other hand, the octahedral sheets consist of magnesium or aluminum that are
octahedrally connected by oxygen and hydroxyls as shown in Figure 2.2. The chemical
composition of octahedral sheet is Alo(OH)e, and this composition is also known as the gibbsite
sheet. When two thirds of the cationic spaces are occupied in the case of trivalent octahedral
cations, the structure is known as dioctahedral as shown in Figure 2.3(a). Similarly, when the
octahedral coordinated cation is divalent, and all the spaces are filled, and the structure is called

trioctahedral sheet as shown in Figure 2.3(b).

. R
W #ng ‘) * Hydrexyls or @ Aluminums. magnesiums. etc.

Figure 2.2. The octahedral unit cell and the octahedral sheet (Grim, 1968, as cited by Mitchell,
1993).
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Trioctahedral Layer (Mg?") Dioctahedral Layer (AFY)

(@) (b)
Figure 2.3. (a) Trioctahedral structure and (b) dioctahedral structure (Grim, 1968, as cited by
Mitchell, 1993).

The layered structures of clay minerals are formed by stacking one above another,
resulting in the formation of the tetrahedral-octahedral sheet. The combination of tetrahedral and
octahedral by mutual share of oxygen ions forms the crystal structure of the clay minerals [5].
This crystal structure is termed as a clay layer. Furthermore, the empty space between two
consecutive clay layers is called the clay interlayer spacing or simply interlayer. The sum of the
layers and interlayer spacing represents a unit structure. When an octahedral sheet is sandwiched
between two tetrahedral sheets, the 2:1 structured is formed, which is known as tetrahedral-
octahedral-tetrahedral (T-O-T) structure. Furthermore, Si** atoms in the tetrahedral sheet are
replaced by Al*3 or Mg*?, and Al*3 atoms in the octahedral sheet are replaced by Fe*. This
phenomenon is defined as isomorphs substitution. Thus, negative charges are developed in the
clay sheets due to this replacement of an atom of lower valence by higher valance. Additionally,
these negative charged ions are balanced by naturally occurring positively charged cations such
as sodium, magnesium, and calcium.

2.1.2. Cation Exchange Capacity
The cations, which are present in the interlayer to balance the negatively charge clay

surface, can be replaced by other cations. This phenomenon is known as cation exchange
16



capacity (CEC). These cations are attracted by surface charge or adsorbed onto the internal or
external interlayer surfaced. The value of CEC depend on the mineral types, and smectite has the
highest CEC followed by illite and kaolinite [6]. Furthermore, the type of cations controls the
attraction of the cations on the surfaces [3].
2.1.3. Types of Clay Minerals

Depending up the isomorphic substitution and the combination of octahedral and
tetrahedral sheets, clay minerals can be divided into three groups: 1:1 (one tetrahedral and one
octahedral sheet), 2:1 (two tetrahedral sheets and an octahedral sheets), and 2:1:1 (additional
octahedral sheet in between two 2:1 layers) [5].
2.1.3.1. Kaolinite

The combination of one tetrahedral and one octahedral refers to kaolinite group, which is
also termed as a group of 1:1 mineral. Kaolinite has low swelling capacity, low cation exchange
capacity, and no interlayer cations [7]. Also, the bonding between the layers is predominated by
electrostatic, whereas the attractive nature of van der Waals and hydrogen boding is small.
2.1.3.2. lllite

Ilite belongs to 2:1 layers, which is a nonexpanding clay mineral in the presence of
water. The separation of clay layers when mixed with solvents does not prevail due to
isomorphic substitutions in the tetrahedral sheets. The interlayer spacing contains potassium
ions, and these ions have a strong electrostatic interactions to maintain the stability of the clay
structure. The deficiency of charge in illite is from 1.3 to 1.5, which is mainly occurred only in
the silica tetrahedral sheet. When adding polar fluids, the interlayer spacing remains about 10A

because of the strong bonding in the interlayer.
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2.1.3.3. Vermiculate

The 2:1 layer arrangement refers to vermiculite group, which has the combination
dioctahedral and trioctahedral sheets. The deficiency of charge in vermiculate is from 1 to 1.4. In
vermiculate, isomorphic substitutions occur in tetrahedral sheet, and the CEC is high due to
exchange of the interlayer cations. Although there is a strong bonding between the sheets, it also
possesses limited swelling [5].
2.1.3.4. Chlorite

Chlorite is a 2:1:1 type clay mineral, which has alternative 2:1 clay layers and octahedral

layers. Isomorphic substitutions occur in tetrahedral sheet primarily AI+3 for Si+4, resulting in the
development of a negative charge. There is a strong interaction between the layers, and there is
no welling of the interlayer [5].
2.1.3.5. Sodium-montmorillonite

Smectite minerals are 2:1 clay minerals in which an octahedral sheet is sandwiched
between two silica tetrahedral sheets. In smectite clay minerals, isomorphic substitutions occur

extensively, and thus these clay minerals exhibit high swelling behavior. The substitutions of

Si+4 by AI+3 and Fe+3 occur in the tetrahedral sheet, whereas AI+3 can be replaced by Mg*?, Fe*3,
Fe*?, Cr2, Zn*?, and Ni*? [4, 8]. The negative charge in smectite clay minerals vary from 0.5 to
1.2. Furthermore, smectites have both dioctahedral and trioctahedral minerals. Some smectic
clay minerals are montmorillonite, beidellite, nontronite, hectotite, sponite, and sauconite.
Sodium-montmorillonite (Na-MMT) is one of the main components of smectite minerals.
The mineral consists of a tetrahedral-octahedral-tetrahedral (T-O-T) structure in which the
oxygen atoms situated in the tetrahedral sheets share with the octahedral sheet as shown in

Figure 2.4.
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Figure 2.4. Montmorillonite structure (Grim, 1968, as cited by Mitchell, 1993).

The smectite layers are continuous in the horizontal (a-b) axes and stacked one above
another in the vertical axis (c). The basal spacing, which is the sum of one clay sheet and
interlayer spacing in the vertical direction, varies from 9.60 A in dry case to complete separation

upon saturation [4]. Furthermore, Figure 2.5 shows the dimensions of the unit cell (a=5.15 A and

b=8.90 A).
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Figure 2.5. Atomic arrangement of the unit cell of 2:1 clay mineral (Van Olphen, 1979).
2.2. Polarity and Dielectric Constant
Dielectric constant has an important role to characterize the various solvents. It is a
dimensionless constant and also known as relative permittivity. Dielectric constant is defined as
a ratio of the electric field strength in vacuum to that in the material for the same applied

potential charge. Dielectric constant can be measured experimentally when the solvent is placed
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between two parallel charged plates while monitoring the electric field strength (E). This electric
field strength (E) is lower than the electric field in vacuum (Eo). The value of Eo/E provides
delectric constant value. When the molecules inserted between parallel plates have a dipole
moment, these molecules in the presence of the electric field are forced to an ordered

arrangement. This arrangement is known as polarization.

5
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Figure 2.6. Schematic diagram showing dipole moment of water.

The dipole moment is a directional force, which results because of an asymmetrical
distribution of charge between atoms within a molecule. In a neutral molecule, the negative
charge is balanced by positive charge, but the partial charge is developed in the atom due to
difference in electronegativity between two chemically bonded atoms. For example, one oxygen
atom is covalently bonded with two hydrogen atoms in a water molecule. The cloud of the
shared electrons tend to stay more towards oxygen atom due to high electronegativity, and thus a
slightly negative charge is developed in oxygen atom, whereas the positive charge is developed
on hydrogen atom. Therefore, a dipole moment in a water molecule is developed as a result of
this uneven distribution of charge. Mathematically, a dipole moment is the product of the
magnitude of charges and the distance between the centers of the charges. When two charges, g:
and qp, are separated by a distance I, then the dipole (1) = gz. g2.1. Also, higher the dipole
moment, higher the polarization, which results in reduction of the electric field strength.

Therefore, the molecules with high dipole moment have high dielectric constant. Furthermore,
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the dipole moment is a measure of the polarity of the molecule. And the dielectric constant of the
solvents is a relative measurement of the polarity.
2.3. Kerogen

Oils shale is defined as a fine-grained sedimentary rock that comprises minerals and
organic matter. It yields a significant amount of oil when heating at high temperature in the
absence of oxygen [9]. The organic matter in oil shale includes kerogen and bitumen. One of the
main differences between oil shale and shale oil is that the large pockets of shale oil is locked
between rocks. The fracking method is used to extract these large pockets of oil in shale oil.
Kerogen, the organic component of oil shale, is the most abundant form of hydrocarbon and
precursor of crude oil. Kerogen is finely dispersed in oil shale, and it is a big macromolecule
originated from the insoluble organic component such as algae [10].

The Green River Formation was formed about 54 million years ago [11]. This formation
has a very rich deposition of oil shale due to the marine lakes. Kerogen in the Green River
Formation is originated from cyanobacteria or microalgae that is also referred as blue-green
algae [12]. This algae can live in water and use the photosynthesis method to produce its own
food. The pigment phycocyanin gives these algae the appearance of blue color.

Oil Shale contains about 86.20% mineral matter and 13.80% organic matter [10].
Furthermore, dolomite and calcite, feldspar, and Montmorillonite are predominated minerals.
Organic matter contains 11.04% kerogen and 2.76% bitumen. The overall composition of the
Green River oil shale is presented in Table 2.1.

The formation of matured kerogen happens in three stages. The first sage is known as
diagenesis, which is the process of sedimentation and consolidation occurred at a depth of 1500

meters. In this stage, a large amount of oxygen from kerogen converts to carbon dioxide and
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water [13]. The second stage includes the maturation of organic carbon as the temperature and
pressure increases at a depth of 3000 meters [14]. This stage is also knowns as catagenesis. The
third stage is called metagenesis in which kerogen matures with a low hydrogen to carbon ratio.
In this stage, kerogen becomes amorphous while changing from random molecule to more
structure and rings [15].

Table 2.1. The composition of Green River oil shale by weight [Yen, 1975].

Pyrite (FeSy) 0.86%

Analcite (NaAlSi2Os*H20) 4.30%

Quartz (SiO2) 8.60%

Montmorillonite

Mineral matter [Nao.2Cao.1Al2Si4010(OH)2(H20)10] 12.90%
86.20% K-feldspar (KAISi3zOs) 16.40%
O 22.20%
Dolomite and Calcite Ca 9.50%
(CaMg(CO3)») 43.10% Mg 5.80%

C 5.60%

Bitumen 2.76% S,N,O0 1.28%

Kerogen 11.04% C 11.10%

2.3.1. Composition of Kerogen Structure

Oil shale in the Green River Formation is very young, which is also in the early stage of
maturation. Furthermore, oxygen atoms are found either in for form of acid or ester group [16].
Kerogen has hydrogen, oxygen, carbon, nitrogen, and sulphur. Depending up on the on the
hydrogen, carbon, and oxygen content, kerogen is classified as Type I, Type Il, and Type Il
[17]. Green River oil shale is a Type I kerogen, as the hydrogen to carbon ratio is greater than

1.25 and oxygen to carbon ratio is less than 0.15 [18].
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The predominant structural unit of kerogen is hydrocarbon with straight chains, rings, and
heterocyclic structures. Furthermore, the Green River kerogen has 2% alkanes, 2% branched
alkanes, 34% cycloalkanes with 1 to 6 rings, 15% aromatic compounds with 1 to 2 rings, and
47% heterocyclic compounds [10]. Figure 2.7 shows the representative two-dimensional (2D)
kerogen structure of Green River oil shale developed by Siskin using mass spectroscopy and

nuclear magnetic resonance (NMR) spectroscopy analysis [19].

ICH2 sCH,

Figure 2.7. Most complete model of the Green River kerogen molecule (Snape, 1995).
2.3.2. Experimental and Molecular Modeling Literature Review

Various characterization techniques are used to evaluate the structure of kerogen. The
microstructures captured using scanning electron microscopy of oil shale showed that the organic

matter is finely dispersed in thin layers in oil shales from Germany [20]. Furthermore, the SEM
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images on in situ oil shale showed that no large pockets of kerogen are observed even at a scale
of 200 nm [21]. Thus, the size of kerogen is found in the order of tens of nanometers as shown in
Figure 2.8. Two types of oil shale samples, dark and light colored, are used form the Green River
oil shale, and it is found that the light samples possess more kerogen than that of dark samples.
Since kerogen is finely dispersed with the mineral, there is a significant nonbonded interactions

between kerogen and minerals.

(b)

Figure 2.8. Dark-colored oil shale samples (a) at a scale of 1 um, (b) Region 1, and (c) Region 2
showing the nanoscale kerogen pockets in Green River oil shale (Alstadt et al. 2015).

Furthermore, the spectroscopy study has been carried out to identify structural changes to
kerogen because of the kerogen—mineral interactions of in situ oil shale from the Green River
Formation. Extensive photoacoustic FTIR experiments on in situ Green River oil shale have been
performed [22]. It is found that there are significant kerogen-minerals molecular interactions in
oil shale, and these interactions are mainly non-bonded interactions. The band shifts are observed

in the spectra between isolated kerogen [23] and kerogen from oil shale. This result also
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indicates that the there is a significant molecular interaction between kerogen and mineral
matrix. Furthermore, FTIR experiments on light and dark colored oil shale samples, as shown in
Figure 2.9, reveal that the light region of shale samples have spectra similar to isolated kerogen

form the Green River oil shale found in literature [23].
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Figure 2.9. The kerogen bands are observed. The spectra of the light and dark colored oil shale
samples parallel to the bedding plane (Alstadt et al. 2012).

It has been found that kerogen has isotropic mechanical properties, which means the
elastic properties are the same in all directions as well as independent of the directions of
compression and bedding plane. The nanomechanical properties—elastic modulus and
hardness—of oil shale are very essential. These properties can mimic the pressure experienced
by kerogen during the sedimentation process, which would potentially play a significant role in
the extraction of oil from oil shale [24]. Kerogen from Bazhenov Formation oil shale has
young’s modulus value of 10-15 GPa and hardness of 0.57 GPa [25]. Additionally, the modulus
of kerogen was found to be in the range of 5- 11 GPa and hardness of 0.9 — 1.3 GPa [21]. Steps
of about 5 nm are found on loading plot of load-displacement plot as shown in Figure 2.10. The
horizontal nature of these steps suggest that kerogen is finely dispersed on the scale of tens of

nanometers in the mineral matrix.
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Figure 2.10. Two steps on the loading curve of light-colored oil shale sample showing the soft
regions (Alstadt et al. 2015).

The structure of kerogen is complex, and the moieties that small fragment of kerogen
molecules have been identified in Green River oil shale [26]. The interactions of these moieties
with the minerals have been studied [27]. Molecular dynamics as well as FTIR studies are
accomplished to evaluate the molecular interactions of one of the clay minerals, Na-
montmorillonite, with three kerogen moieties primarily pyridine, heptylamine, and quinaldine
[28]. It has been found that there are significant nonbonded interactions between clay and the
kerogen moieties. The extraction and mechanism of these kerogen moieties from the silica
surface have also been studied using molecular dynamics simulation [29].

A 3D Green River kerogen model is developed using ab initio and molecular mechanics
computations from Siskin’s 2D structure [30]. The fundamental 3D kerogen structure is initially
obtained [31], but there is no simulations on it. In this dissertation, the molecular model of 3D of
Green River kerogen is developed based on 2D Siskin structure and CHARMM compatible force

field parameters, mimicking the real kerogen structure in the Green River Formation.
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2.4. Molecular Dynamics
Molecular dynamics (MD) is a computational simulation technique, which is used to
model atomic scale dynamic of a system. In this method, the trajectory that describes the
positions and velocities can be evaluated based on classical mechanics. MD simulations work
based on the Newton’s second law of motion. A trajectory of atoms that describes the positions,
velocities, and accelerations over time can be obtained (“Tutorial-Molecular Dynamics
Simulation-CHARMM,” 1999).The force on each atom for a simple systems with different

atoms can be written as:

dzT'i
Fi =m;a; = mi? (21)

where Fi is the force acting on the particle i, m; is the mass, and a; is the acceleration of particle
over time t. Furthermore, the force on each atom is given by the change in energy, E, of the atom
with respect the position vector, ri. Therefore, the differential equation representing Newton’s

second law of motion can written as:

dE

Combining equation 2.1 and 2.2:
dE d?r;
T, =M — (2.3)

The acceleration and velocity of an atom can be expressed as:

a; =2 (2.4)
Therefore, integrating equation 2.4 gives the velocity of atom i.

v; = a;t + v, (2.5)
Here, v, is the integration constant at t=0

Again, the velocity of each atom is the rate of change of displacement that is expressed

as:
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dTi
v = E (26)
Integrating equation 2.6 provides the position of atom over time t.
n=vt+r, (2.7)

Therefore, a trajectory that represents the position and velocity of atom in a molecular
system can be calculated using initial position of the atoms. The initial positions of the atoms
required for the simulation can be acquired from experimental techniques such as x-ray
crystallography (“Tutorial-Molecular Dynamics Simulation-CHARMM,” 1999). This means the
motion of atoms is deterministic. Furthermore, the trajectory can be used to determine the
molecular structure, dynamics and thermodynamic properties of the system.

2.4.1. Force Field

Furthermore, the potential energy function of the system is described by a force field. A
molecule has a series of atoms, and atoms are modeled as charged point bonded by a spring. A
force field is defined as the time evolution of bond lengths, bond angles, and torsions, van der
Waals, and electrostatic interactions among atoms. Force field has two sets of equations, which
describe bonded and nonbonded interactions.

E = Egona + Eangte + Epinearat + Evan der waais + Egtectrostatic (2.8)

The bonded interactions include the bond distances, bond angles, and torsion angle;
where as nonbonded interactions are van der Waals and electrostatic interactions between atoms.
In our simulations, CHARMM (Chemistry at Harvard Macromolecular mechanics) force field
parameter have been used [32]. This force field is widely used to predict various properties such
as structures, binding and conformation energies, of protein, large macromolecules, and organic

molecules. The potential equation of CHARMM force field is given by:
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E = ZBond kb(r - ro)z + ZAngle k9 (9 - 90)2 + ZDihedral k(p [1 +

cos(n(p + 6)] + Zvan der Waals 4"(:ij [(JU) - <&> l + ZElectrostatic i (29)

where, kp is force constant of bonds, ke is force constant of angles, and ko is dihedral force
constant, ro is equilibrium bond length, 6, is equilibrium bond angle. Similarly, n, ® and § are the
dihedral angles, a multiplicity of dihedral angle or periodicity of the Fourier term, and phase
angle of the dihedral cosine function, respectively. The Lennard-Jones or 6-12 potential
parameters are represented as cij (distance at which the intermolecular potential between the two
particles is zero) and &ij (the well depth and a measure of how strongly the two particles attract
each other). The distance between nonbonded pairs of atoms i and j separated rij distance, and
the partial charges of atoms are denoted by g; and g;. For nonbonded interactions, electrostatic
and van der Waals, i # j. Van der walls repulsive force becomes strong when the atoms apart at
close range, and the attractive force predominates at long range. In another words, if the distance
between a pair atoms is approximately the sum of the van der Waals radii, which are the
effective size atoms) then the maximum interaction is obtained. However, the repulsive iteration
dominates the attractive interaction as the distance decreases.
2.4.2. Electrostatic Interactions

Electrostatic energy is based on the Coulomb potential energy. The electrostatic energy
between two interacting atoms is directly proportional to the partial charges on atoms and
inversely proportion to the distance between atoms.
2.4.3. Van der Waals Interactions

The van der Waals (VDW) interaction energy provides one of the major nonbonded
interactions between two interacting atoms as presented in equation 2.9. This equation represents

that the van der Walls energy depends on the distance between two interacting atoms. A typical
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plot of the relationship between the van der Waals energy and distance is shown in Figure 2.11.
This plot shows that van der Waals energy between two atoms becomes zero at a particular
distance (o) where the attractive energy is balanced by repulsive energy, and this distance is
termed as van der Waals radius, which is represented by ojj in equation 2.9. If the distance
between these two atoms is less than the sum of the contact radii, the repulsive energy
predominates. As the distance between two atoms increased beyond this van der Waals radius,
van der Waals energy is negative and becomes the smallest in magnitude(indicating two force
between atoms). At this point, the pair of interacting atoms achieves the most stable condition.

The stable energy is represented by €; in equation 2.9. Furthermore, at long-range distances, the

negative interaction energy continues to decrease and becomes asymptotic in nature.

4;}

o r (separation distance)

o

Van der Waals Energy

Figure 2.11. Schematic of Lennard-Jones pair potential between two atoms separated by a
distance r.

2.5. Steered Molecular Dynamics
Steered molecular dynamics (SMD) simulation technique in which external force is
applied to atom or group of atoms to a certain degree of freedom to guide a system from one
state to another state [33]. SMD has been extensively used to study the binding/unbinding

mechanism and elastic properties of molecules. There are two types of SMD: constant-force
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method and constant-velocity method. In constant-force SMD, constant force is applied to
selected atoms in a given direction where the typical range of external force would be
picoNewtons (pN) [34]. On the other hand, in constant-velocity SMD, one end of the molecule is
fixed and other end is pulled with a constant velocity. In constant velocity SMD, the harmonic
potential restrains an atom or center of mass of group of atoms to a point in space. This
restrained atom is referred as SMD atom or dummy atom, which is connected to the
corresponding atom or group of atom using a virtual spring with finite spring constant. The force
exerted on the pulling atoms using constant velocity method is as follows:
F=K (x, +vt—x) (2.10)
Where, K is force constant, v is constant pulling velocity, x, is the initial position, and X is the
position at time t of the end attached to SMD atom.
2.6. Literature Review on Clay-Fluid Interactions using MD and SMD Simulations
MD simulations have been extensively used to evaluate the swelling mechanism of
expansive clays [35-37]. Montmorillonite swells when mixed with water, and this behavior
where the clay minerals undergo high volume change is known as swelling. There are two types
of swelling behaviors: crystalline swelling and osmotic swelling [38]. Crystalline swelling refers
to the initial stage or short-range swelling where the water molecules enter the interlayer and
trigger swelling. The basal spacing in crystalline swelling ranges from 9-20 A [39]. Osmotic
swelling is the continuous process of crystalline swelling where the basal spacing is over 20 A,
resulting in stacking of layers of water molecules between the clay sheets in the interlayer [40].
The swelling of cesium-montmorillonite with one layer and two layers of hydration where the
basal spacing ranged from 12 to 18.5 A. The influence of water content on swelling was reported

[41]. The effect of cations—sodium and calcium—in the Na-MMT clay interlayer has been
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studied [42]. The role of different water molecular models and interlayer cations of swelling clay
minerals has been studied using MD simulations [43].

The first SMD on dry and hydrated sodium montmorillonite was developed by Katti’s
research group [44]. The stress-strain behavior of pyrophyllite was studied using constant-force
SMD. The interlayer spacing deformed upon externally applied stresses in pyrophyllite, whereas
the clay sheet remained fairly rigid [45]. Furthermore, SMD simulations were used to evaluate
the mechanical properties of dry Na-MMT clay and Na-MMT with various level of hydration. In
this study, the CHARMM force field parameters were derived based on consistent force filed
(CFF) force filed parameter of MMT. The results showed that the behavior of interlayer spacing
changed from liner to nonlinear with the addition of water content in the interlayer, and the
interlayer moduli of the clay interlayer were computed from the stress-strain plot as shown in
Figure 2.13 [46]. The major factors that influence the interlayer spacing and interlayer modulus
are the level of fluid content in the interlayer, solvation of the interlayer cations, and interactions
between the clay and fluids [44, 47, 48]. Also, the density of the interlayer water was found to be
higher than the density of water with one monolayer of water molecules in the interlayer.
However, the two and three monolayers of water in the interlayer mimicked the density of bulk

water.
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Figure 2.12. Na-MMT model with two layers of water (Katti et al. 2005).
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Figure 2.13. Stress-strain plot of Na-MMT with water content in the interlayer (Katti et al. 2005).
Furthermore, the crystalline swelling mechanism has been studied using MD simulation.
The interactions sodium cations that attract the water molecules into the clay interlayer, and
these interactions are very strong, resulting in the interlayer swelling. The attractive interactions
between sodium cations and water molecules resulted in the formation of solvation shell around
the sodium cations as shown in Figure 2.14 [49]. This well-organized shell formation reduced the

attractive interaction between clay sheets and sodium ions, resulting in crystalline swelling and

exfoliation of clay sheets.
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Figure 2.14. (a) Water molecules and sodium at different simulation time, (b) shell formation,
and (c) oxygen atoms of water molecules pointing towards sodium ions (Katti et al. 2015).
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Figure 2.15. Na-MMT clay with different levels of interlayer hydration (Pradhan et al. 2015)
Also, the attractive interactions between clay sheets and sodium interlayer cations
maintained the stability of dry clay as well as hydrated clay at various level of hydration as
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shown in Figure 2.15, but these interactions decreased significantly upon adding water molecules
in the interlayer, causing exfoliation and particle breakdown of swelling clays [50].

Unless the nature of nonbonded interactions of Na-MMT clay with various organics
fluids that are commonly found in the landfill leachates and toxic to human health are well
understood, the detrimental effects of swelling clays on infrastructures cannot be avoided. Thus,
it is essential for the understanding of the swelling mechanisms, evaluating the interactions
occurring on the molecular scale, evolution of important engineering properties such as
microstructure, swelling pressure, permeability, and consolidation of swelling clay. Therefore,
these clays can be effectively used in geoenvironmental applications, geotechnical engineering,
and industrial applications.

2.7. Experimental Techniques
2.7.1. Swelling and Swelling Pressure

The correlation between the level of swelling, swelling pressure, and evolution of the
microstructure has been carried [51]. A new controlled uniaxial swelling (CUS) is designed in
our previous work as shown in Figure 2.16. This CUS device allows the confined sample to
saturate in without bulging. Furthermore, this device permits the saturated sample to swells in
uniaxial direction, and the device can be easily split vertically to remove the sample. The
movable piston, which is also called the connecting rod as shown in Figure 2.16, moves

vertically upwards when the swelling pressure is developed upon saturation.
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Figure 2.16. A schematic diagram showing the CUS device (Katti and Shanmugasundaram,
2001).

Figure 2.17 shows increase in swelling pressure over time during saturation at no volume
change condition, which is known as 0% swelling. It is observed that the swelling pressure
rapidly increases to about 120 kPa in one day. The swelling pressure gradually increases within
10 days, and it reached to about 163 kPa and remained constant after 21 days. The sample was
removed from the CUS device, and it is found that the degree of saturation is 100%. Therefore,
based on this experiments, it is proposed that the minimum time to saturate swelling clay
mineral, bentonite this case, is 30 days.

The influence of swelling on swelling pressure, the saturated samples are further allowed
to swell to the predermined level of swelling in uniaxial direction. Figure 2.18 shows the
decrease in swelling pressure with increased in swelling level. The maximum swelling pressure

is observed at 0% swelling.
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Figure 2.17. Swelling pressure over time from dry state to a complete saturation (Katti and
Shanmugasundaram, 2001).
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Figure 2.18. Swelling pressure and void ratio at different level of swelling (Katti and
Shanmugasundaram, 2001).

2.7.2. Fourier Transform Infrared (FTIR) Spectroscopy
Fourier transform infrared (FTIR) spectroscopy is a powerful nondestructive technique

used for determining the structure of the sample, symmetry, functional groups, and hydrogen-
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bonding [52]. FTIR provides the distinct infrared absorption spectrum that can be compared as a
molecular fingerprint. When the sample material is subjected to infrared radiation, the
frequencies and intensities of radiation that is emitted, reflected, or absorbed by the sample can
be measured. Furthermore, the interactions of infrared light with the samples are energy
absorption process. The total energy of the molecular system exposed to electromagnetic

radiation possesses rotational, vibrational, electronic and transitional energy.

E= ERotational + EVibrational + EElectronic + ETranslational (2-11)

here, Erotationar 1S dUe to the rotation of the molecules, Eyiprationar 1S due to vibration of atoms,
Egiectronic 1S due to electrons movements, and E 7y ansiationar 1S dUe to transition of molecules.
Among these four energues, IR spectroscopy measures the vibration energy of molecules. A
typical range of vibration energy falls from 102 cm™ to 10* cm™ [53]. For a molecule to absorb
electromagnetic radiation, molecule should have the same vibrational energy as that of
electromagnetic radiation. Furthermore, the direction of the dipole moment of the molecule
should be changed. Hence, these molecules are referred as IR active molecules and further
studied using infrared spectroscopy. The intensity of absorption or emission is controlled by the
degree of change in dipole moments. The electromagnetic theory states that the intensity of the
absorption or emission is proportional to the square root of change of the dipole moment. The

intensity of absorption or emission.

_ 4 (2%a)’
L= 4(%2) (2.12)
here, u, is the dipole moment, and x is the displacement at equilibrium.

The main components of an FTIR spectrometer are: source of electromagnetic radiation,

Michelson Interferometer, sample compartment, and the detector. A schematic diagram that

represents the Michelson interferometer is shown in Figure 2.19. The interferometer has a beam
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splitter, fixed mirror, and a moving mirror. When the IR beam from the IR source strikes the
beam splitter, which is made of KBr, the IR beam splits into two beams. One half of the beam
transmits through the beam splitter, whereas the other half of the beam reflects off from the beam
splitter. Therefore, the reflected beam strikes the fixed mirror, and transmitted beam strikes the
movable mirror. As these two beams are reflected by the fixed and movable mirrors, two beams
again meet and combine each other at the beam splitter, resulting in the formation of constructive
and destructive interference depending upon the position of the movable mirror. Thus, the
resulted beam is translated by a mathematical transformation that is known as Fourier
transformation and gives intensity-frequency spectrum.

Resulting beam
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Mirror
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Figure 2.19. Schematic showing Michelson Interferometer (Amarasinghe, 2009).
2.7.3. Nanoindentation

The nanoindentation is an experimental technique to measure the mechanical properties
of the materials at the molecular level. The frequently measured two mechanical properties are

the elastic modulus (E) and the hardness (H). In nanoindentation, a depth sensing diamond
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indenter is allowed to press the sample at a specific load in which the contact area is determined
from the measured depth of penetration of the indenter and geometry of the tip indenter [54]. The
load-displacement data are recorded from one complete loading and unloading cycle as shown in
Figure 2.20. The withdrawn of the indenter results in recovering the elastic deformation, and
certain displacement remains as the plastic deformation. The displacement during unloading is
typically elastic in nature, and the initial portion of the unloading curve is used for the analysis.
The indenter tip is made up of diamond that has high resistance to deformations. Three
components of load-displacement curve: maximum load (Pmax), maximum displacement (hmax),
and stiffness (S) during unloading.

A

w

max

Load (P)

Figure 2.20. A typical load-displacement curve for a completer loading and unloading cycle.

The elastic stiffness is also known as contact stiffness, which is the slope of the beginning
portion of unloading curve. The elastic modulus of the specimen is determined by calculating the
stiffness and contact area from the load-displacement curve. The unloading curve for the
measurement of stiffness is non-liner, and it described by power law relation:

P =B(h—h)™ (2.13)
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where the constants B and m are determined by empirically using fitting parameters. The slope

of initial unloading curve, which is stiffness, is obtained by differentiating above equation:

— (2P
S = (dh)hzhm (2.14)
S = Bm(hpmax — hp)™ ! (2.15)
The reduced modulus and the stiffness are related by
S = j—ﬁx/Z E, (2.16)

In addition, the tip area function depends on the geometry of the indenter. Indirect
measurement of contact area between the tip and the sample is carried out by measuring the
penetration depth and known geometry of the indenter. Prior to each indentation test, area
function is calculated by indenting on standard sample such as fused quartz. For a Berkovich
indenter, a three-sided pyramid with radius on the order of 50-100 nm, the projected area of the
tip (A) at the contact depth (hc) is described by polynomial equation:

A(he) = Cohe? + Cihe + Coh M + C3hM* + - + CghM/™28 (2.17)

Where C; through Cg are constants and Co=24.5. The first term, Co, represents the ideal
Berkovich indenter, and the other terms define the deviations from the Berkovich geometry
because of tip blunting. The contact depth as shown in Fig. 2 is determined by:

hnax = he + hg (2.18)
he = hypax — hy (2.19)
where hs is the vertical depth of the contact periphery and given by:

hy = g7mex (2.20)

where ¢ =0.75 for Berkovich indenter.
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Furthermore, Hardness (H) is defined as the resistance of the material to plastic
deformation. It is also known as the mean pressure that the material supports when load is

applied. It is calculated by dividing the peak load (Pmax) by the projected contact area (A):

Pmax
H = Jne (2.21)

The Hardness and the reduced modulus were determined by using Oliver and Pharr
method [55]. In this method, unloading segment of the curve was described by a power-law
function, and the contact area was obtained. The initial displacement segment of unloading curve
was typically elastic, and the contact stiffness was calculated by differentiating the power-law
relation. The indenter tip and the sample experienced elastic deformation, and the elastic
modulus of each specimen was further calculated considering deformation of both of them. The

relationship between the reduced modulus and the elastic modulus is as follows:

= (2.22)
Where E;= reduced elastic modulus, E=elastic modulus of the sample, Ei=elastic modulus
of the indenter, v=Poisson’s ratio of the sample, and vi=Poisson’s ratio of the indenter. For
diamond indenter tip, the elastic modulus of 1141 GPa and Poisson’s ration of 0.07 were used
[55]. Poisson’s ratio of 0.255 was used for Na-MMT samples [56].
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3. THE ROLE OF FLUID POLARITY IN THE SWELLING OF SODIUM-
MONTMORILLONITE CLAY: A MOLECULAR DYNAMICS AND FOURIER
TRANSFORM INFRARED SPECTROSCOPY STUDY!

3.1. Introduction

Swelling clays are found all over the world. The understanding of the expansive behavior
of these clays is of significant importance in geotechnical and geoenvironmental applications, in
petroleum and industrial engineering, and for the design of polymer-clay-nanocomposites. The
volume of swelling clay increases when it interacts with water, resulting in a significant increase
in swelling and swelling pressure. The infrastructure such as buildings, roads, retaining walls,
dams, and irrigation canals are prone to damage from swelling pressure [1-3]. However, this type
of clay has also been used for landfill liners [4], borehole stabilization when drilling mud [5],
enhancing the material properties in clay-nanocomposites [6], biomedical application [7], and
modifying asphalt in pavement construction [8].

Sodium-montmorillonite (Na-MMT), in many cases, is the main component of swelling
clay mineral found in these clays. The mineral consists of a tetrahedral-octahedral-tetrahedral (T-
O-T) structure where octahedral clay sheet is sandwiched between two tetrahedral clay sheets
[9]. Na-MMT clay is used extensively as a barrier material in geotechnical and geoenvironmental
engineering due to its high surface area and low hydraulic conductivity. Hence, understanding

the swelling mechanisms and evaluating the interactions occurring on the molecular scale of Na-

! This chapter describes the influence of fluid polarity in swelling of sodium montmorillonite clay. Most of the
contents of this chapter has been published in Dinesh R. Katti, Keshab B. Thapa, and Kalpana S. Katti, The role of
fluid polarity in the swelling of sodium-montmorillonite clay: a molecular dynamics and Fourier transform infrared
spectroscopy study, Journal of Rock Mechanics and Geotechnical Engineering 10(6) (2018) 1133-1144. Keshab B.
Thapa had primary responsibility for collecting samples in the field and for interviewing users of the test system.
Keshab B. Thapa was the primary developer of the conclusions that are advanced here. Keshab B. Thapa also
drafted and revised all versions of this chapter. Dinesh R. Katti and Kalpana S. Katti served as proofreader and
checked the math in the statistical analysis conducted by Keshab B. Thapa.
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MMT clay with various organic fluids is crucial for predicting swelling clay response, designing
landfill clay liners, and avoiding enormous damages caused by swelling clays. Landfill leachate
includes a wide range of organic fluids. The United States Environmental Protection Agency
(US-EPA) has labeled fluids such as toluene, trichloroethylene (TCE), acetone, methanol, and
formamide among other fluids as toxic and dangerous to health. The interactions between Na-
MMT clay and organic fluids are very important in determining the appropriate use of clays in
the landfill liners. In swelling clays, swelling is categorized as inner crystalline swelling and
osmotic swelling [10]. The inner crystalline is due to initial hydration of exchangeable interlayer
cations of dry clays when they come in contact with an aqueous phase such as water. The clay-
water interactions have been studied using diffuse double layer theory [11]. However, the
interlayer hydration of swelling clay was not described accurately by these theories.

In our previous work, swelling pressure of saturated bentonite clay at a predetermined
swelling level has been studied experimentally and showed that clay particles break down into a
smaller size with increase in swelling level and reduction of swelling pressure Fourier transform
infrared (FTIR) spectroscopy is a nondestructive technique [12] and used for the analysis of clay-
fluid interactions. Extensive studies on Na-MMT clay with water have been carried out using
FTIR technique [13], and the disorientation of clay sheets increases due to clay-water
interactions with increasing swelling magnitude. In our prior work, the hydraulic conductivity of
the Na-MMT clay interlayer region is studied using polarized FTIR spectroscopy. In addition,
the change in Si-O stretching band in tetrahedron clay sheets, O-H stretching of a structural
hydroxyl group, and H-O-H bending vibration band of bulk water at the molecular scale showed
a significant interaction between clay and water. Extensive experimental studies have been

carried out on Na-MMT clay with high polar fluids, formamide and water, medium polar fluids,

51



methanol, and low polar fluids, acetone, chloroform, trichloroethylene, and toluene [14, 15]. The
interactions between Na-MMT and organic fluids are nonbonded in nature: the nonbonded
interactions are very high for polar fluids and almost negligible for low polar fluids. Therefore,
the clay-fluids molecular interactions control the evolution of the macroscopic structure of Na-
MMT clay. The macroscale mechanical properties, such as hydraulic conductivity, consolidation,
and swelling pressure, of Na-MMT clay with these fluids, are studied. The hydraulic
conductivity decreases dramatically with the increase in polarity of fluids [15]. Furthermore, the
initial swelling of montmorillonite clay depends on the type of interlayer cations and hydration
energy of interlayer cations [16], and the clay particles breakdown due to a significant cation-
fluid hydration energy.

In addition to these experimental studies, the computational techniques have been used to
investigate the behavior of swelling clays at the molecular level. Molecular dynamics (MD),
Monte Carlo (MC), and discrete element method (DEM) have been carried out to study the
interaction between clay and water [17-28]. In our previous work, the mechanical behavior of
dry and hydrated Na-MMT clay interlayer and clay-water interactions are studied using steered
MD (SMD), and it has been observed that the solvation of interlayer cations and clay sheets play
a significant role in the swelling properties of Na-MMT clay [26, 29-31]. DEM studies showed
that particle subdivision of Na-MMT clay causes an increase in swelling pressure [32]. The
attractive interactions between sodium and clay hold the clay sheets together in dry clay;
however, when water is introduced, the attractive interactions between sodium and water result
in the formation of solvation shell around the cations, resulting in decreased attractive
interactions between clay sheets and sodium ion, in turn increasing the crystalline swelling and

with increased interlayer hydration, causing exfoliation and particle breakdown of swelling clay
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[27, 33]. The initiation of the crystalline swelling mechanism of Na-MMT clay has been carried
out using MD simulations. Interlayer sodium cations attract the water molecules into the
interlayer, and there is also a significant attractive nonbonded interaction between them, which
initiates interlayer swelling [33]. Furthermore, interactions of Na-MMT with formamide, water,
methanol, acetone, and toluene have been quantitatively studied in a previous work. We have
observed the significantly higher nonbonded interactions between clay and polar fluids than that
between clay and low polar fluids [34]. Previous studies on clay-fluid interactions have been
conducted either experimentally or computationally but not concurrently on the same system. In
the current work, we attempt to link interaction energies from MD simulations to observed
changes in the experimentally obtained FTIR spectroscopy spectra. The molecular models used
in the study resemble the clay used in the experiments. Also, by conducting MD studies on the
observed d-spacing values of samples used in FTIR studies, the fluid content in the interlayers in
MD and FTIR experiments is similar providing an insight into molecular mechanisms. This
current study presents our FTIR and MD simulation results on Na-MMT clay with a wide range
of organic fluids and provides insight into nonbonded interactions quantitatively at the molecular
scale. In addition, the conformations of each organic fluid in close proximity to interlayer sodium
cations are presented.
3.2. Materials

Na-MMT (SWy-2, Crook County, Wyoming, USA) clay was acquired from Clay
Minerals Repository at the University of Missouri, Columbia, Missouri, USA. The cationic
exchange capacity of this clay is about 76.4 meqg/100 g. The fluids used were 90%-100% purity
formamide and 99.9% purity acetone obtained from Mallinckrodt Baker Inc., New Jersey and

99.9% purity methanol obtained from Alfa Aesar, Massachusetts. The deionized water used was
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obtained from our laboratory at North Dakota State University. The fluids used in this study
range from high dielectric constant to low dielectric constant reflecting highly polar to low polar
fluids. Formamide and water have high dielectric constants of 110 and 80, respectively, methanol
has a medium dielectric constant of 33, and acetone has a low dielectric constant of 20.
3.3. Fourier Transform Infrared Technique

A comprehensive infrared spectroscopic study on Na-MMT clay and organic solvents
samples was described in our previous work [14]. Briefly, Na-MMT was first ground and passed
through a No. 325 sieve (45 um mesh). The consistent moisture content was acquired by drying
clay in an oven at 50 °C temperature for 24 h prior to each sample preparation. The thin layer of
Na-MMT was placed on the gold-coated metal substrate with a glass slide, and fluid was added
to the surface of the sample. For transmission FTIR spectroscopy study, the powder samples
were gently compressed against a silicon window with a glass side, and then the fluids were
added to the surface of the clay. Another silicon window was used to sandwich the sample by
gently pressing them together to make a thin layer of sample between silicon windows. The
homogeneous samples for formamide and water were prepared by mixing clay with fluids in a
porcelain dish to obtain a thin layer of slurry. The sample was smeared on a silicon window, and
gold coated a substrate for transmission and reflectance FTIR experiments, respectively. Data
acquisition was accomplished immediately after the samples were wetted. The FTIR
spectroscopy experiments were performed using a Nicolet 850 FTIR spectrometer with KBr
beam splitter in the range of 4000-400 cm at a spectral resolution of 4 cm™. A wire grid
polarizer was used to yield a p-polarized IR beam, and angle of incidence was at 45° for the

reflectance experiment, and the gold-coated metal substrate was used for obtaining background
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spectra. The clean silicon windows and gold-coated metal substrate were used, respectively, for
background spectra in transmission and reflectance experiments.
3.4. Model Construction

The chemical formula of the Na-MMT SWy-2 unit cell is NaSiis(AlsFeMg)O20(OH)a.
The initial coordinates were obtained from the model proposed in the literature [35]. Also, the
atomic charges were obtained from the literature [23]. The Na-MMT 4x2 model was initially
constructed [26] in our previous studies, and the dimensions of unit cell were 5.28 A x 9.14 A x
6.56 A. The structural charges in the molecular models of clay sheets are consistent with the
experiments. The reported chemical formula for SWy2 clay used in the experiments [36] is
(Cao.12Nao.32Ko.05)[Alz.01Fe(111)0.41Mno.01Mdo.54 Tio.02][Si7.98Al0.02] O20(OH)4. The chemical formula
used for the clay models is a simplified version NaSiis(AlsFeMg)O20(OH)a. Almost all of the
unbalanced charge in the clay sheet comes from isomorphous substitution and is reported as
0.53e. In our models, the charge due to isomorphous substitution in the octahedral sheet is 0.5e
per unit cell [29]. This model has been extensively used for clay-fluid interactions [24, 26, 27,
29, 33] using CHARMM force field parameters [24, 25, 29]. The Na-MMT clay layers have a T-
O-T structure, and each octahedral clay sheet is sandwiched between tetrahedral clay sheets. In
our work, the clay model has 6x3 unit cells, and the dimensions of the unit cell are 31.68 A x
27.44 A x 24.16 A. The molecular model consists of 6 unit cells in X-direction and 3 unit cells in
Y-direction, as shown in Figure 3.1. A detailed explanation of the model construction is

described in our previous work to study polymer clay nanocomposites [37].
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Figure 3.1. Molecular model of Na-MMT showing clay sheets, Na cations, and d-spacing.

The negative charge was developed on the individual clay sheets due to isomorphic
substitution in the octahedral sheet. In the 6x3 model, nine aluminum cations (AI**) are
substituted by nine iron cations (Fe3*), and nine aluminum cations (AI**) are substituted by nine
magnesium cations (Mg?*). Thus, nine sodium cations (Na*) were introduced in the interlayer to
balance the negative charge (-0.5e per unit cell) of the clay sheets. In this study, the molecular
weight of 6x3 unit Na-MMT clay is 13,414 g/mole, and hence 1 mole of clay contains 13,414 g
of clay. Figure 3.2(a-d) shows the molecular structures of acetone, methanol, water, and

formamide.

(a) (b)

(c) (d)

Figure 3.2. The molecular structure of (a) Acetone, (b) Methanol, (c) Water, and (d) Formamide.
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The Na-MMT and fluids models were developed using Material Studio™ and PSFGen
plug-in of visual MD software (VMD 1.9.2) (Humphrey et al., 1996). The force field parameters
for formamide, methanol, and acetone were obtained from CHARMM GUI Archive-CHARMM
Small Molecule [38], and the water molecule was Transferable Intermolecular Potential 3 Point
(TIP3P) [39]. FTIR spectroscopy experiments were conducted on samples created by clay
slurries of clay + acetone and clay + methanol. In addition, samples were prepared with clay
mixed with predetermined amount of water and clay mixed with predetermined amount of
formamide. Under the same condition, X-ray Diffraction (XRD) experiments were conducted on
the samples to evaluate d-spacing. Inverse calculations were conducted to evaluate the amount of
fluid in the interlayer by comparing d-spacing obtained from MD simulations with d-spacing
values found from XRD experiments. The molecular models with the computed amounts of fluid
molecules in the interlayer were used to evaluate the interaction energies. The d-spacing values
for the molecular models with 10% acetone, 20% methanol, 30% water, and 30% formamide
matched with the d-spacing results from the XRD experiments. In order to compare FTIR
spectroscopy results with the MD interaction energy results, the representative clay models
consist of 10% acetone, 20% methanol, 30% water, and 30% formamide in the interlayer [14, 15,
40]. The detailed procedure of the model construction is described in our previous work [34].
CHARMM force field parameters have been used for both organic fluids and Na-MMT clay. The
CHARMM parameters have been found and validated by the authors. Based on the molecular
weight of individual molecules, 10% fluid content is equivalent to 24 molecules of acetone, 40
molecules of methanol, 64 molecules of water, and 48 molecules of formamide. In addition, 20%
methanol has 80 methanol molecules, 30% water has 216 water molecules, and 30% formamide

has 90 formamide molecules in the clay interlayer.
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3.5. Simulation Details

MD simulations and visual MD software (VMD 1.9.1) were used for the molecular
modeling of Na-MMT clay with different organic fluids. In MD, nanoscale molecular dynamics
software (NAMD 2.9) was used, which was developed by Theoretical and Computational
Biophysics Group, Beckman Institute, the University of Illinois at Urbana-Champaign [41]. All
interaction energies were computed using VMD, which was compatible with the CHARMM
force field [42]. The simulations were run using 2.66 GHz Intel Xenon X5550 processor and 127
nodes, each node consisting of 8 processor cores, at the Center for Computationally Assisted
Science and Technology (CCAST) at North Dakota State University.

The conjugate method was carried out for the minimization of all models. The
temperature of 0 K and the pressure of 0 atmosphere are used during minimization. All the
simulations were run at room temperature and atmospheric pressure, resulting in the isothermal-
isobaric ensemble. The temperature was raised in three steps, i.e. 0 K through 300 K, with an
increment of 100 K. The pressure was raised in four steps, i.e. 0 kPa through 101 kPa (1
atmosphere), with increment of 25 kPa while keeping the temperature constant at 300 K. The
pressure was controlled by the method of Langevin piston Nose-Hoover [43] and temperature by
Langevin dynamics.

All the simulations were run for 150,000 steps, which is equivalent to 75 ps (10-12 s),
with the time step of 0.5 fs (10-15 s). The infinite number of clay sheets was mimicked by
applying the period boundary conditions. Although the clay sheets were restrained in X- and Y-
directions, they were allowed to move in the Z-direction. All the organic fluids were free to
move in all directions, mimicking experimental conditions. The d-spacing of each model was

measured by the distance between the corresponding surface oxygen atoms of clay sheets in the
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Z-direction. The interaction energies were computed considering the last 20 ps of the trajectory
of simulation. Nonbonded interaction, such as electrostatic energy, was computed using particle
mesh Ewald (PME) method. For all models, the van der Waals switch and cut off distances were
16 A and 17 A, respectively.

3.6. Results and Discussions
3.6.1. Fourier Transform Infrared Results

In our previous work, a detailed vibrational spectroscopic study on clay-fluid interactions
was described using transmission and reflection FTIR experiments [14]. The combined IR
spectra for dry Na-MMT and Na-MMT with acetone, methanol, water, and formamide are shown
in Figure 3.3a-d.

Table 3.1 shows the band assignments obtained from the literature [13, 44-46]. The band
at 1118 cm™ in the IR spectra of dry Na-MMT is attributed to the Si-O stretching. It is observed
in Figure 3.3a and b that the Si-O stretching band has a shift of 7 cm™and 6 cm™ to lower energy
for the clay-formamide complex and the clay-water complex, respectively.

The band shift observed in the spectra suggests the alteration in the orientation of silica
tetrahedral region due to swelling characteristics, as the polar fluids enter into the clay interlayer
galleries. The shift also signifies that there is nonbonded interaction between surface oxygen of
clay and interlayer solvents; this phenomenon has been observed in prior work in the literature to
study the polymer clay nanocomposites [6], evolution of clay microstructures [13-15], and

interaction between clay and organic matter [46].
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Figure 3.3. IR spectra for (a) Mixture of Na-MMT and formamide in the energy range of 800-
1275 cm?, (b) Mixture of Na-MMT and water in the energy range of 750-1250 cm, (c) Mixture
of Na-MMT and methanol in the energy range of 675-1325 cm™, and (d) Mixture of Na-MMT
and acetone in the range of 775-1200 cm™.

Table 3.1. FTIR band assignment for dry Na-MMT clay.

Sample Band position (cm™) Band assignment
688 Si-O deformation [44]
788 Si-O stretching from quartz and silica [13, 44]
846 Mg-OH deformation [13, 44]
Dry Na-MMT )
879 Fe-OH deformation [44]
918 Al-OH deformation [44, 45]
1065 Si-O stretching [13, 44]
1118 Si-O stretching [44]

The band shifts are not significant in the Si-O region in the case of clay-methanol and

clay-acetone complexes, which indicates that intermediate polar and low polar fluids have lower
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nonbonded interactions in Si-O region. Furthermore, Mg-OH deformation band at 846 cm™* and
Al-OH deformation band at 918 cm™ of dry clay have no significant shifts in any clay-fluids
complexes, indicating insignificant nonbonded interactions in the octahedral clay sheets. Fe-OH
deformation band of dry Na-MMT at 879 cm™ is shifted towards lower energy by 9 cm™ and 5
cm in the spectra of the clay-formamide complex and clay-water complex, respectively. These
shifts are significant due to no overlapping bands in IR spectra. From the spectra of clay-
methanol and clay-acetone complexes, no significant band shifts are observed in the tetrahedral
region, or octahedral region of clay sheets. The shifts towards either lower or higher energy
observed in the Si-O stretching band and the Al-OH, Fe-OH, and Mg-OH deformation bands
suggest that the molecular interactions between clay and polar fluids are significantly higher than
those in clay and medium and low polar fluids.
3.6.2. Molecular Dynamics Simulations

The experimental d-spacing of dry Na-MMT clay is 9.85 A [14]. The MD simulation
showed the average d-spacing of dry Na-MMT to be 10.70 A, resulting in the representative clay
model for this study. The experimental d-spacing values of Na-MMT with acetone, methanol,
water, and formamide were found to be 13.07 A, 17.14 A, 18.32 A, and 18.99 A, respectively
[14, 31, 34, 47]. The corresponding d-spacing values of the representative clay-fluid models after
simulations are presented in Table 3.2. The d-spacing values of the clay model with 10%
acetone, 20% methanol, 30% water, and 40% formamide were 13.38 A, 17.6 A, 17.89 A, and
18.46 A, respectively, indicating that the interlayer fluid content increased with increase in

dielectric constant of fluids.
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Table 3.2. d-spacing of the clay-fluid complexes from simulation and experiment results.

Dielectric constant Fluid  Fluid content (%) d-spacing (A)
Simulation Experiment

20 Acetone 10 13.38 13.07
33 Methanol 20 17.6 17.14
80 Water 30 17.89 18.32
110 Formamide 30 18.46 18.99

These results are consistent with experimental results and can be related to the high
swelling and swelling pressure, particle breakdown, low permeability, and low compression of
the expansive clay in the presence of polar fluids [15]. In this study, the swelling of the interlayer
is associated with an increase in the distance between two clay sheets; however, the thickness of
clay sheet remains constant. The clay-fluid molecular models consist of clay sheets, sodium ions,
and interlayer fluids. The nonbonded interactions among these constituents provide insight into
swelling behavior of the expansive clay.

VMD was used to compute the interaction energies quantitatively. Energies were
computed by considering the interlayer fluids in the clay interlayer after simulation period of 75
ps. The snapshots of molecular models of Na-MMT with acetone, methanol, water, and
formamide after simulation are shown in Figure 3.4(a-d), respectively. The sum of the
electrostatic energy and van der Waals energy is the total nonbonded energy. The electrostatic
interaction energy is the function of the charge and distance between two sets of atoms, whereas
van der Waals interaction energy depends only on the distance between two sets of atoms. The
negative interaction energy represents the attractive interaction, and the positive interaction

energy represents the repulsive interaction between two atoms.
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Figure 3.4. Na-MMT models with different interlayer fluids after simulation up to 75 ps: (a) 10%
acetone, (b) 20% methanol, (c) 30% water, and (d) 30% formamide.

Figure 3.5 shows the interactions energy between clay sheets in the dry state and various
interlayer fluids (polar, medium polar, and low polar fluids). In the case of the dry interlayer,
clay-clay interactions are the highest and predominated by van der Waals energy. The repulsive
electrostatic interaction was due to negative charge in each clay sheet. When fluids are
introduced in the interlayer, the attractive nonbonded interactions are decreased with increasing
amount of interlayer fluids and polarity of fluids, and interactions are rapidly diminished almost
to zero at 30% of formamide. As shown in Figure 3.6, the attractive nonbonded interactions
between sodium and clay layers are the highest in the dry condition, and these attractive

interactions are primarily electrostatic and hold the clay sheets together.
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Figure 3.5. Interaction energies between clay sheets for fluids with a wide range of dielectric
constants.

This observation has also been studied on Na-MMT swelling clay with increasing water
content using MD [27]. At equilibrium, sodium ions are found to be in close proximity to the
clay sheets in the molecular model of Na-MMT with acetone and methanol, but sodium ions are
located near the center of the interlayer in the molecular model of Na-MMT with water and
formamide. The attractive interaction is also decreased with increasing polarity of fluids and
fluid content. The electrostatic energy between sodium and clay sheets in dry Na-MMT clay is
1.5 times higher than that in Na-MMT with 10% acetone. It is almost the same for Na-MMT
with 20% methanol, 30% water, and 30% formamide, and the van der Waals energy is
negligible. Figure 3.7 shows the attractive interactions between sodium ions and interlayer fluid

molecules are the highest followed by clay-sodium interactions and then clay-clay interactions.

64



Clay-Sodium
D Electrostatic ©VDW H Non bonded

138

-629 -640 -582 -594

IEnergy (Ikcal/mlol)
3
153

-1008 -1012

1500 | L] -1372
-1510

-1800

Dry clay Clay-Acetone Clay-Methanol Clay-Water Clay-Formamide

Figure 3.6. Interaction energies between clay sheets and sodium ions for fluids with a wide range
of dielectric constants.
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Figure 3.7. Interaction energies between sodium ions and fluid molecules.

The electrostatic energy between sodium ions and 20% methanol was more than 2 times
greater than that between sodium ions and 10% acetone. Similarly, the electrostatic energy
between Na-MMT and 30% water was 1.5 times greater than that between Na-MMT and 20%
methanol. The total nonbonded interaction energy between Na-MMT and 30% water is slightly
greater than that between Na-MMT and 30% formamide. The nature of these interactions is
predominantly (attractive) electrostatic whereas (repulsive) van der Waals interactions are
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negligible. Thus, sodium ions have significant interactions with polar fluids than those with low
polar fluids; the solvation of swelling clay was initiated by hydration of interlayer sodium ions,
resulting in the initial interlayer swelling.

Figure 3.8 shows the snapshots of the representative models of Na-MMT with 10%
acetone, 20% methanol, 30% water, and 30% formamide. This figure shows the planar view of
conformation of the interlayer fluids with sodium ions. It was found that the oxygen atoms were
attracted and directed to the sodium ions, and hydrogen atoms were attracted to oxygen atoms,
resulting in the formation of an organized pattern. It can be seen that two oxygen atoms and four
oxygen atoms are in proximity to the sodium ions in case of Na-MMT with 10% acetone and Na-
MMT with 20% methanol, respectively. In addition, the clustering and proximity of fluid
molecules to the sodium ions increase dramatically as the fluid content and the polarity of fluids
increased, and this formation resulted in the well-organized pattern for high polar fluids such as

water and formamide. All these fluid molecules laid on the same plane as sodium ions.
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Figure 3.8. Snapshots displaying conformation of molecules of fluids in proximity to sodium
ions: (a) Acetone, (b) Methanol, (c) Water, and (d) Formamide. Sodium ions are rendered in
VDW format.

The nonbonded interaction energy of Si-O of tetrahedral clay sheets with acetone,
methanol, water, and formamide is shown in Figure 3.9. The interaction energy between Si-O
and fluids increased as the polarity of fluids increased. The repulsive electrostatic energy
between Si-O and water is more than 5.5 times greater than that between Si-O and acetone.
Although the total nonbonded interaction energy between Si-O and formamide is slightly greater
than that between Si-O and methanol, the corresponding electrostatic energy is similar and
attractive in nature. These interaction energies agreed with shifts of Si-O band in our FTIR
experimental analysis (Figure 3.3). These shifts suggest strong nonbonded interactions between
the surface oxygen of clay sheets and fluid molecules, and strong interactions may change the

orientations of silica tetrahedral sheets of clay.
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Figure 3.9. Interaction energy of Si-O with (a) Acetone, (b) Methanol, (c) Water, and (d)
Formamide.
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Figure 3.10. Interaction energy of Mg-OH with (a) Acetone, (b) Methanol, (c) Water, and (d)
Formamide.

The nonbonded interaction energies of Al-OH and Fe-OH of octahedral clay sheet with
fluids are shown in Figures. 11 and 12. Attractive electrostatic interaction energy between Al-
OH and water is 2 times greater than that between Al-OH and acetone and almost 1.5 times
greater than that between Al-OH and methanol. On the other hand, the electrostatic interaction
between Al-OH and formamide is repulsive in nature. The van der Waals energy remains almost
the same for all cases. Similarly, the total nonbonded energy between Fe-OH and water is more

than 3 times greater than that between Fe-OH and acetone and 1.5 times greater than that
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between Fe-OH and methanol, but the (repulsive) electrostatic interaction between Fe-OH and
formamide is not significant compared to other fluids. These results were consistent with the
FTIR studies, which indicate that the interaction between polar fluids and clay increases with
increase in the polarity of fluids. Thus, the FTIR and MD simulations studies showed a
significantly higher nonbonded interaction between clay and formamide and water than that
between clay and methanol and acetone. In addition, simulation results indicated that clay and
formamide interactions were predominant. The results also show that the various entities of the
clay sheet interact differently with the fluid molecules even for fluid molecules with similar

dielectric constants.
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Figure 3.11. Interaction energy of Al-OH with (a) Acetone, (b) Methanol, (c) Water, and (d)
Formamide.
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Figure 3.12. Interaction energy of Fe-OH with (a) Acetone, (b) Methanol, (c) Water, and (d)
Formamide.

Figure 3.13 shows the evolution of nonbonded interaction energies between the various
components of the clay with 10% of fluid content in the interlayer with d-spacing. The d-spacing
corresponding to 10% acetone, 10% methanol, 10% water, and 10% formamide were 13.38 A,
13.88 A, 13.57 A, and 13.71 A, respectively. The figure indicates that although the fluid content
is the same, the molecular interactions in the interlayer are significantly different. Although the
clay interlayer contained the same fluid content, each of the clay-fluid models had different d-
spacing values, and the clay-clay, clay-sodium, sodium-fluids, and clay-fluids interactions were
also different, as shown in Figure 3.13. The nonbonded interactions between clay sheets
decreased with increase in d-spacing. The 10% of interlayer methanol had the highest d-spacing,
resulting in the lowest nonbonded interactions between clay sheets. With the increase in d-
spacing, the clay-sodium attractive nonbonded interactions decreased, but the interaction
between clay and formamide remained slightly higher than between clay and water, as shown in
Figure 3.13. The sodium-fluids attractive nonbonded interactions increased with increase in d-
spacing; the sodium-methanol interactions were more than 1.5 times greater than the sodium-

acetone interactions; and the sodium-water interactions were slightly greater than the sodium-
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methanol and sodium-formamide interactions. The clay-fluids attractive nonbonded interactions

increased with increase in d-spacing, but the interactions of water with clay layers had the lowest
energy. Also, the interactions of methanol with clay layers were 3 times greater than that of clay

layers with acetone and slightly less than that of clay layers with formamide, as shown in Figure

3.13. The clay-clay attractive interactions were predominated by van der Waals energy for dry as
well as clay with 10% fluids content, but the attractive clay-sodium, sodium-fluids, and clay-

fluids interactions were primarily electrostatic in nature, as shown in Table 3.3.
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Figure 3.13. Nonbonded interaction energies between clay sheets for 10% acetone, methanol,
water, and formamide and corresponding d-spacing. The interaction energies shown are clay-
clay, clay-sodium, sodium-fluids, and clay-fluids.
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Table 3.3. Interaction energies of clay-clay, sodium-fluids, clay-sodium, and clay fluids for dry
Na-MMT and Na-MMT with 10% acetone, 10% methanol, 10% water, and10% formamide.

Fluid content Molecular model  Interactions Energy (kcal/mol)
(%) Electrostatic VDW Nonbonded
Dry clay 104 -648 -544
Clay-acetone -122 -178 -300
Clay-methanol Clay-clay -47 -129 -176
Clay-water -88 -155 -243
Clay-formamide -101 -183 -284
Clay-acetone -495 35 -460
Clay-methanol -857 62 -795
Clay-water Sodium-fluids -889 57 -832
Clay-formamide =134 55 -679
10 Dry clay 1510 138 -1372
Clay-acetone -1008 -4 -1012
Clay-methanol ~ Clay-sodium -684 -13 -697
Clay-water -604 -13 -617
Clay-formamide -751 -2 -753
Clay-acetone -165 1 -164
Clay-methanol Clay-fluids -301 -188 -489
Clay-water -111 -97 -208
Clay-formamide -220 -333 -553

3.7. Conclusions

In this work, FTIR and MD simulations were carried out to investigate the swelling
behavior of Na-MMT clay mineral with a wide range of organic fluids: formamide, water,
methanol, and acetone. The shifts in the Si-O stretching band and Fe-OH deformation bands
were observed on the FTIR spectra of Na-MMT clay with formamide and water showing larger
band shifts than clay with methanol and acetone. This result indicates that there are significant
nonbonded interactions between clay and polar fluids, resulting in the change in orientation of
tetrahedral and octahedral clay sheets. The molecular models of Na-MMT clay with fluids were

developed, and the representative clay-fluids models were validated by comparing MD
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simulation d-spacing with the experimental results. The MD simulations were used to provide
insight into conformation and quantitative nonbonded interactions of clay with formamide,
water, methanol, and acetone at the molecular level. The results of our simulations indicate that
the attractive nonbonded interactions, which are primarily electrostatic in nature, between clay
and formamide and water, are significantly higher than those between clay and methanol and
acetone. These results are consistent with the shifts of bands in FTIR studies. Furthermore, the
nonbonded interactions play a significant role in the conformations of fluid molecules in
proximity to sodium ions in the interlayer. A planar view of the conformations shows a well-
organized pattern as the amount and polarity of interlayer fluids increase. The modeling study
with ten weight percent of the four fluids in the interlayer gallery showed that the molecular
interactions between clay sheets, sodium ions and fluid molecules are significantly different. The
d-spacings in all four cases were different and ranged from 13.38 A to 13.88 A. The clay-clay
interactions decreased with increasing d-spacing. The sodium-fluid and clay-fluid interactions
appear to relate to the size, number of fluid molecules and the physical distribution of the
molecules in the interlayer. These studies provide an insight into the molecular mechanism and
indicate that the polarity of fluids plays a significant role in the interlayer swelling, alternation in
the orientations, and evolution of microstructure of swelling clays at the molecular scale.
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4. COMPRESSION OF NA-MONTMORILLONITE SWELLING CLAY INTERLAYER
IS INFLUENCED BY FLUID POLARITY: ASTEERED MOLECULAR DYNAMICS
STUDY?

4.1. Introduction

Swelling clays are found all over the world. These clays are of significant importance in
engineering due to properties exhibited such as high swelling capacity [1], high specific area [2],
and low hydraulic conductivity [3]. These clays are used as the barrier liner materials in landfills
[4] and high-level radioactive waste disposal [5], drug delivery systems in biomedical
applications [6], as biomaterials in tissue engineering [7] and modifiers in pavement construction
[8]. However, civil infrastructures are susceptible to damage due to high volume change
exhibited by these clays, resulting in enormous damage to the buildings, roads, bridges, and
embankments [9, 10].

Sodium-montmorillonite (Na-MMT), a smectite clay mineral is one of the major
constituents of swelling clays [11]. This mineral comprises of a tetrahedral-octahedral-
tetrahedral (T-O-T) structure where an octahedral clay sheet is sandwiched between tetrahedral
clay sheets [12]. A negative charge on the individual clay sheets is developed due to
isomorphous substitution by metal ions in the tetrahedral or octahedral clay sheets [13]. These
charges are balanced by cations in the interlayer. In Na-MMT, the interlayer cations are sodium
ions. In this study, in order to vary the clay-fluid interactions, fluids with a wide range of

dielectric constants — formamide (110), water (80), methanol (33), acetone (20) are chosen. The

2 This chapter describes the role of fluid polarity in the compressibility of swelling clay interlayer using molecular
dynamic simulations. The content of this chapter is submitted for publication and is currently under review. The
submitted article is coauthored by Keshab B. Thapa, and Kalpana S. Katti, and Dinesh R. Katti. Keshab B. Thapa
had primary responsibility for collecting samples in the field and for interviewing users of the test system. Keshab
B. Thapa was the primary developer of the conclusions that are advanced here. Keshab B. Thapa also drafted and
revised all versions of this chapter. Dinesh R. Katti and Kalpana S. Katti served as proofreader and checked the
math in the statistical analysis conducted by Keshab B. Thapa.
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values in the parentheses are the dielectric constant values (DEC) of the fluid. These fluids are
commonly found in landfill leachates and are identified as toxic and hazardous to health by the
United States Environmental Protection Agency (EPA). Our previous experimental studies have
shown that clay-fluid interactions significantly affect the macroscale properties of clays,
including compressibility, consolidation, permeability, and swelling pressure [14]. Development
of multiscale models that bridge molecular-scale interactions to macroscale properties are
essential for accurate prediction of the clay response and also to tailor responses for avoiding
detrimental effects and improve beneficial uses. In swelling clays, the hydration of the interlayer
cations triggers the interlayer crystalline swelling [15-17]. The earlier double-layer models [18-
20] attempt to evaluate the clay-water interactions in the clay interlayer [21]; however, these
theories are not able to predict the interlayer swelling at smaller layer spacing.

Our previous experimental study shows that the particles of the saturated swelling clays
successively breakdown into smaller sizes resulting in increased swelling and reduction of
swelling pressure [22]. This phenomenon is further incorporated into a computational model to
capture the role of the particle subdivision on swelling and swelling pressure [23]. The evolution
of microstructure, mechanical properties, and fluid flow behavior of Na-MMT clay with various
organic fluids are also studied experimentally [14]. The molecular interactions of Na-MMT clay
with these fluids are primarily nonbonded, and the nonbonded interactions for polar fluids with
the clay are significantly higher than with low and medium polar fluids [24]. With an increase in
the polarity of the fluids, the swelling pressure increases; however, the hydraulic conductivity
decreases dramatically [14]. Thus, the clay-fluid interactions at the molecular level control the

macroscopic properties of Na-MMT clay.
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Many computational studies—molecular dynamics (MD), Monte Carlo (MC) method,
and Discrete Element Method (DEM)—have been conducted to evaluate the nature of
interactions of swelling clays with a various interlayer cations[25-28], at different levels of
hydration [29-32], and with organic fluids [33, 34]. Molecular dynamics studies are also
conducted to study the swelling mechanism and hysteresis of expansive clay [35]. Steered
molecular dynamics (SMD) simulation is a computational technique in which the external forces
are applied to the molecules to guide a system from one state to another at an atomic scale [36].
In our prior work, the evolution of the mechanical response of the dry and hydrated Na-MMT
clay with multiple layers of water is evaluated using SMD simulations [37, 38]. The stress-
deformation response of the clay interlayer is linear for dry clay and clay with one monolayer of
water and nonlinear for clay with two and three monolayers of water in the interlayer [30]. The
level of hydration, solvation of interlayer cations, and clay-fluid interactions control the
interlayer spacing and modulus of swelling of Na-MMT clay upon compression. The elastic
properties of swelling clays have been studied using MD simulations, and it has been reported
that the water content, nature of interlayer cation, and temperature influence the stiffness tensor
of montmorillonite clays [39]. The stiffness of the layer silicates in the presence of the surface
charges is calculated using density functional theory (DFT) and MD simulations [40]. The elastic
tensors of Na-MMT clays over a wide range of hydrations are computed using MD
simulations[41]. The nanoscale hardness of tobermorite and montmorillonite clay has been
computed using local structure optimization (LSO) approach by applying a biaxial deformation
or stress [42].

For the dry case, the stability of the stacked structure is maintained by the nonbonded

interactions between sodium ions and clay sheets [43, 44]. However, these attractive interactions
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decrease as soon as the water molecules are introduced in the swelling clay interlayer [44]. The
sodium ions also attract the water molecules in the interlayer, and the sodium-water interactions
appear to reduce the sodium-clay interactions, resulting in the initiation of interlayer swelling of
Na-MMT clay [34]. The nonbonded interactions of Na-MMT clay with toluene, acetone,
methanol, water, and formamide are studied experimentally and computationally, and results
show that the polar fluids have higher interactions with clay than low and medium polar fluids
[34, 45]. However, the compressive behavior of Na-MMT clay with these fluids have not been
investigated at the molecular level. These clay-fluid interactions and the interlayer response of
swelling clays upon compression are essential for reliable prediction of the macroscale
compression that is crucial for the effective and economical design of infrastructure and for
public safety. In this study, we present our results from SMD simulations on Na-MMT clay with
a wide range of organic fluids. This work also provides an insight into the role of the fluid
content, and the polarity of the fluids on the interlayer spacing, interlayer volume, interlayer
strain, interlayer modulus, nonbonded interactions and fluid conformations upon externally
applied stresses at the molecular level.
4.2. Model Construction

The chemical formula for Na-MMT clay that is used in the experiments [46] is
(Ca0.12Na0.32K0.05)[Al3.01Fe(111)0.41Mn0.01Mg0.54Ti0.02][Si7.98A10.02]020(OH)4, which
has both octahedral and tetrahedral isomorphic substitutions. The chemical formula of the clay
model is simplified to NaSiis(AlsFeMg)O20(OH)a. The coordinates of the unit cell are obtained
from Skipper et al., [47] and the atomic charges are obtained from Teppen et al. [48]. The

dimensions of the unit cell of this model are 5.28 A x 9.14 A x 6.56 A. In this work, a 6x3 Na-
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MMT model is used, which is comprised of 6 unit cells in X-direction and 3 unit cells in Y-
direction, as shown in Figure 4.1 (a).

The isomorphic substitution by metal atoms in the octahedral sheet results in a negative
charge on the individual clay sheets. In order to account for isomorphic substitution, nine
Aluminum (AI3") cations were replaced by nine Iron (Fe3™) cations and another nine Aluminum
(AI3™) cations by Magnesium (Mg2*) cations in 6x3 Na-MMT model. These negative charges of
the clay sheets are balanced by inserting nine sodium (Na*) cations. The detailed construction of
6x3 model is described in our previous work. The overall dimensions of the model are 31.68 A x
27.44 A x 24.16 A. The Na-MMT and fluids models are developed using Material Studio™ and
PSFGen plug-in of Visual Molecular Dynamics (VMD 1.9.3) software [36, 49]. The CHARMM
force field parameters for formamide, methanol, and acetone are obtained from the Chemistry at
Harvard Macromolecular Mechanics (CHARMM) force field parameters GUI Archive-
CHARMM Small Molecule [50], and the water molecule was Transferable Intermolecular
Potential 3 Point (TIP3P) [51].

(a) (b) Point loads on top oxygen atoms

oy
llHHl "

Fixed bottom oxygen atoms

Figure 4.1. (a) Initial molecular model of dry Na-MMT and (b) equilibrium Na-MMT clay at 300
K temperature and one atmospheric pressure.

In this study, the representative clay models consist of 10% acetone, methanol, water, and
formamide as well as 30% methanol, water, and formamide in the interlayer. Based on the
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molecular weight of individual atoms, 10% fluid content has 24 acetone molecules, 40 methanol
molecules, 64 water molecules, and 48 formamide molecules. Similarly, 30% fluid content is
equivalent to 120 molecules of methanol, 216 molecules of water, and 120 molecules of
formamide. Initially, we placed the interlayer fluid molecules in a single layer for 10% fluid and
three layers for 30% fluid.

4.3. Simulation Details

In this study, MD and SMD simulations of dry and hydrated 6x3 unit Na-MMT clay
models were carried out by using NAMD 2.12 that is developed by Theoretical and
Computational Biophysics Group, Beckman Institute at the University of Illinois at Urbana-
Champaign [52]. The CHARMM force field parameters reported in our previous studies [30, 38]
were used. Visual molecular dynamics (VMD 1.9.3) was used for visualization and interaction
energy computation. An isothermal-isobaric (NPT) ensemble was used for running the MD
simulations. Further, we minimized the model by using a conjugate gradient method followed by
increasing the temperature from 0 K to 300 K in three steps with an increment of 100 K using the
Langevin dynamics control method [53]. Following this, we increased the pressure from 0 bar to
1.01 bar in four steps with 0.25 bar increments using the Nose-Hoover Langevin piston control
method [54] while maintaining a constant temperature at 300 K. The simulation was run for an
additional 400 ps. The total simulation time up to this point was one ns.

We conducted constant-force SMD simulations to evaluate the compression of clay
interlayer spacing for dry and hydrated 6x3 unit Na-MMT clay molecular models. The interlayer
spacing refers to the void space between adjacent clay layers, and the sum of the interlayer
spacing and the thickness of the clay sheet is the d-spacing. The interlayer strain is measured by

a change in interlayer spacing upon the application of a load relative to the original position. We
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applied a uniform compressive point load in the z-direction on each of the oxygen atoms lying on
the top surface of the clay sheet. A total of 108 oxygen atoms on the top surface of the clay sheet
were selected, and the average projected load-bearing area was 729.63 A2 in the x-y plane. Also,
we fixed the 108 oxygen atoms of the bottom surface of the clay sheet in X, y, and z directions,
mimicking axial compression, as shown in Figure 4.1(b). In this model, the fluid molecules are
free to move in all directions. Further, we applied a wide range of compressive loads on each
oxygen atom of the top clay sheet. The applied loads were, 0, 25, 50, 75, 100, 150, 200, 300,
400, and 600 pN (10-12 N) per atom for dry and hydrated Na-MMT clay model, and the
equivalent stresses were 0, 0.37, 0.74, 1.11, 1.48, 2.22, 2.96, 4.44, 5.92, and 8.88 GPa.

SMD simulations were run for a total simulation time of 1.2 ns at a time step of 0.5 fs
(10-15 s). We averaged the last 20 ps of constant-force SMD simulation trajectory to compute
the nonbonded interaction energies. The switch and cut-off distances for Van der Waals and
electrostatic energy computations were 16 A and 17 A, respectively. All the simulations were run
with ten nodes and 20 CPUs (total of 200 CPUs) using 2.66 GHz Intel Xenon X5550 processor
at the Center for Computationally Assisted Science and Technology (CCAST) at North Dakota
State University.

4.4. Results and Discussions

We measured the interlayer spacings after MD simulations for the dry clay model and the
clay intercalated with acetone, methanol, water, and formamide, models, by computing the
vertical distance between the corresponding surface oxygen atoms of the top and bottom clay
sheets. For the dry Na-MMT clay, the average interlayer spacing and d-spacing are 3.96 A and
10.52 A, respectively. These values are obtained from equilibrated MD simulation and consistent

with the experimentally obtained values from a previous study [24] (Priyanthi M. Amarasinghe
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et al., 2009). The interlayer spacing for Na-MMT clay with 10% acetone, methanol, water, and

formamide is 6.29 A, 6.42 A, 6.51 A, and 6.72 A, respectively, as shown in Figure 4.2 (a-d).
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Figure 4.2. Na-MMT clay models with 10% interlayer fluids showing the interlayer spacing for:
(a) clay-acetone (20), (b) clay-methanol (33), (c) clay-water (80), and (d) clay-formamide (110).
The values in the parentheses are the dielectric constant of the fluid.

Our previous work has shown that the maximum acetone content in the clay interlayer
based on experiments and modeling is 10% [24, 45]. As shown in Figure 4.3 (a-c), the interlayer
spacing for Na-MMT clay with 30% methanol, water, and formamide is 9.94 A, 10.85 A, and
6.72 A, respectively. These results are also consistent with our previous study [45]. We observed
that the interlayer spacing increases with an increase in the polarity of fluids as well as with an
increase in fluid content. Subsequently, the dry clay and hydrated clay-fluid molecular models
are used for the constant-force SMD simulations to evaluate the compressive response of the

interlayer with fluids of varying polarities and three fluid contents (0%,10%, and 30%).
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(a) Clay-Methanol (33) (b) Clay-Water (80) (c) Clay-Formamide (110)
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Figure 4.3. Na-MMT clay models with 30% interlayer fluids at NPT showing the interlayer
spacing: (a) clay-methanol (33), (b) clay-water (80), and (c) clay-formamide (110). The values in
the parentheses are the dielectric constant of the fluid.

A comparison of interlayer spacing values upon compression for dry clay, clay-acetone,
clay-methanol, clay-water, and clay-formamide molecular models for 10% and 30% fluid
content are presented in Table 4.1. For dry clay, a relatively significant drop in the interlayer
spacing is observed at 0 to 1.48 GPa stress, and a more gradual drop in the interlayer spacing is
observed from 2.22 to 8.88 GPa stress as shown in Figure 4.4(a). For 10% clay-fluid models, we
observe an approximately linear decrease in interlayer spacing from 0 to 1.48 GPa stress. The
decrease is 0.53 A for clay-acetone, 0.52 A for clay-methanol, 0.54 A for clay-water, and 0.49 A
for clay-formamide. This is followed by a nonlinear drop in the interlayer spacing for 2.22 to
8.88 GPa stress, of 1.57 A for clay-acetone, 1.11 A for clay-methanol, 0.86 A for clay-water, and
0.82 A for clay-formamide. It is also observed that a significant reduction in the interlayer
spacing upon compression takes place for 0 to 1.48 GPa stress for Na-MMT with 30% clay-fluid
models. The reduction in interlayer spacing is 2.21 A for clay-methanol, 1.54 A for clay-water,
and 1.28 A for clay-formamide, as shown in Figure 4.4(b). Further significant nonlinear drop is

observed in the interlayer spacing for 2.22 to 8.88 GPa stress of 2.01 A for clay-methanol, 1.89

A for clay-water, and 1.25 A for clay-formamide.
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Table 4.1. The decrease in the interlayer spacing at various normal stresses of the SMD
simulations of Na-MMT dry clay as well as clay with 10% and 30% fluid content in the
interlayer.

Interlayer Spacing (A)

Normal Dry Clay-Acetone Clay-Methanol Clay-Water Clay-Formamide
Stress Clay

(GPa) - FC=10 FC=10 FC=30 FC=10 FC=30 FC=10  FC=30
0.00 3.83 6.29 6.42 9.94 6.51 10.85 6.72 11.40
0.37 3.74 6.20 6.27 9.29 6.39 9.90 6.55 10.78
0.74 3.68 6.07 6.16 8.76 6.23 9.65 6.44 10.47
1.11 3.63 5.89 6.02 8.27 6.14 9.45 6.31 10.30
1.48 3.59 5.76 5.90 7.73 5.97 9.31 6.23 10.12
2.22 3.58 5.51 5.71 7.20 5.72 9.05 6.08 9.84
2.96 3.57 5.31 5.47 6.74 5.55 8.69 5.84 9.56
4.44 3.55 4.89 5.18 5.91 5.27 7.91 5.63 9.20
5.92 3.54 451 4.92 5.39 5.12 7.55 5.48 8.90
8.88 3.52 3.94 4.60 5.19 4.86 7.16 5.26 8.59

FC=Fluid content (%) in the clay interlayer

Given the surface area of the clay sheet (729. 63 A?) and interlayer spacing of the clay-
fluid models, the interlayer volume upon compression from 0 to 8.88 GPa stress for clay with
10% and 30% fluid content is presented in Table 4.2. For 10% fluid content, the interlayer
volume at 0 GPa stress is 4589 A? for clay-acetone, 4684 AS for clay-methanol, 4750 A2 for
clay-water, and 4903 A2 for clay-formamide. This interlayer volume upon compression at 1.48
GPa is decreased by about 8% for clay-acetone, clay-methanol, clay-water, and 6% for clay-
formamide. Furthermore, the interlayer volume under externally applied stress of 8.88 GPa with
relative to that of 0 GPa decreases by 37% for clay-acetone, 28% for clay-methanol, 25% for
clay-water, and 22% for clay-formamide. Similarly, the interlayer volume at 0 GPa stress for
30% fluid content is 7253 A3 for clay-methanol, 7916 A3 for clay-water, and 8318 A? for clay-
formamide. Relative to this interlayer volume, the interlayer volume at a compressive stress of

1.48 GPa decreases by 22% for clay-methanol, 14% for clay-water, and 11% for clay-
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formamide. Furthermore, the interlayer volume at 8.88 GPa with relative to that of 0 GPa is
dramatically decreased by 48% for clay-methanol, 34% for clay-water, and 25% for clay-
formamide. Thus, for Na-MMT clay with 10% and 30% fluid, the compression of the interlayer
volume for polar fluids at 8.88 GPa stress with respect to a stress of 0 GPa is significantly lower
than that for medium and low polar fluids as shown in Figure 4.5. It appears that the swelling

pressure which increases with increase in fluid polarity opposes the compression of the clay

sheets.
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Figure 4.4. Change in interlayer spacing of clay containing fluids of different polarities for

identically applied normal stress for (a) Na-MMT dry clay and clay with 10% fluid and (b) Na-
MMT clay with 30% fluid. Dielectric constant values of fluids are shown in parenthesis.
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Table 4.2. Interlayer volume when the normal stresses are applied on dry clay as well as clay
with 10% and 30% fluid content in the interlayer.

Interlayer Volume (A3)

gt(:gr;wsal Dry Clay Clay-Acetone Clay-Methanol Clay-Water Clay-Formamide
(GPa) FC=10 FC=10 FC=30 FC=10 FC=30 FC=10 FC=30
0.00 2794 4589 4684 7253 4750 7916 4903 8318
0.37 2729 4524 4575 6778 4662 7223 4779 7865
0.74 2685 4429 4495 6392 4546 7041 4699 7639
111 2645 4298 4392 6034 4480 6895 4604 7515
1.48 2619 4203 4305 5640 4356 6793 4546 7384
2.22 2608 4020 4166 5253 4173 6603 4436 7180
2.96 2603 3874 3991 4918 4049 6340 4261 6975
4.44 2590 3568 3779 4312 3845 5771 4108 6713
5.92 2584 3291 3590 3933 3736 5509 3998 6494
8.88 2570 2875 3356 3787 3546 5224 3838 6268

FC=Fluid content (%) in the interlayer

4.4.1. Evaluation of Mechanical Properties of the Clay Interlayer

As the external stress is applied on the clay sheet, the interlayer spacing for dry clay
decreases, accompanied by minimal deformation of the clay sheet. We observe a linear reduction
in interlayer spacing of the dry clay reduced from 3.83 A to 3.59 A for a stress range of 0-1.48
GPa in region-I, resulting in a strain of 0.06, as shown in Figure 4.6(a). We also observe a linear
decrease in interlayer spacing from 3.58 A to 3.45 A for applied stress from 2.22 GP to 8.88 GPa
with a simultaneous increase in interlayer strain to 0.08 at the end of 8.88 GPa stress in region-II.
Thus, two distinct stress-interlayer spacing responses are observed for regions | and Il. An
attempt is made to evaluate the interlayer modulus by using the least-square method. The

interlayer moduli for dry clay in region-I and region-11 are found to be 21.39 GPa and 476.16
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GPa, respectively. These values are the same order of magnitude with our previous experimental

and computational studies [38, 55].
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Figure 4.5. Decrease in the interlayer volume at 8.88 GP with respect to 0 GPa for Na-MMT
with (a) 10% acetone, methanol, water, and formamide and (b) 30% methanol, water, and
formamide. The interlayer strain at 8.88 GPa increased with decrease in the polarity of the fluid.
Figure 4.6(a) also shows the stress-strain characteristics along the c-axis for clay with
10% fluid. For all models, the strain in region-1 increases linearly to about 0.08, which is
consistent with the previous SMD simulations of hydrated Na-MMT clay [30] and organically

modified clay where the interlayer deformation is very small in the level of stresses from 0-1.48

GPa. However, the strain in region-11 increased from 0.12 to 0.37 for clay-acetone, 0.11 to 0.28
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for clay-methanol, 0.12 to 0.25 for clay-water, and 0.10 to 0.22 for clay-formamide. Figure
4.6(b) shows the stress-strain behavior of clay with 30% fluid. In region-I from 0-1.48 GPa, the
interlayer spacing results in a strain of to 0.22 for clay-methanol, 0.14 for clay-water, 0.11 for
clay-formamide. At 8.88 GPa of stress, the interlayer undergoes a maximum strain of 0.48 for
clay-methanol, 0.34 for clay-water, and 0.25 for clay-formamide. The interlayer strain at a
normal stress of 8.88 GPa increases with an increase in the amount of the fluid content and with

the decrease in the polarity of fluid.
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Figure 4.6. Stress versus interlayer strain for (a) dry clay and clay with 10% fluid (b) clay with
30% fluid. Numbers in parentheses represent values of dielectric constants for the fluids.

Thus, the clay interlayers are more compressible when they contain fluids of lower
polarity compared to high polarity fluids. Also, the stress-strain plot of the medium polar fluid
methanol falls between the low polar fluid acetone and high polar fluids formamide as shown in
Figure 4.6(b). Our previous consolidation experiments have also shown that the void ratio versus
effective stress curve for medium polar fluid lies between the low and high polar fluids, and void
ratio of Na-MMT clay with polar fluid is significantly higher than that for low polar fluid for a
given effective stress [14]. The effect of the polarity of fluid under compression of swelling clay
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is observed not only at the micro-scale but also at the molecular level. The macroscale responses
are influenced by both the microstructure and the molecular-scale interactions; thus an attempt to
directly correlating the molecular scale observations to the macroscale responses would be a
stretch. However, the similarities of the responses do point to the possible relationship between
the molecular scale responses and macroscale compressive behavior of swelling clays.

We calculated the interlayer modulus for all 10% clay-fluid models from the slope of the
least square fit line of the stress-strain plot. The stress-strain plot for clay with all four fluids is
linear with a relatively shallow slope from 0-1.48 GPa in the region-I. The interlayer moduli in
this level of stress are found to be 21.39 GPa for dry clay, 18.46 GPa for clay-formamide, 18.25
GPa for clay-water, 18.03 GPa for clay-methanol, and 18.02 GPa for clay-acetone. The interlayer
modulus in the region-1 is lower relative to the interlayer modulus of dry clay, indicating that a
softer interlayer response results for clay-fluid models under compression, as the clay layers
separate more by the introduction of the fluids in the clay interlayer. In region-I11, the slope of the
stress-strain plot is steeper for clay with polar fluid than for low polar fluid. The interlayer
moduli in the region-I1 are 26.30 GPa, 38.05 GPa, 49.37 GPa, and 52.61 GPa for clay-acetone,
clay-methanol, clay-water, and clay-formamide, respectively. Similarly, we also computed the
interlayer moduli in the region I and region Il for Na-MMT with 30% methanol, water, and
formamide. The interlayer modulus in region-1 is 7.07 GPa for clay-methanol, 20.42 GPa for
clay-water, and 19.18 GPa for clay-formamide. Additionally, the interlayer moduli in region-II
are 37.96 GPa for clay-methanol, 41.98 GPa for clay-water, and 69.57 GPa clay-formamide,

resulting in an increase in the interlayer modulus with an increase in the fluid polarity.
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4.4.2. Volumetric Analysis of the Compression of the Clay Interlayer

We conducted a volumetric analysis of the various components of the interlayer to
attempt to identify the key mechanisms responsible for the observed differences in the
compressibility of the clay interlayer for fluids with different dielectric constants. The results of
the analysis at 8.88 GPa compressive stress relative to the 0GPa compressive stress are presented
in Table 4.2. As indicated earlier, for a given fluid content, the change in the volume of the
interlayer decreases with an increase in the dielectric constant of the fluid. In addition, for a
given fluid, the volume change increases with an increase in the initial fluid content. Upon the
application of the compressive stress of 8.88GPa, the compression of methanol, water and
formamide filled interlayers at 30 percent initial fluid content when compared to compression of
10% initial fluid content interlayers showed additional compression of 161%, 124%, and 92.5%
respectively. The change in the interlayer volume or the compression of the interlayer under the
applied stress is the sum of the volume of the fluid molecules exiting the interlayer, the change in
the volume of the clay-fluid interaction zone and the compression of the fluid layer in the
interlayer. At a fluid content of 10%, the compression of the fluid ranges from about 1% to 14%
of the change in the interlayer volume, while for fluid content of 30%, the contribution to the
compression of the fluid layer increases to 29% to 57%. The contribution of fluid exiting the
interlayer under the applied compression ranges from 5% to 16% at fluid content of 10% and
from 15% to 25% at fluid content of 30%, indicating increased expulsion of fluid under
compression at higher fluid content. The largest contribution to the compression of the interlayer
arises from the compression of the clay-fluid interaction zone, defined as the region between the
clay sheets and the fluid molecules and ranges from 79% to 87% of the interlayer volume change

for 10% fluid content and 27% to 47% for the interlayer volume change for 30% fluid content.
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The reduced contribution of the clay-fluid interaction zone contribution to the interlayer volume
change at higher fluid content results from increased contribution from the change in volume of
the fluid layer and the volume of the expelled fluid molecules from the interlayer. Also, the
volume change of the clay-fluid interaction zone for low dielectric constant fluids (acetone and
methanol) is larger than the volume change of the interaction zone for high dielectric constant
fluids (water and formamide).
4.4.3. Conformation of the Fluid Molecules in the Interlayer

A planar view of the equilibrated model of Na-MMT with 10% acetone, methanol, water,
and formamide is shown in Figure 4.7. This snapshot shows the hydration of sodium ions by four
fluids at equilibrium condition (NPT) and 0 GPa stress in XY-plane. Similarly, Figure 4.8 shows
the planar view at the end of 8.88 GPa stress. Upon compression, the proximity of the fluid
molecules around the sodium ions increases with an increase in the polarity of the fluids,
resulting in the formation of a well-organized configuration for high polar fluids. At 8.88 GPa,
the oxygen atoms are attracted and oriented towards the sodium ions, suggesting a shell
formation around the fluid molecules. At of the end of 8.88 GPa stress loading, 11 out of 24
acetone molecules, 18 out of 40 methanol molecules, 31 out of 64 water molecules, and 21 out of
48 formamide molecules exited the interlayer. The volume of the fluid molecules that have
exited from the interlayer is 210 A® for acetone, 234 A3 for methanol, 63 A® for water, and 200

A3 for formamide.
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Figure 4.7. Planar view displaying conformation of 10% interlayer fluids in close proximity to
sodium cations upon compression at NTP and 0 GPa: (a) clay-acetone (20), (b) clay-methanol
(33), (c) clay-water (80), and (d) clay-formamide (110). The values in the parenthesis are

dielectric constant.
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Figure 4.8. Planar view displaying the conformation of 10% fluid in proximity to sodium cations
at 8.88 GPa: (a) clay-acetone, (b) clay-methanol, (c) clay-water, and (d) clay-formamide.
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Figure 4.9 (a-c) shows the hydration of the sodium ions for Na-MMT with 30% fluid at 0
GPa in XY-plane. Similarly, Figure 4.9 (d-f) shows the change in conformation of the fluid
molecules around sodium ions at 8.88 GPa. At the end of 8.88 GPa stress loading, 48 out of 120
formamide molecules, 64 out of 216 water, and 94 out of 120 methanol have exited the
interlayer. The volume of the fluid molecules that have exited from the interlayer is 1248 A3 for
methanol, 479 A3 for water, and 649 A3 for formamide. It is observed that three oxygen atoms of
interlayer methanol and five oxygen atoms of water and formamide molecules are attracted and

oriented towards each of the sodium ions, resulting in the well-organized formation.
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Figure 4.9. Planar view of 30% fluid around sodium cations for Na-MMT with methanol, water,
and formamide at 0 GPa (a-c) and at 8.88 GPa (d-f).

The conformation of the 10% fluid molecules in the vertical XZ-plane at 0 GPa and 8.88
GPa is shown in Figure 4.10. Although the fluid molecules in the interlayer remained in the

single-layer before and after compression, the polar fluids formamide and water behave more
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like a relatively rigid layer of constant thickness relative to the low, medium polar fluids which

were more deformable.
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Figure 4.10. Planar view showing the thickness of 10% interlayer fluids in close proximity to the
sodium cations: (a-d) at 0 GPa and (e-f) at 8.88 GPa. The values in the parenthesis are dielectric
constant.

Figure 4.11 shows the conformation of 30% fluid in XZ-plane at 0 GPA and 8.88 GPa. It
is observed that the two monolayers of the methanol and water at 0 GPa have been noticeably
compressed to one distinct monolayer at 8.88 GPa, resulting in a significant decrease in the
thickness of the fluid molecules from 3.67 A to 1.43 A for methanol and from 5.25 A to 2.74 A
for water. However, the two monolayers of the interlayer formamide molecules are compressed
from 5.83 A to 4.76 A, which indicates that the two formamide layers have remained relatively
intact as compared to methanol and water. Therefore, the total interlayer deformation upon
compression results not only due to the compression of the void space between the clay sheets

and fluids but also from the compression of the fluid molecules in the interlayer, in addition to

the volume of the fluids exiting the interlayer.
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Figure 4.11. The conformation showing the thickness of 30% fluid in proximity to sodium
cations for Na-MMT with methanol, water, and formamide at 0 GPa (a-c) and at 8.88 GPa (d-f).

4.4.4. Quantitative Interactions of Clay with the Interlayer Fluids

The role of fluid polarity and the nature of the total nonbonded interactions—both
electrostatic and van der Waals—could provide an insight into the molecular mechanisms that
influence the compressive response of the clay interlayer. The nonbonded interaction energies
between clay-clay, clay-sodium, sodium-fluid, and clay-fluid for dry Na-MMT clay and clay
with 10% and 30% fluids before and after compression are presented in Table 4.3. The
magnitude of the nonbonded interactions between clay sheets are approximately the same for
Na-MMT clay with 10% acetone, methanol, water, and formamide at 8.88 GPa, however, these
interaction energies as compared to 0 GPa increased by 46%, 89%, 112%, and 85% for clay-
acetone, clay-methanol, clay-water, and clay-formamide, respectively. The repulsive electrostatic
energy for dry clay is due to negatively charged clay sheets, and the total clay-clay interactions at
8.88 GPa is 16% less than at 0 GPa. The nature of clay-clay interactions before and after
compression is predominantly attractive van der Waals energies, and the attractive electrostatic

interactions are very small.
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Table 4.3. Non-bonded interaction energies of clay-clay, clay-sodium, sodium-fluid, and clay-
fluid for dry clay and clay with 10% and 30% fluid content upon compression at 0 GPa and 8.88

GPa.
Energy (kJ/mol)
Fluid Interactions Molecular Models At 0 GPa At 8.88 GPa
ELE VDW Total ELE VDW Total
Dry Clay +372 -2766 -2389 +259 -2268 -2013
Clay-Acetone -510 -761 -1272 -393 -1469 -1862
Clay-Clay Clay-Methanol -280 -644 -925 -88 -1657 -1745
Clay-Water -397 -686 -1088 -8 -2301 -2310
Clay-Formamide -347 -707 -1050 -238 -1703 -1941
Dry Clay -6456 +644 -5816  -6385 +879 -5506
Clay-Acetone -4188 -17 -4205  -4531 +92 -4439
Clay-Sodium Clay-Methanol -3305 -46 -3351 -3623 +243 -3381
10% Clay-Water -2548 -50 -2598 -3640 +343 -3293
Clay-Formamide -3937 -21 -3958 -4113 +310 -3803
Clay-Acetone -2084 +151 -1933 -887 +54 -833
. . Clay-Methanol -3582 +264 -3322  -2598 +184 -2414
Sodium-Fluid
Clay-Water -3724 +238 -3485  -1724 +230 -1498
Clay-Formamide -2519 +176 -2343 -1820 +159 -1665
Clay-Acetone +54 -678 -628 +4 +1322  +1326
. Clay-Methanol -1008 -870 -1879 -222 +1234  +1013
Clay-Fluid
Clay-Water -431 -423 -854 -163 +920 +761
Clay-Formamide -736 -1251 -1992 -372 +736 +377
Clay-Methanol +29 -146 -117 -25 -1435 -1460
Clay-Clay Clay-Water -222 -38 -259 -247 =745 -992
Clay-Formamide -155 -29 -184 -439 -209 -649
Clay-Methanol -3180 -50 -3230  -4540 +197 -4343
Clay-Sodium Clay-Water -2297 -33 -2330 -3151 -59 -3209
30% Clay-Formamide -1761 -25 -1787 -2464 -50 -2515
Clay-Methanol -6895 +318 -6577  -2243 +255 -1987
Sodium-Fluid Clay-Water -9586 +259 -9330 -6757 +402 -6355
Clay-Formamide -5983 +218 -5766 -3795 +297 -3498
Clay-Methanol -4289 -2067 -6351 -113 +1100 +987
Clay-Fluids Clay-Water -1042 -1084 -2125 -63 -1029 -1092
Clay-Formamide -1234 -1849 -3084 -301 -808 -1109

ELE=Electrostatic; VDW=van der Waals; and Total=ELE+VDW=Nonbonded

The total attractive clay-sodium interactions at 8.88 GPa are the highest and decrease

with an increase in the fluid polarity, as shown in Figure 4.12(a). The predominantly attractive
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electrostatic interactions are due to negatively charged clay sheets and positively charged sodium
ions. However, the attractive Van der Waals energy at 0 GPa switched to repulsive energy at
8.88 GPa for all cases with fluid in the interlayer. This is due to a decrease in the distance
between clay sheets and sodium ions at high stresses, and the repulsive nature of short-range van

der Waals energy dominates.
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Figure 4.12. Interlayer spacing increased with the increase in the fluid polarity and the
corresponding non-bonded interaction energies at 8.88 GPa of clay with (a) 10% and (b) 30%
fluid.

Although the total sodium-fluid interactions at 8.88 GPa are lower than at 0 GPa as
shown in Table 4.3, potentially as a result of fluid molecules exiting the interlayer due to

compression, the attractive interactions of the sodium ions with the fluid molecules indicate that

these fluid molecules are hydrated and strongly bound to sodium ions at 8.88 GPa. These
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attractive interactions are predominantly electrostatic in nature. However, the repulsive Van der
Waals interactions in both cases are small. Generally, the total sodium-fluid interactions
increased with increase in the polarity of the fluids, with the exception of medium polar fluid
methanol, which showed highest attractive interactions with the sodium ions among all fluids.
Another significant observation is that the attractive van der Waals interactions of clay sheets
with these four fluids at 0 GPa changed to repulsive interactions at 8.88 GPa. The short-range
repulsive van der Waals interactions become strong. The applied external stresses push the top
clay sheet in close proximity to the fluid molecules by reducing the interlayer spacing, and thus
the clay sheets and fluid molecules repel each other.

The nonbonded interaction energies at 0 GPa and 8.88 GPa for Na-MMT with 30%
methanol, water, and formamide are also presented in Table 4.3. The attractive clay-clay
interactions, which are dominated by van der Waals energy, at 8.88 GPa decreased with an
increase in the polarity of fluids, as shown in Figure 4.12(b). Moreover, these interaction
energies as compared to 0 GPa are significantly increased by 1146%, 282%, and 252% for clay-
methanol, clay-water, and clay-formamide, respectively. Similarly, the nonbonded clay-sodium
interactions at 8.88 GPa are increased with an increase in the fluid polarity, and the nature of the
interactions are electrostatic. These interactions relative to 0 GP increased by 34%, 38%, and
41% for clay-methanol, clay-water, and clay-formamide, respectively. The sodium-fluid
interactions upon compression at 8.88 GPa for clay-formamide and clay-water are higher than
clay-methanol. These interactions with respect to 0 GPa decreased by 70%, 32%, and 39% for
clay-methanol, clay-water, and clay-formamide, respectively. The attractive nonbonded clay-
fluid interaction for clay with 30% methanol at 0 GPa changed to the repulsive interactions, as

shown in Table 4.3. The interaction is dominated by repulsive Van der Waals energy. However,
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these attractive nonbonded clay-fluid interactions at 8.88 GPa as compared to 0 GPa decrease by
49% for clay-water and 64% for clay-formamide.
4.4.5. Comparison of Na-MMT Clay with 10% and 30% Fluid Content in the Interlayer

Although the clay interlayer has the same fluid content for all fluids, the interlayer
spacing values are significantly different before and after the application of normal stress on the
top of the clay sheet. On comparing the clay interlayer spacing of dry clay with that of the clay
with the four fluids, we observed that the interlayer spacing increases with increase in the fluid
polarity as well as with an increase in the fluid content in the interlayer. We also observe that the
presence of the fluids in the interlayer lead to the interlayer being more compressible than dry
clay. The clay-formamide model has the highest interlayer spacing. For a given normal stress,
interlayer strain is significantly lower for clay with polar fluids than that of low polar fluids for
both 10% and 30% fluid content, which indicates that the externally applied normal stress faces
more resistance by the swelling pressure in the interlayer for clay with polar fluids than the lower
polarity fluids.

Although the fluid molecules maintain a well-organized configuration around the sodium
ions, the tendency of the fluid molecules to exit the interlayer for 30% fluid is higher than 10%
fluid, and these fluid molecules are much more randomly oriented upon compression. For Na-
MMT with 10% fluid, the compression of the fluid molecules with increasing stress is very
small, whereas significant compression of the fluid layers occurs for 30% fluid. Thus the
compression of the space between the clay sheets and fluid molecules (clay-fluid interaction
zone) and exiting of fluid molecules from the interlayer contribute to the overall interlayer strain
for Na-MMT with 10% fluid in the interlayer. However, the overall strain upon compression for

Na-MMT with 30% fluid is not only due to the compression of the clay-fluid interaction zone
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and exiting of the fluid molecules from the interlayer, but also the compression of the fluid
molecules in the interlayer.

When the fluid molecules are introduced into the clay interlayer, the clay-clay and clay-
sodium interactions decrease; however, the sodium-fluid and clay-fluid interactions increase both
for 10% and 30% fluid content. Relative to dry clay, the clay-clay interactions at 0 GPa for 10%
fluid are slightly decreased, and these interactions are small for 30% fluid.

As the number of fluid molecules in the interlayer increase, the clay-sodium interactions
reduce, and these interaction energies increase upon compression. The nature of the clay-sodium
interactions before and after compression is primarily attractive electrostatic energy. The clay-
sodium and clay-clay interactions reduce more with the increase in fluid polarity. However, the
sodium-fluid interactions increase with an increase in the fluid content, as a result of more fluid
molecules in the interlayer. These interactions, however, decrease significantly upon
compression.

The attractive clay-fluid interactions further increased with an increase in fluid content,
again due to the increased number of fluid molecules. Under the stress of 8.88 GPa, the clay-
fluid interactions changed from attractive to repulsive energy for Na-MMT with 10% acetone,
methanol, water, and formamide. The attractive clay-fluid interaction before compression
changes to repulsive energy upon compression, only for clay with 30% methanol but decreases
significantly for clay with 30% water and formamide. This suggests that the hydration of the clay
sheets also persists in the presence of the greater amount of polar fluids even upon compression.
The sodium ion-fluid interactions also decrease upon compression, likely as the result of fluid
molecules existing the interlayer and changes to the conformation of the fluid molecules in the

interlayer. At higher fluid content (30%), it is apparent that the change in the interactions
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between fluid molecules and both clay and sodium ions upon compression is significantly higher

for lower polarity fluid methanol (92%) versus that for higher polarity fluids water (35%) and

formamide (48%), and correlate well with the volume of the expulsion of the fluid molecules

which is the highest for methanol followed by water and formamide.

4.5. Conclusions
SMD simulations are used to evaluate the mechanical response of the interlayer of
dry Na-MMT clay and clay with 10% and 30% fluid content with fluids with a
range of polarities reflected by their dielectric constants: low polar fluids
acetone(20), methanol(33), and high polar fluids water(80), and formamide(110).
The interlayer spacing for dry Na-MMT clay decreased rapidly and linearly upon
externally applied stress from 0-1.48 GPa and increased more slowly from 2.22-
8.88 GPa. While the stress-deformation response of the clay interlayer is linear
from 0-1.48 GPa, it is nonlinear from 2.22 to 8.88 GPa for all clay-fluid models.
Upon compression, a softer clay interlayer response is observed for clay with
fluids than that of dry clay interlayer. Additionally, clay interlayer with polar
fluids is less compressible but much stiffer than that of low and medium polar
fluids. Thus, the compressibility of clay interlayer is influenced by the polarity of
the fluid in the interlayer.
The compressibility of the clay interlayer is the result of compression of the clay-
fluid interaction zone, exiting of the fluid molecules from the interlayer and the
compression of the fluid in the interlayer. The compression of the clay-fluid
interaction zone has a substantial contribution to the overall compression of the

interlayer. Significant compression of the thickness of the fluid layers is observed
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for clay with 30% fluid content as opposed to the interlayer with 10% fluid
content. The number and volume of the fluid molecules that exited from the
interlayer upon compression for clay with 30% fluid are greater than that of 10%
fluid.

The nonbonded interaction energies between clay-clay, clay-sodium, sodium-
fluid, and clay-fluid molecules for 10% and 30% fluid content as well as before
and after compression is computed. For Na-MMT clay with 10% acetone (20),
methanol (33), water (80), and formamide (110), the attractive clay-fluid
interactions changed to the repulsive interactions upon compression. The
attractive clay-fluid interactions for Na-MMT with 30% methanol (33) changed to
repulsive interactions upon compression, whereas the clay-fluid interactions for
Na-MMT clay with 30% water (80) and formamide (110) remain attractive,
indicating that the hydration of the clay sheets upon compression continues when
polar fluid molecules are present in the interlayer than lower polarity fluids.
Sodium ion-fluid interactions also decreased significantly upon compression. At
higher fluid content, it is apparent that the change in the interaction energy
between fluid molecules and both clay and sodium ions upon compression is
significantly higher for lower polarity fluid methanol compared to high polar
fluids water and formamide and correlates well with the volume of the expulsion
of fluid molecules from the interlayer.

This study demonstrates that the compressibility of the Na-montmorillonite clay
interlayer is influenced by fluid polarity and would be an important factor to

consider for the development of robust multiscale models of clays.
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5. INFLUENCE OF THE MOLECULAR INTERACTIONS ON SHEAR STRENGTH OF
NA-MMT WITH ORGANIC FLUIDS: ASTEERED MOLECULAR DYNAMICS
STUDY?

5.1. Introduction

Swelling clays are encountered all over the world. These clays can undergo a significant
amount of volume change with respect to the original volume when mixed with water. Sodium
montmorillonite is one of the major reactive clay minerals that has some unique properties such
as low permeability and high specific surface area. Thus, the volumetric fluctuations of swelling
clays result in developing high uplift pressures; the civil infrastructures such as roads, buildings,
pavements, and canals are susceptible to fail upon swelling. However, these swelling clays have
been extensively used in various applications such as barrier materials in landfill liners [1],
borehole stabilization during drilling [2], to enhance the mechanical properties of clay-polymer-
nanocomposities [3], and as modifiers in pavement construction [4]. Therefore, understanding of
swelling behavior and shear failure mechanism of swelling clays is crucial to avoid damages and
use these clays in in geotechnical engineering, geoenvironmental applications, and industrial
engineering.

The swelling pressure at various level of swelling has been evaluated using controlled
uniaxial device in our previous experimental work [5]. The swelling pressure is decreased with
an increase in the swelling level. The microstructure of the swelling clays upon swelling is also

altered with increase in the leverl of swelling, causing breakdown of clay particles into small

3 This chapter describes the evaluation of the shear strength properties of swelling clays with various organic fluids
at the molecular level using steered molecular dynamics simulations. The content of this chapter will be submitted
for the publication. Keshab B. Thapa had primary responsibility for collecting samples in the field and for
interviewing users of the test system. Keshab B. Thapa was the primary developer of the conclusions that are
advanced here. Keshab B. Thapa also drafted and revised all versions of this chapter. Dinesh R. Katti and Kalpana
S. Katti served as proofreader and checked the math in the statistical analysis conducted by Keshab B. Thapa.
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particles. Furthermore, the hydraulic flow property and mechanical properties such as swelling
pressure, compressibility, and consolidation of sodium montmorillonite (Na-MMT) clay with
low, medium, and high polar fluids have been investigated [6]. The nature of the interactions
between Na-MMT with these organic fluids is primarily nonbonded. Also, the polarity of the
fluid altered the microstructure of swelling clays, resulting in more particle breakdown with
increased in the polarity of fluids.

In addition to above experimental work, the clay-fluid interactions have been studied
using Molecular Dynamics (MD) simulations and Steered Molecular Dynamics (SMD). SMD
simulation is an excellent computational tool where the externally applied forces to the
molecules guide a system from one state to another at the molecular level [4]. SMD is divided
into two groups: constant-force SMD and constant-velocity SMD. In constant-force SMD, the
small magnitude of force is applied to the selected atom in a given direction; whereas one end of
the molecule is fixed while the other end is pulled by applying a constant velocity in constant-
velocity SMD. In our previous study, the mechanical response of dry and hydrated Na-MMT
and pyrophyllite with various water content in the clay interlayer has been carried out using
constant-force SMD [5, 6]. Upon compression, the interlayer spacing is decreased linearly not
only for dry clay but also for one monolayer of water. However, the stress-displacement response
with increasing number of monolayers—two and three monolayers of water in the clay
interlayer—is nonlinear. Furthermore, the major factors that control the interlayer response
compression, stress-strain characteristics, and interlayer modulus are the level of hydration,
hydration of interlayer cations, and interactions between clay sheets, cations, and water
molecules [7]. Furthermore, the interactions between Na-MMT clay and fluids at various level of

hydrations have been studied using MD simulations [7]. The attractive clay-sodium interactions
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are responsible to hold the dry clay sheets together, but these interactions significantly decreased
with increased hydration level, resulting in exfoliation and particle breakdown. Due to high clay-
sodium interactions, a well-organized solvation shell is formed around sodium cations, causing
the initiation of swelling in the clay interlayer [8]. The role of the polarity of the fluid at the
molecular level has been conducted using MD simulations [9]. The nonboned interactions
increased with increased polarity of fluids, and these results are consistent and correlated well
with the results from the Infrared (IR) spectroscopy experiments [10].

The shear strength of a soil mass is referred as the internal ability that the soil mass can
resist failure against sliding any plane [11]. A measure of the shear strength of soils comes from
two parameters, which are angle of internal friction and cohesion. These two parameters of clay
minerals provide the maximum ability to resist shear stress under externally applied normal.
Cohesion holds the soil particles together in a soil mass and is independent of externally applied
normal stresses. On the other hand, the angle of internal friction is referred as the resistance
between the particles and is proportional to the normal stresses. The internal friction increases
with increase in the external stresses, as the clay particles consolidate upon compression.
Furthermore, the classical bearing capacity theory is unable to account for clay-fluid interactions,
resulting in reducing its predictive capabilities. The expenditure of the construction-related
projects throughout the world is about $10 trillion a year [12]. Therefore, the improvement of the
fundamental theory, which has been used in the design and construction of the infrastructures for
years will be a significant contribution to the society. It is essential to understand the shear
failure mechanisms by incorporating the clay-fluid molecular interactions for effective design

and economical construction.
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When the moisture content varies from high to low in clays, the friction angle decreases
because the clay particles aggregates to form group that results in larger effective particle size
[13]. The results from direct shear experiments showed that the shear strength parameters, angle
of friction and cohesion, of the compacted bentonite clay decrease with increase in the moisture
content [14]. The direct shear experiments have been extensively conducted to evaluate the angle
of internal friction for saturated smectite clay minerals. The angle of internal friction reported is
3.43° for bentonite [15] and 5.14° for sodium montmorillonite [16]. The nanoscale friction angle
and cohesion of tobermorite and montmorillonite clay has been computed by applying a biaxial
deformation or stress. The angle of internal friction for 2x2x1 unit Na-MMT with one monolayer
is 3.2° and cohesion is about 270 MPa. On the other hand, the internal friction for tobermotite is
10.2°, and cohesion is about 1010 MPa. The tensile strength and shear failure mechanics of
laponite, which is one of the smectite clay minerals, with various organic dye such as pyronin
presented in the clay interlayer have been studied using molecular modeling. They reported that
the interactions between the negatively charged clay sheets and interlayer cations provides
cohesion [17]. The elastic and failure properties of the illite clay mineral have been using MD
simulation. The authors proposed the nanoscale failure mechanism under shear loading between
clay sheets by a stick-slip behavior, which results from the successive stable and unstable
regimes with an increase in shear strain [18].

The limited research that has been carried out on evaluating the shear strength parameters
of the layer silicates, specifically montomorillonite clay mineral, with various organic fluids at
the molecular. This current work provides the results from constant-velocity SMD on Na-MMT
clay with various organic fluids. Furthermore, this study seeks to insight into the role of fluid

content and effect of polarity on the shear stress, shear strain, molecular shear strength
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parameters including angle of internal friction and cohesion, nonbonded interactions, and the
conformation of the fluid molecules when shearing the clay sheet at the molecular level.
5.2. Model Construction

For Na-MMT, the chemical formula of the unit cell is NaSiis(AlsFeMg)O20(OH)a4.. The
coordinates of the unit cell are acquired from Skipper et al. [19], and the values of the atomic
charges are obtained from Tappen et al. [20]. Initially, the 4x2 Na-MMT model is developed to
investigate the mechanical response of dry and hydrated Na-MMT clay [40]. Furthermore, this
4x2 Na-MMT model has been used to study the interactions between clay and water using
CHARMM force field parameters [21, 22], which are developed in our group, are used. The Na-
MMT clay sheet has a tetrahedral-octahedral-tetrahedral (T-O-T) structure in which an
octahedral clay sheet is sandwiched between tetrahedral clay sheets. Additionally, the
dimensions of unit cell are 5.28A x 9.14A x 6.56A. In this study, the clay model has 6x3 unit
cells in which 6 unit cells are in X-direction and 3 unit cells are in Y-direction, resulting in
overall dimensions of 31.68 A x 27.44 A x 24.16 A as shown in Figure 5.1. The isomer
substitution by metal atoms in the octahedral sheet results in the negative charge on the
individual clay sheets. The negative charges developed during isomer substitution can be
explained by the fact that nine Aluminum (AI*®) cations are replaced by nine Iron (Fe*®) cations
and another nine Aluminum (AI*®) cations by Magnesium (Mg*?) cations. These negative
charges are balanced by adding nine sodium (Na*) cations in the clay interlayer. A detailed
construction of the 6x3 Na-MMT model is described in our previous work [23]. In brief, the Na-
MMT and fluids models are developed with the help of the Material Studio™ and PSFGen of

Visual Molecular Dynamics (VMD 1.9.3) software [24, 25].
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For organic fluids such as formamide, methanol, and acetone used in this study, the
CHARMM force field parameters are acquired from the Chemistry at Harvard Macromolecular
Mechanics (CHARMM) force field parameters GUI Archive-CHARMM Small Molecule [26].
Also, Transferable Intermolecular Potential 3 Point (TIP3P) water molecule is used [27]. In this
work, the interlayer of the Na-MMT molecular model has 10% acetone (24 acetone molecules),
10% methanol (40 methanol molecules), 10% water (64 water molecules), and 10% formamide
(48 formamide molecules), as well as 30% methanol, (120 methanol molecules) 30% water (216
water molecules), and 30% formamide (120 formamide molecules). The number of molecules
for each fluid content is calculated based on the molecular weight of the individual atoms.

5.3. Simulation Details

Molecular dynamics (MD) and steered molecular dynamics (SMD) of dry and hydrated
6x3 unit Na-MMT clay models are carried out by using NAMD 2.12 developed by Theoretical
and Computational Biophysics Group, Beckman Institute, the University of Illinois at Urbana-
Champaign [28]. CHARMM force field parameters for the clay and fluids are used. Visual
molecular dynamics (VMD) 1.9.3 is used for visualization and interaction energy computations.
An isothermal-isobaric (NTP) ensemble is used for running the MD simulation.

In the first step of MD simulation, the model is minimized by using a conjugate gradient
method to find the geometric conformation with minimum energy. After minimization, the
temperature is increased from 0 K to 300 K in three steps with an increment of 100 K using the
Langevin dynamics control method. The pressure is increased from 0 bar to 1.01 bar in four
steeps with 0.25 bar increments using the Nose-Hoover Langevin piston control method, while

keeping the temperature constant at 300 K. After bringing all the molecular models at NTP
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condition, the simulations are run for additional 400 ps. The total simulation time up to this point
is 1ns.

The mechanical properties—the displacement of clay interlayer and stress-strain
response—of dry 6x3 unit dry as well as hydrated Na-MMT clay molecular model are carried
out using constant-force SMD simulations. In the constant-force SMD, constant point force is
applied to the individual atoms in the specified direction during the entire simulation. A uniform
compressive point load is applied in z-direction on each of the oxygen atoms lying on the top
surface of the clay sheet. A total of 108 oxygen atoms on the top surface of the clay sheet are
identified, and the average projected load-bearing area is 729.63 A? in the x-y plane. The 108
oxygen atoms of the bottom surface of the clay sheet are fixed in all x, y, and z directions.
During the application of constant force, the displacement of all the atoms on the top surface of
the clay sheet is unrestrained in the z-direction but restrained in x and y directions. All the fluid
molecules are kept free in all directions, mimicking standard experimental conditions. A wide
range of compressive loads that are applied on each atom of the top clay sheet were 0, 25, 50, 75,
100, 150, 175, 200, 300, 400, and 600 pN per atom for dry and hydrated Na-MMT clay model,
and the equivalent stresses are 0, 0.37, 0.74, 1.11, 1.48, 2.96, 4.44, 5.92, and 8.88 GPa.

The constant-force SMD simulations are run for 400000 steps with a time step of 0.5 fs,
which is equivalent to 200 ps. The mechanical properties are evaluated by measuring the average
change in thickness of the clay sheet and clay interlayer of the model before and after the
application of point loads (upon the application load with respect to the original state). After
constant-force SMD simulations, constant-velocity SMD simulations are carried out by pulling
the center of mass of 6x3 unit Na-MMT clay models by using a harmonic spring to evaluate the

shear strength at dry as well as hydrated clay conditions. The 108 oxygen atoms of the bottom
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surface of the clay sheet are fixed in all y and z directions, resulting in not allowing them to
move in vertical direction so that the normal stresses keep acting on top clay sheet. But those 108
atoms are allowed to move in x-direction. The top clay sheet is pulled using spring constant of 9
kcal/mol/A? and velocity of 0.1 A/ps for 400 ps. The total simulation time after constant-velocity
SMD is 1.6 ns. A schematic diagram that shows imposing a normal stress and then shear flow is
shown in Figure 5.1 (b-c). All simulations are run with ten nodes and 20 CPUs with total of 200
CPUS using 2.66 GHz 40 processors using Xenon X5550 processor using Thunder Cluster at the
Center for Computationally Assisted Science and Technology (CCAST) at North Dakota State
University.
5.4. Results and Discussions

For the representative molecular models of dry and hydrated Na-MMT with 10% and
30% fluid content, the average interlayer spacing is measured by computing the vertical between
the corresponding surface oxygen atoms of the top and bottom clay sheets. The interlayer
spacing for dry clay is about 3.94 A; the interlayer spacing for Na-MMT with 10% acetone,
methanol, water, and formamide is 6.28 A, 6.44 A, 6.52A, and 6.71A, respectively. Similarly,
the interlayer spacing for 30% methanol, water, and formamide is 9.94 A, 10.85 A, and 11.40 A,
respectively. The values of the interlayer spacing for dry clay and clay with 10% and 20% are
well agreed and consistent with the experimental [29] and molecular modeling studies [9, 10]. It
has been found that the interlayer spacing for polar fluids is significantly higher than medium
and low polar fluids; interlayer spacing is increased with an increase in the fluid polarity.
Furthermore, these models at equilibrium are compressed and then sheared in the horizontal

direction as shown in Figure 5.1(b-c).
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(a) (b)

0=0 and v,=0.10 A/ps
. b

Fixed bottom layer

Figure 5.1. (a) Molecular model of dry Na-MMT showing interlayer sodium cations and (b)
pulling of equilibrated top layer at 0.1 A°/ps, and (c) top layer with displacement of 6.34 A.

5.4.1. The Shear Stress and Displacement Behavior of Dry and Hydrated Na-MMT

The pulling of the top layer of Na-MMT was carried out for dry Na-MMT and hydrated
Na-MMT with 10% and 30% interlayer fluids to evaluate the molecular shear strength parameter
of Na-MMT. The snapshot of pulling of dry Na-MMT at a velocity of vx= 0.1 A/ps in the
absence of normal stress (=0 GPa) was shown in Figure 5.1 (c¢). The maximum displacement of
the top layer was 6.34 A, which was equivalent to a strain of 20%. This displacement also
corresponded to the point at which shear stress decreased without any peaks. When the top layer
was pulled, the sodium cations were moved along with the top layer, resulted in a significant
change in the conformation of the sodium cations in the interlayer space.

Figure 5.2 showed the conformation of Na-MMT with 10% acetone, methanol, water,
and formamide when the top layer of Na-MMT was pulled. The fluid molecules and the
interlayer cations remained in proximity to the layers of Na-MMT throughout the simulation,
which indicated a strong binding between the layers, fluid molecules, and sodium cations. A
wide range of normal stresses were externally applied on the top layer and then sheared by
applying constant velocity for dry as well as hydrated Na-MMT molecular models. The snapshot
of shearing of Na-MMT with 10% acetone, methanol, water, and formamide at high normal
stress (0=8.88 GPa) was shown in Figure 5.3. The sodium cations and fluid molecules continued

to be in proximity to the layers, indicating strong binding between the sodium cations and layers.
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(a) Na-MMT-Acetone (20) (b) Na-MMT-Methanol (33)
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Fluid=10% and Normal Stress (0)=0 GPa
Figure 5.2. Na-MMT models with 10% fluid showing the shearing of top layer at no normal

stress (6=0 GPa) (a) Na-MMT-Acetone (20), (b) Na-MMT-Methanol (33), (c) Na-MMT-Water
(80), and (d) Na-MMT-Formamide (110). Dielectric constant is presented in the parenthesis.
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Figure 5.3. Na-MMT models with 10% fluid showing the shearing of top layer at no normal
stress (0=8.88 GPa) (a) Na-MMT-Acetone (20), (b) Na-MMT-Methanol (33), (c) Na-MMT-
Water (80), and (d) Na-MMT-Formamide (110). Dielectric constant is presented in the
parenthesis.

The deformation responses of the top layer of dry Na-MMT model sheared at a velocity

of vx=0.1 A/ps to the maximum strain of 20% were shown in Figure 5.4(a). The red, black, gray,
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yellow, blue, and green plots in Figure 5.4(a) indicated the shear stress-displacement
characteristics of dry Na-MMT at 6=0 GPa, 6=1.48 GPa, 6=2.96 GPa, 6=4.44 GPa, 6=5.92 GPa,
and 6=8.88 GPa, respectively. These plots showed different mechanisms responsible to shear dry
Na-MMT at various normal stresses conditions. The previous studies showed that the structural
stability of stacking of dry Na-MMT was maintained by the interactions between layers and
sodium cations [7, 10]. When the top layer was pulled, it had to overcome the attractive
interaction of sodium cations with the layers. This behavior of shearing at no normal stress (6=0
GPa) was captured by the initial portion, path OMz, of the shear stress-displacement plot when
the top layer moved opposite to the pulling direction as shown in Figure 5.5(a). In addition, a
sawtooth-like feature of the curve was observed, which indicated that the sodium cations were

holding the layer and prevented to move forward.
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Figure 5.4. (a) Typical shear stress-displacement behavior and (b) the 6-t characteristics of dry
Na-MMT.
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Figure 5.5. Typical shear stress-displacement behavior at =0 GPa and conformation clay sheets
and sodium ions at various portion of the plot.

Figure 5.4(a) also showed two peaks (Mo and M for ¢ =0 GPa and M1 and M for
=1.48-8.88 GPa) during the shearing of layer. The first peak for no normal stress case was
observed at opposite of the pulling direction at the initial stage of pulling, whereas the first peak
for normal stress from 1.48 to 8.88 GPa was observed approximately at displacement of 1.50 A.
Furthermore, the maximum shear stress was observed at the later stage indicated by path M2Ms:
0.759 GPa at 4.64 A for =0 GPa, 0.785 GPa at 4.09 A for 6=1.48 GPa, 0.830 GPaat 4.04 A for
6=2.96 GPa, 0.882 GPa at 3.83 A for 6=4.44 GPa, and 0.892 GPa at 3.81 A for 6=5.92 GPa, and
0.917 GPa at 5.65 A for 6=8.88 GPa. Shear stress increased with increased in normal stress.
Additionally, the shear stress values decreased after the maximum peak values, and thus the top
clay layer was sheared up to maximum strain of 20%.

The shear stress-displacement responses of Na-MMT with 10% acetone, methanol, water,
and formamide pulled at a velocity of vx=0.1 A/ps under different normal stresses were showed
in Figure 5.6. The initial shear stress-displacement characteristics of Na-MMT with 10% fluids
before and after normal stresses were significantly different than that of dry Na-MMT. For Na-

MMT-acetone, there was only one peak (A1) observed as showed in Figure 5.6 (a). The
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maximum shear stress was found to be 0.289GPa at 6.07 A for 6=0 GPa, 0.369 GPa at 3.96 A for
0=1.48 GPa, 0.502 GPa at 2.53 A for 6=2.96 GPa, 0.580 GPa at 3.69 A for 6=4.44 GPa, and
0.711 GPa at 2.61 A for 6=5.92 GPa, and 0.991 GPa at 2.79 A for 6=8.88 GPa. The shear stress-
displacement responses in the O-Az region showed a significant increase in shear stress for a

small displacement. Furthermore, shear stress increased linearly with increased in normal stress.

——o0=0 GPa ——0=1.48 GPa 0=2.96 GPa 0=4.44 GPa ——0=5.92 GPa 0=8.88 GPa
(a) Na-MMT-Acetone (20) (b) Na-MMT-Methanol (33)
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Figure 5.6. Typical shear stress-displacement behavior of Na-MMT with 10% fluid: (a) Na-
MMT-Acetone (20), (b) Na-MMT-Methanol (33), (c) Na-MMT-Water (80), and (d) Na-MMT-
Formamide (110).

Figure 5.6(b) showed the shear stress-displacement response of Na-MMT with 10%
methanol, and only one peak (B1) was observed. As showed in Figure 5.6(b), the displacement
increased abruptly to about 1.30 A in the initial stage of the curve, which resulted in requiring
relatively small shear stress to shearthe top layer. Afterwards, greater shear stress is required to
shear the top layer. The maximum shear stress was found 0.333 GPa at 3.83 A for 6=0 GPa,
0.448 GPa at 4.61 A for 6=1.48 GPa, 0.650 GPa at 4.20 A for 5=2.96 GPa, 0.750 GPa at 34.80 A
for 6=4.44 GPa, and 0.862 GPa at 4.34 A for 6=5.92 GPa, and 1.027 GPa at 4.28 A for c=8.88
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GPa. In Figure 5.6(b), no peaks were observed beyond a displacement of 4 A, and the shear
stress-displacement plot furthermore became smooth and decreased gradually for up to 20%
strain, as indicated by the path B1-Bo.

The shear stress-displacement behavior of Na-MMT with 10% water was shown in
Figure 5.6(c). The initial stage of the curve for Na-MMT-water was significantly different than
that of the Na-MMT-acetone and Na-MMT-methanol curves. It was observed that there is only
one peak for normal stress of 0, 1.48, and 2.96 GPa; whereas three peaks were observed for
normal stress of 4.44, 5.92, and 8.88 GPa. The initial portion of the shear stress-displacement
showed the top layer moved opposite to the pulling direction, which indicated the strong
attractive interactions between the interlayer cations and water molecules. The shear stress-
deformation curve in the C1-C> showed a large increase in shear stress for small displacement.
The slope of the shear stress-displacement for Na-MMT with water was stiffer than that of Na-
MMT with acetone and Na-MMT with methanol. In addition, the maximum shear stress was
found to be 1.751 GPa at 2.82 A for 6=0 GPa, 2.076 GPa at 3.48 A for 6=1.48 GPa, 2.209 GPa
at 2.28 A for 6=2.96 GPa, 2.771 GPa at 6.40 A for 6=4.44 GPa, and 3.450 GPa at 6.27 A for
0=5.92 GPa, 4.198 GPa at 4.33 A for 6=8.88 GPa. The maximum shear stress for normal stress
of 0, 1.48, and 2.96 GPa was observed at the initial stage of the curve in the region C1-C; as
showed in Figure 5.6(c). However, with increased in normal stress from 4.44 to 8.88 GPa on top
of the layer offered more resistance against shearing, which caused the magnitude of shear stress
to rise distinctly.

Furthermore, the shear stress-displacement response of Na-MMT with 10% formamide
was shown in Figure 5.6(d), and two peaks (D1 and D) were observed. The slope at the initial

stage in the O-D1 region was about the same for all normal stresses. The peaks for normal
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stresses from 0 to 1.48 GPa were observed at the initial stage of the plot (region 0-D1), whereas
the peaks for normal stress from 2.96 to 8.88 GPa were observed in the later stage of the curve in
the region D1-D> as showed in Figure 5.6(d). The maximum shear stress was 0.562 GPa at 1.47
A for =0 GPa, 0.636 GPa at 3.01 A for 6=1.48 GPa, 0.833 GPa at 4.25 A for 6=2.96 GPa,
0.940 GPa at 4.19 A for 6=4.44 GPa, 1.116 GPa at 3.78 A for 6=5.92 GPa, and 1.460 GPa at
4.14 A for 6=8.88 GPa. The shear stress-displacement curve became smooth and decreased
beyond a displacement of 4.30 A, which was equivalent to 20% strain.

Similarly, the shear stress-displacement responses of Na-MMT with 30% methanol,
water, and formamide pulled at a velocity of vx<=0.1 A/ps at various external normal stresses
were showed in Figure 5.7. The initial shear stress-displacement characteristics of Na-MMT with
30% fluids before and after normal stresses were different than that of dry Na-MMT and 10%
fluid content. For Na-MMT with 30% methanol, only one peak (E1) was observed as showed in
Figure 5.7 (a). The maximum shear stress was found to be 0.406 GPa at 2.44 A for =0 GPa,
0.423 GPa at 3.05 A for 6=1.48 GPa, 0.521 GPa at 2.49 A for 6=2.96 GPa, 0.545 GPa at 2.88 A
for 6=4.44 GPa, and 0.595 GPa at 4.51 A for 6=5.92 GPa, and 0.648 GPa at 1.39 A for =8.88
GPa. The shear stress-displacement responses in the after the maximum shear value gradually
decreased up to 20% strain. Furthermore, shear stress increased linearly with increased in normal
stress.

Similarly, only one peak (F1) observed Na-MMT with 30% water as shown in Figure 5.7
(b). The maximum shear stress was found to be 0.401GPa at 1.39 A for =0 GPa, 0.512 GPa at
2.08 A for 6=1.48 GPa, 0.578 GPa at 6.29 A for 6=2.96 GPa, 0.616 GPa at 6.03 A for 6=4.44
GPa, and 0.665 GPa at 4.04 A for 6=5.92 GPa, and 0.712 GPa at 3.66 A for 6=8.88 GPa. After

maximum peak shear stress, the shear stress-displacement responses gradually decreased up to
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20% strain. Lastly, the shear stress and strain curves for Na-MMT with 30% formamide were

very similar for all level of normal stresses as shown in Figure 5.7 (c). The maximum shear

stress was found to be 0.231 GPa for 6=0 GPa, 0.252 GPa for 6=1.48 GPa, 0.278 GPa for 6=2.96

GPa, 0.287 GPa for 6=4.44 GPa, and 0.310 GPa for 6=5.92 GPa, and 0.0.332 GPa for 6=8.88

GPa. These maximum shear stress values were found at about 6.38 A at peak G1, which is about

20% strain. Furthermore, shear stress increased linearly with increased in normal stress.
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Figure 5.7. Typical shear stress-displacement behavior of Na-MMT with 30% fluid: (a) Na-
MMT-Methanol (33), (b) Na-MMT-Water (80), and (c) Na-MMT-Formamide (110).

5.4.2. Molecular Shear Strength Parameters: Cohesion and Angle of Friction

An attempt was carried out to evaluate the molecular shear strength parameters, angle of
internal friction (¢) and cohesion, using least-square method of dry Na-MMT as well Na-MMT
hydrated with 10% and 30% fluid. The maximum shear strength failure envelopes fitted linearly
and described by the Mohr-Coulomb failure criteria where shear stress (t) was plotted as a
function of normal stress (o). The intercept on a Mohr-Coulomb plot provided the cohesion,
which was also defined as an intrinsic strength that existed even at no externally applied stress.
Figure 5.4(b) showed the shear stress-normal stress plot for dry Na-MMT; the y-intercept of this

plot represented cohesion, and the slope of the trend line was the angle of internal friction. The
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Mohr-Coulomb failure criterion was applied to evaluate the friction angle and cohesion, and the
value of cohesion was found 769.60 MPa, and the angle of friction was 1.10° for dry Na-MMT.
Furthermore, Figure 5.8 (a) showed the shear stress-normal stress characteristics for Na-
MMT with 10% acetone, methanol, water, and formamide. Shear stress increased with increased
in the normal stress for all models. Also, the shear stress-normal stress plot for Na-MMT with
medium polar fluid fell between Na-MMT with low polar fluid and high polar fluid as showed in
Figure 5. 6a. The slope of the Morh-Coulomb failure envelop and cohesion intercept increased
with increase in the polarity of the fluids. The angle of internal friction was 4.51° for Na-MMT-
acetone, 4.56° for Na-MMT-methanol, 13.50° for Na-MMT-water, and 5.89° for Na-MMT-
formamide, which indicated the ability to withstand a shear stress as well as interlocking
between the clay particles increased with increase the polarity of the fluids. The angle of friction
for Na-MMT with water in this study was on the order of the same magnitude with the results
from undrained triaxial experiments from the literature [30] where the angle of friction for
natural sodium bentonite (¢=9.90°) and calcium bentonite (¢p=13.50°). Although the molecular
angle of friction for Na-MMT with acetone and methanol was about the same, Na-MMT with
water had the highest angle of friction followed by Na-MMT formamide. Furthermore, the
molecular cohesion was 262.30 MPa for Na-MMT-acetone, 363.50 MPa for Na-MMT methanol,
1696.70 MPa for Na-MMT-water, and 430.90 for Na-MMT-formamide, which indicated that the
cohesive strength of Na-MMT developed rapidly and increased with increase in the polarity of

the fluids.
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Figure 5.8. Typical o-t characteristics of Na-MMT with (a) 10% fluid and (b) 30% fluid in the
interlayer space.

Similarly, Figure 5.8 (b) showed the shear stress-normal stress characteristics for Na-
MMT with 30% methanol, water, and formamide. Here, shear stress increased with increase in
the normal stress for all models. However, shear stress-normal stress plot for Na-MMT with
medium polar fluid fell between Na-MMT water and formamide as showed in Figure 5.8 (b).
The angle of internal friction was 1.66° for Na-MMT with methanol, 1.92° for Na-MMT with
water, and 0.65° for Na-MMT with formamide as showed in Figure 5.9 (a), which indicated that
the angle of internal friction for 30% fluid content was in the order of same magnitude. The shear
behaviors of Na-MMT observed in this work agreed with the results from the literatures where
the friction angle decreased significantly with increased in water content [31, 32]. As a result, the
failure of Na-MMT with the low and medium polar fluids was most like to happen earlier than
that of Na-MMT with the high polar fluids. Neglecting the angle of friction of clays leaded to the
overestimation of the reliable prediction of shear strength of swelling clays. Additionally, the
molecular cohesion was 408.50 MPa for Na-MMT with methanol, 448.20 MPa for Na-MMT

with water, and 236.50 for Na-MMT with formamide as showed in Figure 5.9(a).
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Figure 5.9. The molecular shear strength parameters for dry and 10% and 30% fluid content for
Na-MMT with various organic fluids: (a) cohesion and (b) angle of internal friction.

5.4.3. Conformation of the Fluid Molecules upon Shearing

Figure 5.10 showed a planar view of the equilibrated model of Na-MMT with 10%
acetone, methanol, water, and formamide when shearing at 0 GPa in XY -plane. The snapshot
showed the conformation of the sodium cations and fluids in the interlayer where the proximity
of the sodium cations increased with increase in the polarity of the fluids. This planer view also
showed the formation of a well-organized pattern, resulted in the hydration of sodium ions even

up on shearing at no externally applied normal stress.
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Figure 5.10. Planar view showing the hydration of sodium cations in the interlayer for Na-MMT
with 10% acetone, methanol, water, and formamide when shearing (a-d) c=0 GPa.
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Figure 5.11. Planar view showing the hydration of sodium cations in the interlayer for Na-MMT
with 10% acetone, methanol, water, and formamide when shearing (a-d) c=8.88 GPa.
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In addition, the planar view in Figure 5.11 showed that the change in the conformation of
the fluid molecules, and the hydration of sodium ions continued when sheared at 8.88 GPa. The
oxygen atoms of each of the fluid molecules attracted and oriented towards the sodium ions, and
a well-organized shell formation continued and increased with an increase in the polarity of the
fluids. Furthermore, the hydration of Na-MMT with 30% methanol, water, and formamide when
sheared at normal stress of 0 GPa was showed in Figure 5.12(a-c). Furthermore, the change in
the conformation of the interlayer cations and fluid molecules when sheared at normal stress of
8.88 GPa was shown in Figure 5.12(d-f). This planar view showed that the number of fluid
molecules to make a well-organized pattern around sodium cations increased with an increase in
the polarity of the fluids; at least two oxygen atoms of methanol, four oxygen atoms of water,
and three oxygen atoms of formamide molecules were in close proximity to the sodium cations
as shown in Figure 5.12(d-f).

(a) Clay-Methanol (33) (b) Clay-Water (80) (c) Clay-Formamide (110)
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Figure 5.12. Planar view showing the hydration of sodium cations in the interlayer for Na-MMT
with 30% methanol, water, and formamide when shearing (a-c) 6=0 GPa and (d-f) 6=8.88 GPa.
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5.4.4. Quantitative Nonbonded Interactions of Na-MMT with the Interlayer Fluids

The nonbonded interaction energies—the sum of van der Walls and electrostatic—
between the Na-MMT layers, sodium cations, and fluid molecules for dry Na-MMT and Na-
MMT with 10% and 30% fluid when sheared at 0 GPa and 8.88 GPa were presented in Table
5.1. These interactions were computed at the frame corresponding to the maximum shear stress.
The interactions between layers, sodium cation, and fluid molecules provided an insight about
the mechanism that played an important role in the shear strength of dry and hydrated Na-MMT.

The total attractive nonbonded interaction between the layers for dry Na-MMT at 0 GPa
was the highest with relative to the hydrated Na-MMT. For dry Na-MMT, the repulsive
electrostatic interactions at 0 GPa and 8.88 GPa between the layers were because of the
negatively charged layers. As soon as the 10% fluid molecules were allowed to enter into the
interlayer and sheared in the absence of externally applied stress (=0 GPa), a significant drop in
the total attractive layer-layer interactions in comparison to dry Na-MMT was observed. Thus,
the fluid molecules played an influencing factor in shear strength of Na-MMT as soon as they
entered into the interlayer. Moreover, the repulsive electrostatic interactions between the layers,
in case of dry Na-MMT, became less dominating factor for swelling and shear strength with
relative to hydrated Na-MMT with 10% fluid content. Increased polarity of the fluids caused
increased in the layer-layer interactions at 0 GPa. Furthermore, Na-MMT-water had the highest
attractive layer-layer interaction than that of Na-MMT with other fluids, and this highest
interaction resulted in the largest cohesion. Also, the total layer-layer interaction when sheared at
0=8.88 GPa for dry Na-MMT was about the same with relative to 0 GPa. However, this
interaction at 8.88 GPa for 10% fluid content was increased by 77% for Na-MMT with acetone,

66% for Na-MMT with methanol, 78% for Na-MMT with water, and 52% for Na-MMT with
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formamide. The nature of the interaction when sheared at 0 GPa and 8.88 GPa was primarily
attractive van der Waals energies.

As the 10% fluid molecules entered into the interlayer, the attractive layers-sodium
interactions also decreased when the top layer was pulled in the absence of the normal stress as
summarized in Table 5.1. The layers-sodium interactions for dry Na-MMT when sheared at 0
GPa and 8.88 GPa remained the same, whereas these interactions at 8.88 GPa with relative to 0
GPa were increased by increased by 11% for Na-MMT-acetone, 4% for Na-MMT-methanol and
Na-MMT-water, and 2% for Na-MMT-formamide. These attractive interactions were primarily
electrostatic in nature because of the interactions between the negatively charged layers and
positively charged sodium cations. Nevertheless, van der Waals interactions in both conditions
were negligible. These interactions further decreased with increase in the polarity of the fluids.
Thus, the large magnitude of these attractive interactions brought the Na-MMT layers together
and provided the structural stability by holding the layer when sheared in the presence of no and
high normal stresses. The attractive interactions between layers and sodium cations at no normal
stress delivered cohesion, which was responsible to hold the layers together at no externally
applied stress, for dry Na-MMT and Na-MMT with four fluids. Our results also showed a good
agreement with the shear failure mechanism of a 2:1 smectite mineral with organic dyes where
cohesion between the layers were dominated by the electrostatic interactions between the
negatively charged layers and interlayer cations [17]. Furthermore, the interlayer space was small
for dry Na-MMT, and thus the layers-sodium interactions for dry Na-MMT at 0 GPa was
significantly higher than that of Na-MMT with 10% fluid content.

Another significant observation was that the contribution of attractive layers-fluid and

sodium-fluid interactions resulted in the reduction in the attractive layers-sodium interactions at
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0 GPa for Na-MMT with all four fluids. Thus, the hydration of the layers and sodium cations
also played a significant role in controlling cohesion of Na-MMT with these four organic fluids.

The domination of the repulsive nature of the short-range van der Waals at 0 GPa and
8.88 GPa supported that the fluid molecules were in close proximity of the sodium cations, and
thus hydration continued at no normal and high normal stresses. The large magnitude of
attractive sodium-fluid interactions and the conformation of the fluid molecules in close
proximity of the sodium cations at 8.88 GPa contributed in the reduction of the layer-layer
interactions in comparison to 0 GPa. Thus, the large separation between the layers augmented the
sliding as well as assisted the layers in slipping past each other, which resulted in increased in the
internal angle of friction of hydrated Na-MMT as compared to dry Na-MMT.

The total layers-fluid interactions when the top layer sheared at 0 GPa increased with an
increase in the polarity of the fluids. These interactions were predominated by the attractive van
der Waals interactions, whilst there were strong attractive electrostatic interactions existed
between the layers and fluid molecules. The total layers-fluid interactions were primarily
attractive electrostatic in nature for these four fluids when the top layer was sheared at 8.88 GPa
normal stress, but the attractive nature of van der Waals interactions between the layers and fluid
molecules at 0 GPa changed to the repulsive interactions at 8.88 GPa as presented in Table 5.1.
This behavior was explained by the fact the top layer moved in close proximity to the fluid
molecules that upon externally applied high stress, and the distance between them decreased.
Therefore, the short-range repulsive van der Waals energy became predominant that resulted in
repulsion between the layers and fluid molecules. Furthermore, the total attractive nonbonded
interaction at 8.88 GPa with respect to 0 GPa was decreased by 98% for Na-MMT with acetone,

52% for Na-MMT with methanol, 38% for Na-MMT with water, and 29% for Na-MMT with
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formamide. Thus, a significant rise in the angle of internal friction of wet Na-MMT as comparted
to dry Na-MMT was correlated to increase in the interlayer space as well as the hydration of the
interlayer sodium cations and layers at separated the Na-MMT layers and resulted in facilitating
the sliding phenomenon.

Furthermore, the total nonbonded interactions when the top layer sheared at 0 GPa and
8.88 GPa for Na-MMT with 30% methanol, water, and formamide were presented in Table 5.1.
When the amount of the fluid content in the interlayer was increased, the layer-layer interaction
energies further decreased. The total layer-layer interactions at 0 GPa for Na-MMT with
methanol and Na-MMT with water were about the same, which was correlated with having the
same magnitude of cohesion for Na-MMT with these two fluids. However, Na-MMT with
formamide had the lowest attractive interaction between the layers. Additionally, layer-layer
interactions at 8.88 GPa relative to 0 GPa were increased by 233% for Na-MMT-methanol, 73%
for Na-MMT with water, and 37% for Na-MMT with formamide. The previous study showed
that the Na-MMT with lower and medium polar fluids compressed significantly higher than that
of Na-MMT with high polar fluids. These interactions at 8.88 GPa also decreased with increased
in the polarity of the fluids.

Table 5.1 also showed the attractive layers-sodium interactions at 8.88 GPa as compared
to 0 GPa increased by 44% for Na-MMT-methanol, 8% for Na-MMT-water, and 18% for Na-
MMT-formamide. In both cases, the nature of the interaction was predominated by attractive
electrostatic energy, and the interaction decreased with increase in the polarity of fluids. Thus,
the interlayer sodium cations tried to hold as the top layer was pulled.

Table 5.1 also showed the total attractive interactions between sodium and 30%

methanol, water, and formamide. These sodium-fluid interactions in both cases, O GPa and 8
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GPa, were primarily electrostatic in nature. The large magnitude of electrostatic interactions kept
the fluid molecules in close proximity to the sodium cations, which was showed in Figure 5.12,
which also indicated a well-organized pattern of the fluid molecules around the sodium cations.
High attractive electrostatic interactions of fluid molecules with interlayer cations also elucidated
that the hydration of the interlayer cations continued when the Na-MMT top layer was sheared in
the presence of no and high normal stresses. Furthermore, when the normal stress increased from
0 GPa to 8.88 GPa, the ability of this interaction was decreased due to expelling of the fluid
molecules from the interlayer upon compression. Thus, the sodium-fluid interactions at 8.88 GPa
as compared to 0 GPa decreased by 36% for Na-MMT-methanol, 19% for Na-MMT-water, and
15% for Na-MMT-formamide. The comparisons between the attractive interactions between
layers and fluid molecules for 30% methanol, water, and formamide were also presented in Table
5.1. The layer-fluid interactions at 8.88 GPa relative to 0 GPa decreased by 6% for Na-MMT

with methanol, 10% for Na-MMT with water, and 2% for Na-MMT with formamide.
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Table 5.1. Nonbonded interactions for dry clay and clay with 10% and 30% fluid upon shearing.

_ Energy (kJ/mol)
F(I(;)I)d Interactions Molecular Models At 0 GPa At 8.88 GPa

ELE VDW Total ELE VDW Total
Dry Na-MMT 46 -2498  -2452 6 -2484  -2478
Na-MMT-Acetone (20) -284 -586  -870 -262 -1274 -1536
Layer-Layer Na-MMT-Methanol (33) -336 -653 989  -319 -1323 -1642
Na-MMT-Water (80) -447 -741  -1188 -277 -1835 -2112
Na-MMT-Formamide (110) -367 -677 -1043 -301 -1286 -1587
Dry Na-MMT -4991 265 -4726 -5338 554  -4785
Na-MMT-Acetone (20) -4187 66 -4121  -4653 98 -4555
Layers-Sodium Na-MMT-Methanol (33) -2819 -58  -2878 -3175 175  -2999
Na-MMT-Water (80) -2721 -40  -2762 -3273 412 -2861
10 Na-MMT-Formamide (110)  -3192 -28  -3220 -3370 84  -3286
Na-MMT-Acetone (20) -1974 207  -1767 -1578 126  -1452
Sodium-Fluid Na-MMT-Methanol (33) -3360 219 -3140 -3288 204  -3084
Na-MMT-Water (80) -3653 255  -3398 -2971 342 -2628
Na-MMT-Formamide (110) -2315 121 -2195 -2150 121  -2029

Na-MMT-Acetone (20) -158 -575 -733 -74 60 -13

Layers-Fluid Na-MMT-Methanol (33) -630 =747 -1377  -670 13 -657
Na-MMT-Water (80) -576 -549 -1125 -1421 724 -696
Na-MMT-Formamide (110) -352  -1185 -1536 -1261 167 -1094
Na-MMT-Methanol (33) -271 -164  -435  -354  -1094 -1448

Layer-Layer Na-MMT-Water (80) -317 -136 453 -281  -502  -783
Na-MMT-Formamide (110) -42 -81 -123 -85 -105 -188
Na-MMT-Methanol (33) -2441 -54 2496 -3625 25 -3600
Layers-Sodium Na-MMT-Water (80) -2263 -37 -2299 -2419 -71 -2489
Na-MMT-Formamide (110) -1227 -30 -1257 -1441 -36 -1478
% Na-MMT-Methanol (33) -6214 251  -5963 -4007 212  -3794
Sodium-Fluid Na-MMT-Water (80) -8840 276  -8564 -7125 216  -6909
Na-MMT-Formamide (110) -5880 269 -5610 -4952 177 -4775
Na-MMT-Methanol (33) -5374  -2052 -7425 -5897 -1087 -6983
Layers-Fluid Na-MMT-Water (80) -1289  -1150 -2440 -588 -1598 -2186
Na-MMT-Formamide (110) -1733  -1839 -3572 -1526 -1988 -3514

ELE=Electrostatic; VDW=van der Waals; Total=Nonbonded=ELE+VDW

143



The magnitude of reduction of the layers-fluid interaction at 8.88 GPa was significantly

less than that of sodium-fluid interactions, which also indicated that the fluid molecules were

strongly bound to the Na-MMT layers when compressed and sheared at high stresses as showed

in Figure 5.12(d-f). These interactions decreased with an increase in the polarity of the fluids

with the exception of the lowest interaction for Na-MMT with water in both cases at 0 GPa and

8.88 GPa.

5.5. Conclusions

SMD simulation were used to evaluate the shear stress and displacement characteristic of
dry Na-MMT clay and clay with 10% and 30% fluid content with fluids with a range of
polarities that are also indicated by their dielectric constants values: low polar fluids
acetone (20), methanol (33), and high polar fluids water (80), and formamide (110).
Shear stress of swelling clay versus displacement plots are different for each normal
stress. Shear stress required to pull the top clay layer increased with increase in normal
stresses that varied from 2.22 to 8.88 GPa.

Shear stress of swelling clay with polar fluid is significantly higher than that of medium
and low polar fluids. It is also observed that more shear stress is required to pull the top
clay sheet for clay with polar fluid than clay with medium and low polar fluids. Thus, the
shear stress is increased with increased in the polarity of fluids.

The molecular shear strength parameters, cohesion and angle of internal friction, of dry
Na-MMT clay and clay with 10% and 30% fluid content with fluids with a range of
polarities were evaluated. The polarity of fluids significantly influenced cohesion and
angle of internal friction. At 10% fluid content, the angle of internal friction and cohesion

increased with an increase in the polarity of fluids. Upon adding more fluids in the
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interlayer, the angle of internal friction for 30% fluid content almost diminished; whereas
there was a strong cohesion.

The nonbonded interactions energies between layer-layer, layer-sodium, sodium-fluid,
and layer fluid for 10% and 30% fluid content when the top layer was sheared in absence
and presenace of high normal stresses are computed. The attractive layer-layer
interactions for dry Na-MMT was the higher than Na-MMT clay with 10% and 30% fluid
when the top clay layer is sheared at 6 =0 GPa and 6=8.88 GPa, Thus, the value of
cohesion for dry Na-MMT clay was higher than that of clay with 10% and 30% fluid
content in the clay interlayer. Furthermore, the clay-clay interactions increased with
increase in the polarity of fluids when the top clay layer was sheared at 6 =0 GPa, and
thus the cohesion of Na-MMT with polar fluids was higher than that of low and medium
polar fluids. Additionally, the layer-layer interactions when sheared at 6=8.88 GPa were
higher than that of =0 GPa. The attractive sodium-fluid for Na-MMT with 10% and
30% fluid content when sheared at 6=8.88 GPa indicated that the hydration continued
upon shearing. The layers-fluid interactions for Na-MMT with 10% fluid content when
shearing in the presence of high compression significantly decreased with relative to
normal stress. Furthermore, the attractive nature of van der Waals energies changed from
attractive to repulsive when shearing at high stress, which indicated that the hydration of
clay sheets continues upon shearing at high normal stress. Although the total layers-fluid
interactions for Na-MMT with 30% fluids decreased, the nature of the attractive van der
Waals interactions remained the same.

This study provides an insight into the influence of the polarity of the fluids on the shear

strength behavior of swelling clays. Incorporation of clay-fluid interactions with the
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molecular shear strength parameters—cohesion and angle of internal friction—is crucial
not only for a better understanding of the share failure mechanism but also for effective
design and economical construction of the civil infrastructures in the swelling clay
regions.
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6. EXPERIMENTAL EVALUATION OF SHEAR STRENGTH OF SWELLING CLAYS
FOR VARIOUS MAGNITUDE OF SWELLING*
6.1. Introduction

Swelling clays are found throughout the world and can undergo a significant volume
change with relative to original volume when mixed with water. These clays are very active clay
minerals. Some unique properties of swelling clays are high specific surface area, low
permeability and low compressibility, and high swelling capacity due to which these clays are
used in geotechnical engineering, geoenvironmental engineering, and industrial applications.
Furthermore, these clays have been used as barrier materials in landfill liners, as drilling mud, to
enhance the mechanical properties of clay-polymer-nanocomposities, and as modifiers in
pavement construction. On the other hand, the uplift pressure developed upon swelling can
damage infrastructures such as buildings, roads, bridges, embankments, and canals. Thus, it is
essential to evaluate the compressive strength, undrained cohesion, and probe the evolution of
the microstructure of swelling clays to avoid detrimental effects and use these clays in
geotechnical engineering and geoenvironmental applications.

Sodium-montmorillonite (Na-MMT), an expansive clay mineral that is commonly found
in swelling clays. The structure of Na-MMT clay consists of a tetrahedral-octahedral-tetrahedral
(T-O-T) arrangement where an octahedral clay sheet is sandwiched between tetrahedral clay
sheets [1]. Due to isomer substitution in the tetrahedral or octahedral sheet, the negative charges

are developed in the clay sheets. These negative charges are balanced by introducing sodium

4 This chapter describes to evaluate the mechanical properties of swelling clays at various level of swelling at the
macroscale and nanoscale. Also, the evolution of the microstructures of swelling clays is discusses. The content of
this chapter will be submitted for the publication. Keshab B. Thapa had primary responsibility for collecting samples
in the field and for interviewing users of the test system. Keshab B. Thapa was the primary developer of the
conclusions that are advanced here. Keshab B. Thapa also drafted and revised all versions of this chapter. Dinesh R.
Katti and Kalpana S. Katti served as proofreader and checked the math in the statistical analysis conducted by
Keshab B. Thapa.
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cations in the interlayer for Na-MMT. In our previous experimental work, the swelling pressure
of saturated bentonite at a predetermined level of swelling has been evaluated [2]. The swelling
pressure decreased with increase in swelling level, resulting in clay particles breakdown into a
smaller size. Furthermore, the clay-fluid interactions result in increasing the disorientation of the
clays sheets with increase in the levels of swelling [3]. The molecular hydraulic conductivity of
Na-MMT clay interlayer has been evaluated using polarized Fourier transform infrared (FTIR)
spectroscopy [4, 5]. The interactions of Na-MMT clay with various organic fluids, which are not
only commonly found leachates in the landfill but also toxic to human health, have been
accomplished [4]. The interactions between Na-MMT clay and organics fluids are nonbonded in
nature. Furthermore, the polar fluids such as water and formamide have higher interaction with
Na-MMT than with medium polar fluid methanol and low polar fluid acetone [4].

Besides experimental studies, the computational techniques such as Molecular Dynamics
(MD) simulations, Steered Molecular Dynamics (SMD), Discrete Element Method (DEM), and
Monte Carlo (MC) have been extensively used to study swelling behavior and clay-water
interactions at the molecular level [6-11]. In our previous work, the mechanical response of the
dry Na-MMT and hydrated with multiple monolayers of water is carried out using SMD
simulations [8, 12]. The results have shown that the hydration of interlayer cations, water content
in the interlayer, and interactions between clay and water influence the interlayer spacing, stress-
strain behavior of the interlayer, and interlayer modulus. Furthermore, the DEM study has
shown that the particle breakdown of Na-MMT is responsible for increasing the swelling
pressure [9].

Understanding of the fundamental mechanical properties of clay is essential for the

design properties of the composite materials [13, 14]. The mechanical behavior of the swelling
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clays is also necessary to the barrier liners in landfills as well as to store high-level radioactive
waste [15]. The mechanical properties of swelling clays are also essential for the efficient and
economic extraction of oil and gas from oil shale—sedimentary rock [16, 17]. The knowledge of
elastic properties is used for analyzing the geophysical subsurface exploration and reservoir
characterization using seismic waves [18]. The mechanical properties of clays are furthermore
required to evaluate the settlement of the laterally loaded foundations [19]. The elastic properties
at the macroscale can be easily computed using uniaxial compression or tensile testing method.
Nevertheless, the elastic properties at the nanoscale whether thin films on substrate or free
standing samples require a sophisticated method. Therefore, nanoindentaion is an experimental
technique to measure the nanomechanical properties of the materials at the nanoscale based on
the theory of elastic contact. The frequently measured two mechanical properties are the elastic
modulus (E) and the hardness (H). The indenter is allowed to press the sample at a specific load
and then withdrawn. The load-displacement data are recorded from one complete loading and
unloading cycle. The withdrawn of the indenter results in recovering the elastic deformation, and
certain displacement remains as the plastic deformation, which is also known as residual
indentation depth. The displacement during unloading is typically elastic in nature; the initial
portion of the unloading curve is used for the analysis. The indenter tip is made up of diamond
that has high resistance to deformation.

The elastic properties of clay minerals have a great importance for the characterization
and exploration of the shale formations, as the clay minerals are common in the sedimentary
formations and environments. The Elastic modulus and hardness of air dried layered
aluminosilicates—muscovite and rectorite clay minerals—have been studied using load-

controlled nanoindentation at various loading rates [20]. The variation of the nanomechanical
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properties of bentonite and kaolinite clays that are subjected to an elevated temperature from
25°C to 200°C have been studied using nanoindentation. It has been observed that the resistance
to penetration and elastic modulus increased with increase in temperature, and bentonite clay has
higher elastic modulus than kaolinite clay [21]. The load-controlled nanoindentation of kaolinite
clay mineral stabilized with oil-in-water emulsions and dried at room temperature is carried out,
and the elastic modulus and hardness are found to be 0.5-3 GPa and hardness of 15-40 MPa,
respectively [22]. The mechanical properties of sand grains are examined using nanoindentaiton,
and it has been reported that the individual behavior at the nanoscale influences the overall
behavior of sand at the macroscale [23]. Previous work on bionanocomposites—seashell and
bone—has shown that the nonbonded interactions (electrostatic and van der Waals) between the
minerals and organics influence the mechanics of the organic structures [24-26]. Furthermore,
similar phenomenon has been found in synthetic nanocomposites in which the mineral-polymer
interactions influence the mechanical response of polymers. Thus, the material properties of
nanoscale systems are influenced by the interactions at the molecular level. Nanaoindentaion
experiments in this study also allow to identify difference in the nanomechanical properties of
dry clay as well as clay saturated with one of the organic fluids, water. Additionally, the
influence of swelling on the nanomechanial properties is also incorporated in this study.

The unconfined compressive strength of swelling clay mineral such as kaolinite at
various moisture content has been examined, and the reported unconfined compressive strength
for kaolinite at optimum moisture content is about 300 kPa [27]. Furthermore, the unconfined
compressive strength of clays with high plasticity at optimum moisture reported about 226 kPa
[28]. Most of the studies have used examined the unconfined compressive strength for the

treatment and stabilization of expansive clays using mechanical and chemical technique [29],
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using crumb rubber, natural and synthetic fibers [30], fly ash [31], and jute fiber reinforcement
[32]. However, compressive strength of saturated Na-MMT at various level of swelling has not
been thoroughly evaluated. The changes in unconfined compressive strength and undrained
cohesion at no volume change and at various levels of swelling is presented in this study.

Our previous studies have shown that the clay-fluid interactions for saturated swelling
clays at the nanoscale control the macroscopic properties of swelling clays such as
microstructure, permeability, and consolidation [33, 34]. The measurement of mechanical
properties of swelling clays is challenging because of their affinity to water, expansive in nature,
and plate like structures [35]. Thus, in most of the reported literatures, the elastic modulus and
hardness of clay minerals are measured either in dry in oven at high temperature or very small
water content conditions. In this work, we also present our results from displacement-controlled
nanoindentation on undisturbed dry and saturated Na-MMT clay samples. Furthermore, this
study captures insight into the role of water on the elastic modulus and hardness of the
undisturbed clay samples at various level of swelling.

6.1.1. Materials

Sodium (Na)-montmorillonite clay mineral was obtained from the Clay Minerals Society
at the Purdue University, West Lafayette, Indiana. The chemical formula of the Na-MMT clay
mineral is NaSiis(AlsFeMg)O20(0OH)s, and the clay has a specific gravity of 2.67, the initial void
ratio of 2.14, the density of 850 kg/m?, and a cationic exchange capacity of about 76.4
mequiv/100 g. The deionized water was prepared in our laboratory in Civil and Environmental
Engineering Department, North Dakota State University. Prior to each sample preparation, Na-

MMT clay mineral was ground finely and passed through a 76 um mesh (No. 200 sieve). In
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order to have a consistent moisture content, the powder specimen was then placed in a drying
oven at 105 °C for 24 hours.
6.1.2. Methods and Sample Setup

The clay samples were saturated using a new controlled uniaxial swelling (CUS) device.
Furthermore, this CUS device was allowed to move to a predetermined level for the
measurement of swelling level. A detailed design and explanation of the CUS device is
explained in our prior work to evaluate the swelling pressure as well as evolution of the
microstructures at various levels of swelling [2]. In brief, the CUS device allows the samples to
saturate and swelling in uniaxial direction and can be split vertically to remove the sample with
minimum disturbance. At the bottom of the CUS device, a porous stone disc was placed
followed by a Whatman No. 40 filter paper. About 232 grams of dry NaMMT clay was placed in
the controlled uniaxial (CUS) device of 70 mm internal diameter. To be consistent with our
previous experiments [2, 34], the clay sample is loosely compacted in four layers by gently
tapping a few times to the height of 72 mm in the CUS device where each layer had about 58
grams to maintain the void ratio of 2.14 as shown in Figure 6.1. A filter paper was then placed on
top of the clay surface followed by a porous stone disc. Thus, all the samples at this stage were

placed between two porous stones.

(a)

Split mold

Figure 6.1. (a) The controlled uniaxial device parts with piston, porous stones, filter paper, and
hexagonal bolts; (b) schematic showing the dry clay sample compacted in four layers; (c) locking
of the CUS device at zero swelling level using the piston and locking plate.
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The movable piston that can fit inside the CUS device was used to lock in the position to
maintain a zero swelling level during saturation. This piston was made of aluminum that can be
easily fit inside the CUS device of internal diameter of 70 mm. This piston was connected to the
rod where the diameter of the rod varied from 12.70 mm to 20.30 mm. Furthermore, two fined
threaded bolts of internal diameter 22.20 mm were screwed in the CUS device. A flat locking
plate of height of 6 mm with three holes—one at the center and two at the sides—was placed at
the center of the piston and then locked using four hexagonal stainless steel nuts. Up to this
condition, the diameter of the clay sample is 70 mm, and height of the sample is 72 mm, and the
sample was locked and maintained at zero level of swelling. Then this CUS device with dry clay
was placed inside a diameter of 203 mm cylindrical Plexiglass chamber for the saturation. The
clay samples were prepared in the three identical CUS devices A, B, and C as shown in Figure

6.2.

Figure 6.2. The CUS devices A, B, and C placed in the cylindrical Plexiglass chamber to saturate
the clay samples at various level of swelling (0%, 10%, and 20%).
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SATEC

Natenials Testing Equsament

Figure 6.3. The CUS cell with the saturated clay sample placed in a SATEC load frame to
measure the predetermined level of swelling (a) before and (b) after the movable load frame
contacted the piston and hexagonal nuts released to allow swelling.

Previous extensive experiments for the measurement of the swelling pressure and on
swelling clays using the same CUS device showed that it took about 30 days to completely
saturate the smectite swelling clay minerals. This was further confirmed by recording swelling
pressure developed at zero level of welling over time in which the swelling pressure remained
constant after 21 days, and the degree of saturation was 100%. However, in our case, all the
samples were kept in the Plexiglass chamber for about 365 days to acquire a complete saturation.
The Plexiglass chamber was continually filled with water to provide a sufficient amount of water
to saturate the samples.

The Plaxiglass chamber with CUS device was placed in the SATEC 22 EMF Universal
testing equipment. The piston of the CUS device was centered with the loading ram of the
universal testing equipment, and the load-cell was brought in contact with the piston of the CUS

device. The locking of the piston of the CUS device was released by unscrewing the hexagonal

nuts. At this condition, the piston was maintained at zero swelling. The CUS device was kept
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under the SATEC load-frame at least for 30 days. The loading ram was moved up in order to
remove the CUS device, and the sample was furthermore used to evaluate the microstructure,
undrained cohesion, and nanomechanical properties, which are discussed in the next sections.
Additionally, the loading ram was moved up to the predermined level of 7.20 mm for 10%
swelling and 14.40 mm for 20% swelling. To measure the swelling level, the piston locking
system was again released. Once the piston moved vertically up and touched the loading arm to
attain the predermined level of swelling at least for 30 days, the piston was locked to continue to
maintain that level of swelling and saturation. Furthermore, the swelled clay samples were used
to perform the microstructure, undrained cohesion, and nanomechanical properties at various
level of swelling. A complete experimental plan is shown in Figure 6.1 (a).
6.1.3. Unconfined Compression Test

When the bulk samples were saturated, the next stage of the experiment was to preform
unconfined compression (UC) test for the measurement of the undrained cohesion. In order to
evaluate the undrained compressive strength of saturated swelling clays at various level of
swelling, a series of unconfined compression tests of the various level of swelled samples were
accomplished. Firstly, the zero percent swelled sample was removed from the CUD device.

Figure 6.4 (b) showed a cylindrical split mold of internal diameter of 35 mm, height of 70
mm, and thickness of 3 mm, which was used to take the sample from the CUS device. This
cylinder was made up of polymethyl methacrylate (PMMA) white, which can be vertically split
to two pieces, and they were connected using 160 mm long stainless steel cable tie. Before taking
the sample for the compression test, the cylinder was lubricated with silicone high vacuum
grease (Dow Corning Corporation, USA) to reduce the adhesion between sample and cylinder.

The cylinder was then gently pressed as showed in Figure 6.4 (c) on top of the swelled sample
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and removed up gently. A sample of diameter of 35 mm and height of 70 mm was then removed
from the cylindrical split mold by releasing stainless steel cable tie for the compression test as
shown in Figure 6.4 (d). For the unconfined compressive strength test, the strain rate of 1%/min
was used according to the ASTM D 2166-16 by keeping the volume of the sample constant. A
Shimadzu loading frame (Shimadzu Scientific Instruments, USA) was used for the compression
test for 0%, 10%, and 20% swelling. The load capacity of this Shimadzu loading frame was 2
kN, which was appropriate for the compression of the saturated swelling clays. The moisture
content and weight of the sample were measured before and after the compressive strength test

as well .The degree of saturation of each sample was found to be 100%.

(a) 35 mm
35 mm 70 mm m=m) 2. Unconfined Compression Test
A
1 72mm / 3. Nanoindentation test
A \ Y
Saturation at 1.  Swelling Level N
CUS Device 4. Microstructural Characterization
(SEM Imaging)
(b) (c) (d)

Figure 6.4. () Types of experiments (b) a cylindral split mold of height 70 mm and diameter 35
mm, (c) spilt mold pressed in the CUS device, and (d) removavle of undisturbed sample for the
compression test.
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6.1.4. Nanomechanical Properties

For nanoindentation experiment for dry clay, 0.575 gram of oven dried clay sample was
then placed in the disc-cylinder by gently tapping to acquire the initial density of 850 kg/m? clay
sample. The disc-cylinder had a height of 6 mm, a diameter of 12 mm, and thickness of 1 mm as
shown in Figure 6.5; this cylinder was made up of polymethyl methacrylate (PMMA) white. The
base of the disc-cylinder was glued with a diameter of 15 mm stainless steel disc to support the
sample as shown in Figure 6.5(c). For nanoindentation on statured clay, the undisturbed saturated

sample was taken by gently pressing the disc-cylinder from swelled sample in the CUS device.

(a) Sectional view (b) Top view
: 12 mm : Cylinder
6 mrv1 Sample
= Al
Steel disc
(c) Cylinder glued (d) Dry Na-MMT sample
onto steel disc inside the cylinder

Figure 6.5. Schematic showing the assembly for nanoindentation experiment of dry clay.
Nanoindentation tests were accomplished using contact mode with a Hysitron Triboscope

nanomechanical testing instrument (Minneapolis, MN). The load resolution and displacement

resolution of this instrument were 1 nN and 1 nm, respectively. A trigonal pyramid Berkovich

diamond tip (100-200 nm tip radius) was used to perform the test. To evaluate how the
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nanomechanical properties of swelling clay change during saturation at different level of
swelling, the displacement-controlled indentation tests at forward displacement of 500 nm were
carried to determine the elastic modulus and hardness of dry as well as saturated Na-MMT clay.
The dry and saturated samples that are placed in the magnetic stage for the nanoindentation
experiments are shown in Figure 6.6. Also, a 4-4 triangular loading function was selected at
loading and unloading rate of 125 nm/s. An average of 14 indents were made on each sample,
and the distance between the neighboring tests locations are kept at least 5 um. Furthermore, the
indenter tip is cleaned after each indentation using acetone to reduce the interaction between the

tip and clay sample.

(a) (b)

Figure 6.6. The samples placed at the magnetic stage for nanoindentation tests (a) dry clay and
(b) saturated clay.
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6.1.5. Microstructural Evaluation

The microstructure of the swelling level tested samples is examined using a scanning
electron microscope (SEM). After swelling level was measured, the clay sample was removed
from the controlled uniaxial swelling (CUS) device. A 5 mm x 10 mm sample was then sliced
axially from the circumferential region using a thin ceramic knife. The sample was then placed
into an appropriately sized hole drilled into a brass sample-holder cryostub (JEOL USA,
Peabody, Massachusetts, USA) with Teflon feet to isolate it thermally from its surroundings and
allow it to warm at a slower rate. The material was secured in the hole using Tissue-Tek O. C. T.
Compound (Sakura Finetek USA, Inc., Torrance, California). The cryostub with attached
sample material was submerged in liquid nitrogen. Once the sample was completely frozen, the
clay extending above the surface of the cryostub was fractured by striking it with the edge of a
new razor blade that had been previously cooled in liquid nitrogen; excess fractured clay was
removed and discarded. The brass holder was inserted promptly into a variable-pressure
scanning electron microscope (SEM; JEOL JSM-6490LV, JEOL USA, Peabody,
Massachusetts). The sample was allowed to stand in the SEM for 5-10 minutes so that surface
moisture/frost could sublimate before the fractured surface was examined. Images then were
acquired within a ten-minute window. Backscattered electron images were taken in low-vacuum
mode at a pressure of 30 Pa.

6.2. Results and Discussions

6.2.1. Effect of Swelling on Unconfined Compressive Strengths

A plot of unconfined compressive stress versus axial strain for 0%, 10%, and 20%
swelling is shown in Figure 6.7. The stress-strain behavior for each level of swelling is different.

The initial slope below 2% axial strain of the stress-strain curve for 0% swelling is steeper than
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that of 10% and 20% swelling, whereas the slope of the stress-train plot is the same for 10% and
20% swelling. Beyond 2% axial strain, the increase in unconfined strength follows a different
path each level of swelling. Also, the stress-strain plot for 10% swelling falls between that of
plots of 0% and 20% swelling. The stress-strain plot also shows a continuous deformation, and
the pronounced stress-strain peak at strain of 8.00%, 7.30%, and 7.02% for 0% swelling, 10%

swelling, and 20% swelling, respectively.
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Figure 6.7. Stress-strain from unconfined compressive strength test for 0%, 10%, and 20%
swelling.

The unconfined compressive stress after maximum value gradually decreased with
increased in axial strain, and the maximum strain is about 12% for all level of swelling. The
values of the maximum unconfined compressive strength are 28.10 kPa for no swelling, 25.82
kPa for 10% swelling, and 21.03 kPa for 20% swelling as shown in Figure 6.8. In unconfined

compressive strength test, the confining pressure around the circumference of the sample is zero,
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which also mimics no radial confining pressure when shearing the clay samples. Thus, the total
minor principal stress is zero, as there is no confining pressure, and the major principal stress is
the maximum unconfined stress obtained from the stress-strain plot. When the sample is
completely saturated and fully undrained upon shearing, undrained cohesion is independent of
confining pressure. Thus, the undrained cohesion in this case is half of the unconfined
compressive stress. The values of undrained cohesion are 14.05 kPa, 12.91 kPa, and 10.52 kPa
for 0%, 10%, and 20% swelling, respectively. These values are within the range for saturated
montmorillonite clay minerals as reported in the literatures [19, 36]. Therefore, the undrained
cohesion is also decreased with increase in the levels of swelling.

The swelling pressure at no volume change is the highest, and the values of swelling
pressure are decreased with increased in the level of swelling [2, 37]. This large swelling
pressure at no volume change provides a significant amount of resistance when the external
normal stress is applied. Furthermore, the maximum unconfined compressive strength of the clay
sample at no volume change is 8% and 25% higher than the unconfined strength of the samples

swollen to 10% and 20% swelling, respectively.
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Figure 6.8. The unconfined compressive stress (UCS) versus swelling level. The swelling

pressure is adopted from our previous work (Katti, D., & Shanmugasundaram, V. 2001).
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6.2.2. Role of Swelling on Naomechanical Properties

In order to assess the influence of swelling on the nanomechanical properties of swelling
clays, the displacement-controlled experiments at maximum depth of 500 nm is carried using
nanoindentation. The load-displacement (L-D) curves for dry and 0%, 10%, and 20% swelling
are shown in Figure 6.9. The L-D curve for 0% swelling is wider than that of dry clay sample.
Furthermore, the L-D curves for the clay samples swollen to 10% and 20% are narrower. It is
also observed that the L-D curve for 0% swelling is steeper than that of 10% and 20% swelling,
which indicates that the stiffness decreases with increased in the level of swelling.

The average maximum forces needed to indent for dry, 0%, 10%, and 20% swelling are
presented in Table 6.1. The average maximum forces required for 0% swelling and dry clay are
88.56 uN and 32.04 uN, respectively. The volume of the sample at 0% swelling at CUS device is
not allowed to change with respect to the original volume, and thus the void ratio of the clay
sample swollen to no volume change does not change. Although the void ratio for the dry sample
and no volume change sample is about the same, much larger force is required to indent for the
0% swelling than that of dry for the same indentation depth of 500 nm. Our previous
experimental study has shown that the significant amount of swelling pressure is exerted by clay
during swelling [2]. To oppose this internal swelling pressure, it can be correlated that the force
required to indent the saturated sample is significantly higher than that of dry clay. This can be
correlated with the swelling pressure developed when adding water in dry clay because of the
clay-water interactions, and large force is required during indentation to overcome the swelling

pressure for 0% swelling.
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Figure 6.9. The maximum force at indentation depth of 500 nm for (a) dry clay and 0% swelling,
(b) 0%, 10%, and 20% , and (c) dry and 0%, 10%, and 20% swelling.

Furthermore, the average maximum forces required to indent at a depth of 500 nm for

10% and 20% swelling are 58.49 uN and 45.44 uN, respectively. The swelling pressure
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decreases with an increase in swelling level, and the high swollen samples exhibit lesser
resistance to deformation than that of no volume change sample. Thus, the force needed to indent
the same displacement is decreased with increased in the levels of swelling.

Table 6.1 also shows the average modulus of elasticity of the dry clay sample as well as
the saturated samples swollen to 0%, 10%, and 20% swelling at maximum indentation depth of
500 nm. It is evidently indicates that the elastic modulus at 0% swelling is significantly lower
than that of 10% and 20% swelling as shown in Figure 6.10 (a). The modulus of elasticity further
decreases with increase in the levels of swelling. The dry clay sample has the lowest modulus of
elasticity as shown in Figure 6.10 (a). The modulus of elasticity is 324.75 MPa (Standard
Deviation=1.42) for 0% swelling, which is 4.2 times higher than that of dry clay. At no volume
change condition (0% swelling), the volume of the clay sample does not alter upon saturation,
and thus the void ratio remains the same as that of dry clay. However, it is clearly evident that
the saturated samples at no volume change is significantly stiffer than dry clay. The elastic
modulus of 0% swelling is in the order of the same magnitude for clayey soils reported in the
literature [38]. At the nanoscale level, the clay-water interactions provide the molecular bridge to
achieve superior mechanical properties that that of dry clays. Similar results have been observed
in where the interactions between clay blocks and polymer significantly enhanced the
mechanical properties of polymer-clay-nanocompostities with relative to pristine polymer [76].
Furthermore, the most of the literatures reported that the modulus of elasticity of smectice clay
minerals either in dry or low water content condition in Giga Pascal (GPa). The modulus of
elasticity of sodium montmorillonite clay ranges from 6-11 GPa at various porosities using
uniaxial stress compaction [35]. The average elastic modulus of vermiculite clay mineral is about

32.3 GPa using compression test [39]. Also, the elastic modulus of the compressed and dried
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montmorillonite is reported to be about 4.04 GPa using nanoindentation experiments. However,
the values of the elastic modulus for NaMMT sample at no volume change in our study is in
Mega Pascal, which is much lower than reported values in the literatures; this is due to fact that
our sample is completely saturated and much softer than dried and compacted clays reported in
the literatures. Additionally, the nanoindentation experiments in this study are carried out on the
undisturbed samples.

Table 6.1. The mean values of the elastic modulus, hardness, and maximum force at 500 nm
indentation depth.

Indentation Elastic Modulus Hardness Maximum
(MPa) (MPa) Force (UN) No. of
Sample Depth ST, ST. ST.  Exp.
(nm) Avg. Dev. Avg. Dev. Avg. Dev.
0,
0% 32474 142 1810 059 8856 093 15
Swelling
0,
10 % 20901 251 1127 050 5849 172 17
Swelling 500
0,
20 % 102.99 184 943 084 4544 144 14
Swelling
Dry 7755 140 716 076 3204 067 22

A decreasing elastic modulus with increasing swelling level for the same indentation
depth is also observed. It appears that 0% swelling has the highest modulus of elasticity followed
by 10% and 20% swelling, which further indicates that the clays become much softer upon
swelling. At 500 nm indentation depth, the average elastic modulus for 10% swelling is 209.01
MPa (Standard Deviation=2.51), which is about 1.6 times lower than 0% swelling. Furthermore,
the elastic modulus of swelling clay continues to decrease with increase in the level of swelling.
The modulus of elasticity for 20% swelling is 102.99 MPa (Standard Deviation=1.84), which is

one half of the elastic modulus of 10% swelling. Additionally, the elastic modulus of dry clay is
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found to be 77.55 MPa (Standard Deviation=1.84) that is 1.3 times lower than that of 20%
swelling, and it further indicates that the dry is much softer than 20% swelling.

The hardness values from displacement-controlled at a maximum depth of 500 nm on dry
as well as saturated samples swollen to 0%, 10%, and 20% swelling are evaluated. Table 6.1 also
presents the hardness values for dry clay and saturated clays. The average hardness for 0%
swelling is 18.10 MPa (Standard Deviation=0.59), which is 2.8 times higher than that of dry
clay. Thus, the saturated sample at no volume change condition becomes much harder than dry
clay. However, the hardness values decrease with increase in the levels of swelling. Furthermore,
the hardness of 10% swelling is 11.27 MPa (Standard Deviation=0.50) that is 1.5 times lower
than 0% swelling. The hardness of 20% swelling is 9.43 MPa (Standard Deviation=0.84) that is
1.3 times lower than that of 10% swelling, whereas the hardness of 20% swelling is 1.4 times
higher than that of dry clay. Thus, it is evidently clear that the level of swelling not only

influences the elastic modulus but also hardness.
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Figure 6.10. The nanomechanical properties for dry clay, and saturated clay at 0%, 10%, and
20% swelling using nanoindentation: (a) modulus of elasticity and (b) hardness.
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6.2.3. Evolution of Microstructure

In order to understand the role of swelling on the macro scale and nanoscale mechanical
properties of swelling clays, the study of the evolution of the microstructures at various level of
swelling is necessary. Figure 6.11 shows the SEM micrographs of dry as well as saturated
NaMMT samples at various level of swelling. For the dry case, relatively large particle sizes are
observed, and the void spaces between the particles are visible. As soon as water molecules are
added to dry clay and allowed to swell to the predermined levels of swelling, the microstructure
of clay is altered, leading to particle breakdown into smaller sizes as shown in Figure 6.11 (b-d).
This phenomenon can be correlated with the results from the molecular modeling of dry as well
as NaMMT hydrated at various level of swelling in which the stability of the structure in dry
NaMMT clay is maintained by the attentive interactions between the clay sheets and interlayer
cations [65]. However, with increase in water content in the interlayer gallery, the interactions
between clay sheets rapidly diminish, causing particle breakdown. Also, the attractive
nonbonded interactions between the interlayer sodium cations and water molecules that form a
well-organized pattern called hydration shell, which initiates swelling through exfoliation of clay
sheets [40].

Figure 6.11 also clearly shows that the breakdown of the clay particles increases with an
increase in the levels of swelling, resulting in the filling of void spaces between the clay
particles. Furthermore, the void ratio is defined as the ratio of the volume of voids to the volume
of solids, and the void ratio does not alter at 0% swelling sample because the volume of solids or
change in the total volume with respect to original volume is not allowed during saturation

period. However, the values of void ratio for 10% and 20% swelling increase because the
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samples are allowed to swell because of change in total volume of the sample during swelling
process.

It is clearly observed that the particle sizes decrease significantly with increase in
swelling level. The clay-fluid interactions play an important role to alter the microstructure of
swelling clay, causing large agglomerations of clay particles breakdown into the smaller sizes.
Similar observations have been reported in the literatures to evaluate the effect of swelling
pressure not only with water but also with a various organic polar and nonpolar fluids [2, 34].
The change in microstructure influences the macroscale properties—unconfined compressive

strength and undrained cohesion—of swelling clays.
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Figure 6.11. SEM micrographs at the same scale showing the evolution of microstructure of dry
and saturated NaMMT clay swollen to various swelling level: (a) dry (adopted from our previous
work by Amarasinghe et al. 2012), (b) 0%, (c) 10%, and (d) 20%.
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6.3. Conclusions
This work provides an insight into the role of swelling on the macroscale mechanical
properties, evolution of microstructures, and nanomechanical properties of NaMMT
swelling clays. A controlled uniaxial (CUS) device is used to saturate the samples, and
this device further allows to swell in a predermined level of swelling without bulging the
swelling clay samples. In this study, we choose three swelling levels: 0%, 10%, and 30%.
The unconfined compressive strength and undrained cohesion of these three swollen
samples at the macroscale are evaluated. Furthermore, the swelling level tested samples
are used to study the microstructures using a scanning electron microscope and
nanomechanical properties (elasticity and hardness) at the molecular level using
nanoindentation experiments.
The unconfined compressive strength of the NaMMT sample decreases with increase in
the swelling level. The swelling pressure of NaMMT clay under no volume change
condition is the highest, and swelling pressure continues to decrease with an increase in
swelling level. Thus, large unconfined compressive strength at no volume change is
higher than that of the samples swollen to 10% and 20% swelling. This is because the
internal swelling forces developed by the clay-water interactions provide more resistance
upon compressive and shearing at constant strain rate. Furthermore, the undrained
cohesion decreases with increase in the levels of swelling.
Swelling also controls the evolution of the microstructure of NaMMT clay. As water
molecules enter to the NaMMT interlayer gallery, the interactions of water with clay
sheets and interlayer cations initiate swelling as well as develop the internal swelling

forces, and the microstructure of clay is altered. Furthermore, the particles breakdown
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into smaller sizes with an increase in the levels of swelling, and thus the void spaces
between the particles are filled. Therefore, the change in the microstructure of the
swelling clays significantly alters the unconfined compressive strength at various levels
of swelling. The results further demonstrate that swelling influences the mechanism on
the evolution of the microstructures and macroscale mechanical properties of swelling
clays.

Nanoindentation experiments in the displacement controlled mode are carried out for dry
clay as well as undisturbed saturated clay swollen to 0%, 10, and 20% swelling for the
first time. The Berkvich tip is cleaned prior to each indent to reduce the interaction
between the tip and samples. In this work, Oliver and Pharr method is used to compute
the elastic modulus for all samples. The load-dispalcement curve for no volume change
clay sample is much wider than the swollen clay samples. With an increase in the level of
swelling, the L-D plots become much narrower. The maximum force needed to indent the
same magnitude of displacement for saturated sample at no volume change condition is
significantly higher than that of dry clay. Furthermore, the maximum force needed to
indent decreases with increase in the levels ofswelling, which be correlated with a much
larger force is required to oppose the internal swelling pressure for 0% swelling than that
of 10% and 20% swelling. The modulus of elasticity and hardness also decrease with
increase in the levels of swelling.

In summary, the change in the nanomechanical properties of swelling clays at various
levels of swelling is linked with the variation of the macroscopic unconfined compressive
strength, undrained cohesion, and evolution of the microstructures. In this work, the

influence of the nanomechanical properties of swelling clays at various levels of swelling
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has been reported for the first time. The results from the experimental techniques at the
macroscale, microscale, and nanoscale could be an important factor for the development
of the multiscale modeling of swelling clays.
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7. MODELING MOLECULAR INTERACTIONS OF SODIUM MONTMORILLONITE
CLAY WITH 3D KEROGEN MODELS®
7.1. Introduction

Current Energy demands of the world continue to increase and thus increase the oil
demand worldwide. Overreliance on conventional sources of energy can cause the instability of
supply and demand in the future. The fluctuation of oil price over the years has also led
researchers to seek to develop unconventional sources of energy. Thus, oil shale is an integral
and alternative source of energy. The Green River Formation is situated in western United States
in Colorado, Utah, and Wyoming and it has 70% of the total oil shale reserves in the world [1].
These regions have about 1.5 trillion barrels of oil with estimated recoverable oil of 800 billion
barrels [2], which is three times greater than the reserves of oil in Saudi Arabia [3].

Oil shale is a fine-grained sedimentary rock that is formed by the deposition of clay size
mineral particles and organic matter. The organic matter in oil shale consists of bitumen and
kerogen. Kerogen is the most abundant form of combustible carbonaceous material on earth,
which is a precursor of crude oil and insoluble in common organic solvents [4]. Kerogen
contains hydrogen, oxygen, carbon, nitrogen, and sulphur. The classification of kerogen as Type
I, Type Il, and Type |1l depends on the hydrogen, carbon, and oxygen content [5]. Green River
oil shale belongs to Type | kerogen because the hydrogen to carbon ratio is greater than 1.25 and

oxygen to carbon ratio is less than 0.15 [6]. Green River oil shale contains 86.2% mineral matter

5 This chapter describes the development of 3D kerogen, and the nonboned interactions of kerogen with NaMMT
clay have been studied at the molecular level. Most of the contents of this chapter has been published in Dinesh R.
Katti, Keshab B. Thapa, and Kalpana S. Katti, Modeling molecular interactions of sodium montmorillonite clay with
3D kerogen models, Fuel 199 (2017) 641-652. Keshab B. Thapa had primary responsibility for collecting samples
in the field and for interviewing users of the test system. Keshab B. Thapa was the primary developer of the
conclusions that are advanced here. Keshab B. Thapa also drafted and revised all versions of this chapter. Dinesh R.
Katti and Kalpana S. Katti served as proofreader and checked the math in the statistical analysis conducted by
Keshab B. Thapa.
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and 13.80% organic matter by weight percentage [7]. The minerals primarily consist of dolomite,
calcite, montmorillonite, feldspar, and quartz. Mineral content within kerogen plays a significant
role during kerogen formation in oil shale, and clay minerals acts as a catalyst and restrained the
organic matter [8, 9]. Oil shale yields a significant amount of oil through pyrolysis or retorting;
heating of oil shale under varied temperature produces oil [10, 11]. The pyrolysis of oil shale
using a wide range of acids produces a significant amount of oil because self-heating temperature
assists to cleave the various hydrocarbon chains [1]. The pyrolysis by MD simulations showed
the breakdown of C—C bonds, resulting in formation of small molecules of aliphatic
hydrocarbons [12]. However, pyrolysis involves excessive energy to decompose kerogen and
mineral matrix to shale oil and produces toxic compounds, and it is commercially uneconomical
[13].

Molecular dynamics simulation is an excellent computational tool to understand the
behavior of materials at a molecular level. In our previous work, extensive studies have been
carried out to investigate the mechanical response of clay as well as interactions between clay
and fluids by Fourier transform infrared (FTIR) spectroscopy and molecular dynamics
simulations [14-20]. It has been observed that the configuration of fluid molecules in the clay
layer during swelling is influenced by non-bonded interactions between them [18]. In the
authors’ prior work, molecular interaction of the composite system has been studied [21, 22]; the
mechanics of organic structures is found to be influenced by the mineral proximity and non-
bonded interaction between organics and minerals [23-25]. Furthermore, we studied these
phenomena using molecular dynamics simulations in various bio-nanocomposites: seashell [23],
bone [26], polymer clay nanocomposites [22], and polymeric hydroxyapatite nanocomposites

[27].
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Extensive photoacoustic FTIR experiments on insitu Green River oil shale have been
performed in our previous work [3]. We have observed significant molecular interaction between
kerogen and minerals in oil shale, primarily non-boned interaction. The nanomechanical
behavior of oil shale has been studied and the modulus of kerogen is found to be in the range of
5-11 GPa [28, 29]. Kerogen is amorphous and finely dispersed on the minerals mineral with a
size in the order of tens of nanometers [29]. Although the structure of kerogen is complex,
kerogen moieties in Green River oil shale have been identified [30], and the interactions with
minerals have been studied [31]. Montmorillonite, one of the minerals in Green River oil shale,
is an expansive clay mineral in swelling clay used as landfill liners, asphalt modifier, drug
delivery system, and polymer clay nanocomposites. In addition, the molecular dynamics and
FTIR were carried out to investigate the molecular interaction between Na-montmorillonite and
three kergoen moiestes: pyridine, heptylamine, and quinidine [32]. It was shown that the strong
non-bonded interactions exist between them. The extraction and mechanism of these kerogen
moieties from the silica surface have been studied by molecular dynamics simulation [33].

The functional group of kerogen exposed to mineral surface illustrates the binding of
kerogen with mineral matrix because of non-bonded interactions [6]. Different methods have
been applied to separate unaltered kerogen from mineral matrix in oil shales, but the efficient
method of kerogen extraction from oil shale still remains complicated [34]. Thus, molecular
modeling analysis of three-dimensional (3D) kerogen and mineral is promising aid to extract
kerogen effectively. The representative two-dimensional (2D) kerogen structure of Green River
oil shale has been developed by Siskin using mass spectroscopy and NMR analysis [35]. Based
on Siskin’s 2D structure, 3D Green River kerogen model is developed by ab initio and molecular

mechanics computations [36]. Although the fundamental 3D kerogen structure was initially
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obtained [37] using a computational tool, simulations have not been carried out on it. The
molecular model of 3D of Green River kerogen is developed to mimic the real kerogen structure
using 2D Siskin structure, and CHARMM compatible force field parameters in our study.
Nevertheless, the non-bonded interactions energy between 3D kerogen and mineral have not
been investigated by molecular dynamics simulations. These non-bonded interactions are
essential to design the methodologies to extract the oil, efficiently, economically, and
environmentally safe from oil shale. In this study, we present our results from molecular
dynamics simulation on Green River type | kerogen and Na-montmorillonite clay mineral and
insight into conformation and quantitative non-bonded interactions of kerogen in close proximity
to the clay mineral at the molecular level.
7.2. Methodology

7.2.1. Model Construction

The Na-montmorillonite is a simplified model of clay sample SWy-2 and was acquired
from the Clay Minerals Repository at The University of Missouri, Columbia, Missouri. The
chemical formula of the unit cell is NaSiis(AlsFeMg)O20(OH)s. The coordinates of the unit cell
were received from the model proposed by Skipper et al. [38], and the atomic charges were
received from Tappen et al. [39]. The 4x2 model was initially constructed for studying the
mechanical response of both dry and hydrated sodium montmorillonite clay [40]. The Na-
montmorillonite clay layer has a tetrahedral-octahedral-tetrahedral (T-O-T) structure. An
octahedral clay sheet is sandwiched between tetrahedral clay sheets. The dimensions of unit cell
are 5.28A x 9.14A x 6.56A. However, in our work, each clay model has 6x3 unit cells, and there
are 6 unit cells in X-direction and 3 unit cells in Y-direction and overall initial dimensions of

31.68 A x 27.44 A x 24.16 A as shown in Figure 7.1.
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Figure 7.1. Molecular model of Dry Sodium (Na)-Montmorillonite.

The isomer substitution by metal atoms has taken place in the octahedral sheet, resulting
in the negative charge on the individual clay sheets. During isomer substitution, nine Aluminum
(AI*3) cations are replaced by nine Iron (Fe*3) cations and another nine Aluminum (Al*®) cations
by Magnesium (Mg*?) cations. The negative charges of the clay sheets were balanced by adding
nine sodium (Na*) cations (naturally found inorganic species in the clays) in the interlayer. The
detailed explanation of 6x3 model construction is described in our previous work [41].

The construction of a complete 3D kerogen model is initiated based on the Siskin’s 2D
kerogen structure. The chemical formula of Green River Type | kerogen is Ceas H1017N19017S4
[35]. In this work, the parameter and structure were acquired by dividing kerogen into seven
fragments: fragment 1 (C1sHss), fragment 2 (C1sHzo), fragment 3 (C20Ha2), fragment 4 (CssHeoO),
fragment 5 (C7sH117N4Os), fragment 6 (C102H167NOSy), and fragment 7 (C367H547N10010S2). The
construction of 3D structure was developed starting from fragment 1 to fragment 7 (Figure 7.2).
Materials Studio 6.0 software is used to generate all models. The coordinate file of these models
was acquired from Material Studio in protein data bank (pdb) format, and structure file was
obtained from Visual Molecular Dynamics (VMD) 1.9.1 plugin in protein structure file (psf)

format. These individual fragments were then merged into a single model using Visual
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Molecular Dynamics (VMD) Merge Structures plugin. The CHARRM force field parameters for
small organic molecules have been developed using CHARMM General Force Field (CGenFF)
[42]. CHARMM compatible force field parameters were obtained for the structures using
ParamChem — a web based integrated cyber environment developed by multi-disciplinary team
collaborating between the members of the research groups from various University Institutions.
CHARMM force field parameters were generated by analogy by CHARMM General Force Field
(CGenFF) program. The complete fragment 7 (largest) structure was built by splitting the
fragment 7 into five smaller parts because a limited number of atoms can be used to generate the

force field parameters in a molecule using ParamChem.
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Figure 7.2. Molecular structure of kerogen based on Siskin’s structure a) fragment 1, b) fragment
2, c) fragment 3, d) fragment 4, e) fragment 5, f) fragment 6, and g) fragment 7.

These fragments were then merged to construct a single 3D kerogen molecule as shown
in Figure 7.3. In order to mimic real condition, the 12-unit 3D kerogen model was constructed by
merging twelve single 3D kerogen molecules using VMD Merge Structures plugin. From our

previous studies, extensive experimental results have shown that the dimension of kerogen is in
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tens of nanometer (Alstadt et al., 2015). Therefore, overall dimensions of the 12-Unit 3D
kerogen model are X=71.92 A, Y=88.98 A, and Z=63.89 A which is also consistent with the
experimental result (Figure 7.4).

ocC
@0

1% &

10A

Figure 7.3. Molecular model of three-dimensional Green River Type | kerogen. The chemical
formula is C645 H1017N19017S4. Color coding: C (cyan), H (white), N (blue), O (red), and S
(orange).

With the 12-unit 3D kerogen as a verified molecular model, the next step in the modeling
work involved subjecting the molecular model to the insitu stresses experienced during the
geologic formation of the kerogen to create an insitu kerogen molecular model. The kerogen
model was brought in close proximity of one of the major minerals, Na-montmorillonite clay,
identified in the Green River oil shale. Therefore, 12-unit 3D kerogen model was inserted
between two 6x3 unit Na-montmorillonite clay models using VMD Merge Structures plugin,

resulting in representative kerogen-mineral model. Overall dimensions were found to be

X=71.92 A, Y=88.98 A, and Z=105.89 A (Figure 7.5).
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Figure 7.5. Initial 12-unit three-dimensional kerogen and 6x3 unit Na-montmorillonite clay
model showing kerogen within clay mineral matrix.

7.2.2. Simulation Details
Molecular dynamics was used for the molecular modeling of 12-unit 3D kerogen model

and Na-montmorillonite clay. In molecular dynamics (MD), NAMD 2.9 developed by
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Theoretical and Computational Biophysics Group, Beckman Institute, the University of Illinois
at Urbana-Champaign, was used. After the construction of a single unit of 3D kerogen molecule
model was completed, the next task was to make the molecular cluster of kerogen molecules to
mimic real conditions. For this purpose, twelve single 3Dkerogen molecules were combined. The
12-unit 3D model was minimized and run through annealing cycles to assure that the
confirmation of molecule was the true confirmation and free from artifacts during molecule
building process. In minimization, the temperature was 0 K, and pressure was 0 atmosphere.
After minimization, an annealing process was carried out, which involved optimization of the
large and complex system [43].

Temperature decreases slowly in annealing process and molecules get sufficient time to
redistribute their position [44]. In the first step, the simulations were run at normal room
temperature and atmospheric pressure (NTP), resulting in isothermal-isobaric conditions. The
temperature was increased from O K to 300 K in three steps with an increment of 100 K. The
pressure was increased from O atmosphere to 1 atmosphere (1.013 bars), keeping the constant
temperature at 300 K. However, the pressure was raised in four steps with 0.25 bar in each step.
The second step of the simulation was to increase the temperature of the 12-unit 3D kerogen
model from 300 K to 500 K with increment of 100 K. In the final step, the model was cooled
from 500 K to 300 K at same steps as in increment. Final simulation was done for 2,000,000
steps with the time step of 0.5 fs, simulation period of 5 ns. The energy vs time for a typical
simulation is shown in Figure 7.6, which validates equilibration of the system. All simulations
were run using Thunder Cluster with 2 nodes and 20 processors at the Center for
Computationally Assisted Science and Technology (CCAST) at North Dakota State University,

Fargo, North Dakota.
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Figure 7.6. Plot of total energy versus time from minimization to 5 ns. Plot shows the
equilibration of 12-unit kerogen and Na-montmorillonite clay model in MD simulation.

The representative model of 6x3 Unit Na-montmorillonite was acquired by comparing d-
spacing simulation result of the clay sheet with X-Ray diffraction (XRD) result. The simulation
was run for 800,000 steps with the time step of 0.5 fs, which is equivalent to 400 ps. The
periodic boundary conditions were applied to models to imitate the infinite number of clay sheets
separated by interlayer. The clay sheets are constrained in X and Y direction but allowed to
move in Z direction. On the other hand, 12-unit 3D kerogen model is allowed to move in all
directions. The 12-unit 3D kerogen and Na-montmorillonite model was also run for 400 ps at
NTP. Additionally, the model was run for 5 ns in 15 steps after NTP to ensure the simulation was
stable for longer duration.

7.3. Results and Discussions

For the representative model of Na-montmorillonite, the d-spacing was measured by
computing the vertical distance between the corresponding surface oxygen atoms of the clay
sheets molecular model of the Na-montmorillonite after MD simulation is shown in Figure 7.7.
The experimentally obtained d-spacing of dry Na-montmorillonite was 9.85 A [15], and our

molecular dynamics simulation resulted in d-spacing value of 10.72 A. These data agree with the
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modeling system for our studies. Although this clay model has a small size, periodic boundary

condition was used to replicate the infinite clay sheets parallel to each other.

Figure 7.7. Structure of representative model of Na-montmorillonite at 300 K temperature and 1
atmospheric pressure (d-spacing = 10.72 A).
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Figure 7.8. 12-unit three dimensional molecular model of kerogen after equilibrium.

Figure 7.8 shows the equilibrated 12-unit 3D kerogen model after annealing process for
time period of 1 ns. The atomic pair distribution functions (PDFs) analysis was conducted on the
12-unit 3D kerogen to validate the kerogen modeling system. A PDF plot was developed, as seen
in Figure 7.9, using VMD-Radial Pair Distribution Function plugin, and results were compared

with the radial distributions from NMR experiment and a computational model from literature
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(Orendt et al., 2013) on kerogen from the Green River oil shale. The atom—atom correlations
agree with Orendt et al. [36] based on typical carbon bond lengths, C—H (1.15 A) and C—C (1.55
A), angles, C—-C-H (2.15 A) and C—-C—C (2.55 A), and dihedrals, C-C—C—C (3.85 A). The
distributions are also consistent with results from NMR data presented by the same authors.
These results suggest that the newly constructed 12-unit 3D kerogen model is a viable,

representative kerogen model for incorporation into kerogen-mineral interaction studies.
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Figure 7.9. A Pairwise Distribution Function (PDF) plot of 12-unit kerogen model at time period
of 1 ns.

A snapshot of the 12-unit 3D kerogen and 6x3 unit clay model after the simulation
duration of 5 ns is shown in Figure 7.10. The overall dimension of the model is x = 65.42 A, y =
86.62 A, and z = 99.70 A, which is still on the order of tens of nanometer size and smaller than
the initial dimension of the model. The conformation of kerogen was observed to be changed in

the presence of clay mineral. The kerogen pulled the clay sheet by 11 A in z-direction which

191



supports the strong attractive non-bonded interaction between them. The snapshots of kerogen
fragment 1 through fragment 7 with clay sheets after the MD simulations are shown in Figure
7.11 and 7.12. The total non-bonded interaction between clay and the individual seven fragments
of 12-unit kerogen was computed. Due to isomeric substitution, negative charges were developed
in the clay sheets, and the hydrogen atoms of the kerogen that were present in all the fragments
were attracted by the clay sheet. The nonbonded interaction becomes weak when the distance
between the kerogen and clay sheets exceeds 12 A, the region within this distance is considered
in proximity to clay sheet in this study. Overall the resulting interactions were strong because a

large number of atoms have been included in the interaction.
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Figure 7.10. Kerogen-clay model after the simulation up to 5 ns.

The conformation of kerogen fragments in clay mineral provides insight about the
trapped kerogen within the mineral matrix. In this work, the orientation of individual fragments
at the molecular level was studied. There were 12 of each of the seven fragments in the 12-unit
3D kerogen model. However, only certain numbers of each fragment, as seen in Figure 7.11(a-f)

and Figure 7.12, were in proximity to clay sheets: fragment 1 had two, fragment 2 had five,
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fragment 3 had three, fragment 4 had three, fragment 5 had three, fragment 6 had three, and
fragment 7 had four. In the case of fragment 1, which mainly consists of aliphatic hydrocarbons,
one of the fragment units was aligned parallel and perpendicular to the clay surface in the XY-
plane as shown in Figure 7.11(a). The aromatic hydrocarbons of fragment 2, on the other hand,
were more influenced and attracted to the clay sheet than its aliphatic hydrocarbons, as seen in
Figure 7.11(b). It was evident that the aliphatic hydrocarbons of fragment 3 and aromatic
hydrocarbons of fragment 4 were flat and parallel to the surface of the clay sheet as shown in
Figure 7.11(c) and Figure 7.11(d) respectively. Figure 7.11(e and f) shows the aliphatic and
aromatic hydrocarbons of the fragments 5 and 6 were shifted toward the clay sheet. Most of the
aromatic hydrocarbons were perpendicular, and aliphatic hydrocarbons were parallel to the clay
surface in fragment 5. In contrast, the aromatic hydrocarbons of fragment 6 were perpendicular
to the clay surface. Fragment 7 was the largest fragment, and it contains a higher number of
atoms than other fragments. It was found that the aliphatic hydrocarbons, aromatic hydrocarbons,
and aromatic nitrogen were oriented toward clay surface as shown in Figure 7.12. Aliphatic
hydrocarbons were flat and randomly oriented, but aromatic hydrocarbons were normal to the
clay surface. Aromatic nitrogens were flat, parallel, and inclined to the clay surface. This study
shows that the edges of the functional groups of these fragments were pointed towards the clay

sheet because the oxygen atoms lying on the surface of clay sheets possess high negative charge.
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Figure 7.11. Snapshot showing the conformation of different fragments of kerogen in close

proximity to clay models a) fragment 1, b) fragment 2, c) fragment 3, d) fragment 4, e) fragment

5, and f) fragment 6. Only certain numbers of individual fragment are close to clay surface
represented by Licorice form.
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Figure 7.12. The conformation of kerogen fragment 7 in close proximity to clay surface.

Kerogen-mineral interaction was studied in our previous work by photoacoustic FTIR on

the Green River Oil shale [3]. The result showed that the kerogen-clay interaction is mainly non-
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bonded in nature. Thus, in this work, the non-bonded energies between kerogen and clay and
between kerogen fragments have been computed. The non-bonded energy is the summation of
electrostatic energy and van der Waals (VDW) energy. The attractive and repulsive energies
between the two constituents of the modeling system are represented by the negative and positive
energies respectively. Figure 7.13 shows the interaction energy between 12-unti kerogen and
clay, which is a strong attractive non-bonded. These results are consistent with our previous
studies on the Green River oil shale [3]. The VDW energy between kerogen and clay sheets was
very high, and it was 290% higher than electrostatic energy. However, the interaction energy
between kerogen and sodium was small compared to kerogen-clay interaction. The nonbonded
interactions between sodium (Na) and clay sheets before and after the introduction of kerogen is

shown in Figure 7.14.
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Figure 7.13. Overall interaction energy of 12-unit 3D kerogen with clay.
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Figure 7.14. The interaction energy between sodium (Na) cations and clay sheets before and after
the introduction of kerogen.

The computation of energies was carried out by considering kerogen fragments in
proximity to clay surface only. Figure 7.15 shows that fragments 4 through 7 have higher non-
bonded interactions with clay than other fragments, and these attractive interactions were
predominated by VDW energy. VDW energy was found to be almost the same for fragments 1
and 2, resulting in same total non-bonded energy. However, VDW energy between fragment 3
and clay sheet was 250% greater than fragments 1 and 2 and clay. Similarly, VDW energy of
fragment 4 and clay was more than 200% greater than fragment 3 and clay. The total non-bonded
energy of fragment 4 with clay was slightly greater than fragment 5 with clay whereas the
corresponding electrostatic interaction energy was similar. The non-bonded energy between
fragment 7 and clay was observed to be more than 250% greater than that between fragment 6
and clay. Although the VDW energy was 300% greater, in this case, electrostatic energy
remained the same. Thus, our molecular dynamics studies show a significant non-bonded

interaction between kerogen fragments and clay. Among the seven fragments, fragment 7
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exhibited the highest non-bonded interaction with clay. These results also suggest that the VDW

interactions play a significant role in kerogen-mineral interfaces.

[ Electrostatic O VDW m Non Bonded

M.
-100 58 g5 Bl s A -51 65
-200 “171:178
-300
-28
32 356
-400 =
-37 -388
-420
-500
3
g -600
~
2
> -700
0
Q
{=4
' _800
-900
-1000 241
-1100
Fragment 1 ’ Fragment 2 | Fragment 3 ‘ Fragment 4 ’ Fragment 5 | Fragment 6 ‘ Fragment 7

Figure 7.15. Interaction energy of clay with seven fragments of kerogen, fragment 1, fragment 2,
fragment 3, fragment 4, fragment 5, fragment 6, and fragment 7, in close proximity to clay
surface.

At the same time when kerogen interacted with clay, strong molecular interactions
between kerogen fragments were observed. Figure 7.16 shows the variation of interaction energy
between kerogen fragments, fragments 4 through fragment 7. These interactions were attractive
in nature and increased with increasing fragments from 4 to 7. The interactions within kerogen
fragments arose due to both VDW and electrostatic interactions. All the interactions were
primarily attractive in nature. Although the total nonbonded interaction between fragments 4 and

5 and fragments 4 and 7 was approximately the same, interaction energy between fragments 4

and 6 was slightly greater than fragments 4 and 7.
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On the other hand, the total non-bonded interaction between fragments 5 and 6 was about
350% higher than fragments 4 and 7. These interactions were VDW in nature. The non-bonded
interaction between fragments 5 and 7 was more than 150% greater than fragments 5 and 6.
Figure 7.16 also shows a plot of total non-bonded interaction between fragments 5 and 7
indicating that it was more than 250% higher than between fragments 6 and 7. These interactions
were observed to be attractive and electrostatic in nature, and the magnitude of these interactions
was also much higher than individual kerogen fragments and clay interactions. Thus, attractive
interactions between kerogen fragments hold the kerogen structure together.
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Figure 7.16. Attractive interactions between kerogen fragments: fragments 4 and 5, fragments 4
and 6, fragments 4 and 7, fragments 5 and 6, fragments 5 and 7, and fragments 6 and 7.

7.4. Conclusions
¢ In this work, the non-bonded interactions between the complete 3D kerogen structure and

clay were studied using molecular dynamics simulation. The construction of the

198



molecular model of 12-unit 3D kerogen was based on Siskin’s 2-dimensional structure
divided among seven fragments. Fragments 1, 2 and 3 consisted of aliphatic
hydrocarbons (carbon-carbon single bond). In addition, fragment 3 consisted of aromatic
hydrocarbon (one benzene ring) which was connected with aliphatic hydrocarbons.
Fragment 4 consisted of aromatic and olefinic hydrocarbons and one Oxygen atom with
high negative charge. Similarly, fragments 5, 6, and 7 comprised of aliphatic, olefinic,
and aromatic hydrocarbons, aliphatic nitrogen, ammonical nitrogen, oxygen atoms, and
these fragments were larger than other fragments. Additionally, fragments 6 and 7 had
sulphur atoms. Oxygen and nitrogen atoms present in these fragments exhibited high
negative charge, resulting in high non-bonded interaction energy.

The representative 3D kerogen model was verified by developing PDFs on the 12-unit
3D kerogen model. On the other hand, the validation of clay model was accomplished by
comparing d-spacing of the clay structure from molecular dynamics simulations with the
experimental result from XRD. Thus, merging these two models, the complex and robust
kerogen-clay model was developed in our study.

Our simulation results reveal that attractive non-bonded interactions between kerogen and
clay were responsible for holding them together. The identification of the seven kerogen
fragments and their orientations was studied in proximity to the clay surface. While the
aliphatic hydrocarbons of fragment 1 and aromatic hydrocarbons of fragment 2 were
attracted toward clay surface, fragments 3 and 4 were observed to be flat and parallel to
the clay surface. The aromatic hydrocarbons of fragments 5 and 6 were normal to the clay
surface. The aliphatic and aromatic hydrocarbons as well as the aromatic nitrogen atoms

were observed to be shifted toward the clay surface, with flat orientations. Furthermore,
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the non-bonded energy between each of kerogen fragments and clay was computed. The
computations indicate that the clay exhibits strong non-bonded interactions with kerogen
fragments 4 through 7. These non-bonded interactions were observed to be comparatively
higher than interactions between clay and fragments 1 through 3. Fragment 7 exhibited
higher non-bonded interactions with clay than other fragments. These attractive
interactions were found to be predominated by VDW energy. Similarly, the nonbonded
interactions within kerogen fragments 4 through 7 have been studied. Fragments 5 and 6,
fragments 5 and 7, and fragments 6 and 7 have strong attractive non-bonded interactions
that were predominantly electrostatic in nature.
These non-bonded interactions between specific kerogen fragments and between clay and
kerogen fragments play an important role in understanding the existence and mechanisms
of the kerogen-clay interlocking in the oil shale at the molecular level. The extent of the
energy differences and also locations of the preferential and higher interactions is
important for evaluation of kerogen extraction in future studies. This work provides
insight for future research to develop new methods of extraction of the kerogen
economically, efficiently, and environmental friendly from the oil shale.
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8. SUMMARY AND CONCLUSIONS

In this chapter, we summarize the systematic experimental and modeling work from the

macroscale to the molecular level to evaluate the behavior of two materials—swelling clay and

oil shale. The focus of this work is to investigate how the material properties at the molecular

scale are influenced by the nonboned interactions. The research findings and methods developed

in this work provide insight into the development of robust multiscale models of swelling clays.

The conclusions of the research work are as follows:

1. The role of fluid polarity in the swelling of Na-MMT clay: a molecular dynamics and

Fourier transform infrared spectroscopy study.

In this study, FTIR and MD simulations are carried out to investigate the swelling
behavior of Na-MMT with a formamide, water, methanol, and acetone. The shifts of
bands in the Si-O stretching band and Fe-OH deformation band are observed only on
the FTIR spectra of Na-MMT with formamide and water. This indicates that there are
significant nonbonded interactions of clay with polar fluids, causing the disorientation
of tetrahedral and octahedral clay sheets.

The results from the molecular dynamic simulations have indicated that the attractive
nonbonded clay-formamide and clay-water interactions are significantly higher than
clay-methanol and clay-acetone interactions. These results correlated well and are
consistent with the shifts of bands in FTIR studies. The MD simulations are able to
accurately model the experimental observations.

It is also observed that the patterns of the fluid molecules around the interlayer
cations are well organized observed when the amount and polarity of the interlayer

fluids increase.
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The molecular dynamics study with 10% fluid content for four fluids revealed that the
molecular interactions between clay sheets, sodium ions and fluid molecules are
significantly different for each of the four fluids. The clay-clay interactions have
decreased with increased in the polarity of fluids. On the other hand, the sodium-fluid
and clay-fluid interactions appear to relate to the size, number of amount of fluid
molecules in the interlayer, and the physical distribution of the fluid molecules in the

interlayer.

2. Compression of Na-MMT swelling clay interlayer.

In this work, SMD simulations are used to assess the mechanical response of the
interlayer of dry Na-MMT clay as well as clay with 10% and 30% fluid content with
low polar fluid acetone (20), medium polar fluid methanol (33), and high polar fluids
water (80) and formamide (110). Upon compression from 0 GPa to 1.48 GPa, the
interlayer spacing for dry Na-MMT clay decreased rapidly but linearly; whereas the
interlayer spacing decreased gradually when compressed from 2.22 GPa to 8.88 GPa.
For all clay-fluid models, it is found that the stress-deformation response of the clay
interlayer is linear from 0-1.48 GPa, but it is nonlinear from 2.22 to 8.88 GPa.

A much softer clay interlayer response is found for clay with fluids than that of dry
clay interlayer. Moreover, the clay interlayer with polar fluids is less compressible but
much stiffer than that of low and medium polar fluids. It is observed that the polarity
of the fluid influenced the compressibility of clay interlayer.

The compressibility of the clay interlayer is due to combined compression of the clay-
fluid interaction zone, exiting of the fluid molecules from the interlayer, and the

compression of the fluid molecules in the interlayer. The compression of the
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thickness of the fluid layers is observed for clay with 30% fluid, but the thickness of
10% fluid content remained unchanged.

e The nonbonded interactions between clay-clay, clay-sodium, sodium-fluid, and clay-
fluid molecules before and after compression for 10% and 30% fluid content are
evaluated. The attractive clay-fluid interactions for Na-MMT clay with 30% water
(80) and formamide (110) remain attractive upon compression, which indicates that
the hydration of the clay sheets continues upon compression; whereas the nature of
interactions for 30% methanol changed from attractive to repulsive upon compression
because of higher compressibility of the interlayer.

3. Influence of the molecular interactions on shear strength of Na-MMT with organic fluids

e SMD simulations are used to evaluate the molecular shear strength parameters for dry
Na-MMT clay interlayer and clay with 10% and 30% fluid content with fluids with a
range of polarities. Shear stress versus displacement plots are different for each of the
four organic fluids. Upon increasing the normal stress, shear stress required to shear
the top clay layer is increased. Shear strength of swelling clay upon shearing is
significantly higher for clay with polar fluids than that of medium and low polar
fluids.

e The molecular shear strength parameters, cohesion and angle of internal friction, of
dry Na-MMT clay and clay with 10% and 30% fluid content with fluids with a range
of polarities are computed. These parameters for Na-MMT with 10% fluids are higher
than Na-MMT with 30% fluid content in the interlayer.

e The layer-layer interactions, which are attractive in nature, for dry Na-MMT are

higher than Na-MMT clay with 10% and 30% fluid when the top clay layer is sheared
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at o =0 GPa and 6=8.88 GPa, The attractive sodium-fluid interactions for Na-MMT
with 10% and 30% fluid content when sheared at 6=8.88 GPa are strong, which
indicated that the hydration continues upon shearing. Also, the clay-fluid interactions
for Na-MMT with 10% fluid content when shearing under high compression
significantly decreased relative to no normal stress; the nature of van der Waals

energies changed from attractive to repulsive when shearing at high stress.

4. Experimental evaluation of shear strength of swelling clays at various level of swelling

In this work, a controlled uniaxial (CUS) device is used to saturate the samples and
allow them to swell to various levels of swelling. The unconfined compressive
strength and undrained cohesion at 0%, 10%, and 30% swelling are investigated.
The values of unconfined compressive strength of the Na-MMT samples decrease
with an increase in swelling. Furthermore, the unconfined compressive strength at no
volume change is significantly higher than the samples with 10% and 20% swelling.
Additionally, the undrained cohesion that is the half of the maximum unconfined
compressive strength is evaluated. Thus, undrained cohesion also decreased with an
increase in the level of swelling.

The clay particles breakdown into smaller size with an increase in swelling. Thus, the
level of swelling controls the evolution of the microstructures of swelling clays,
resulting in change of the unconfined compressive strength at various levels of
swelling.

The nanomechanical properties, the modulus of elasticity and hardness, for

undisturbed dry and saturated clay at three levels (0%, 10%, and 20%) of swelling are

210



accomplished using nanoindentation experiments in the displacement controlled
mode for the first time.

The load-displacement curves show that the maximum force needed to indent for the
same magnitude of displacement for 0% swelling is significantly higher than dry clay.
The magnitude of maximum force needed to indent further decreases with increase in
swelling. Also, the modulus of elasticity and hardness decrease with the increase in
the level of swelling, as result of molecular scale interaction between the clay and
fluid.

In summary, the above findings demonstrate that swelling influences the macroscale
mechanical properties, nanomechanical properties, and change in the microstructures

of swelling clays.

5. Modeling molecular interactions of Na-MMT clay with 3d kerogen models

In this study, a three-dimensional (3D) molecular model of kerogen has been
developed based on Siskin’s 2-dimensional structure. A kerogen molecule has seven
fragments; the fragments 1, 2 and 3 are aliphatic hydrocarbons, fragment 4 has
aromatic and olefinic hydrocarbons, and fragments 5, 6, and 7 have aliphatic, olefinic,
and aromatic hydrocarbons, aliphatic nitrogen, ammonical nitrogen, oxygen atoms.
The representative 3D kerogen model has been verified by developing atomic pair
distribution functions (PDFs) on the 12-unit 3D kerogen model. Also, the clay model
was validated by comparing d-spacing of the clay structure from molecular dynamics
simulations with the results from XRD experiments.

It has been observed that attractive nonbonded kerogen-clay interactions are

significantly higher than kerogen-sodium interactions, resulting in binding them

211



together. Seven fragments of kerogen interacted and oriented differently with clay
surface, resulting in certain parts of the kerogen molecules have high interactions
with clay.

e The strong attractive non-bonded interactions between the kerogen fragments are
primarily electrostatic in nature. The nonbonded interactions between the fragments
of kerogen and between clay and kerogen fragments at the molecular level play a
critical role in understanding the mechanisms of the kerogen-clay binding in the oil
shale.
The major contributions from the studies are as follows:

1. The quantitative nonbonded interactions of swelling clays with organic fluids with
various dielectric constant have been investigated using molecular dynamics simulations.

2. Correlations have been developed for identifying the effect of the polarity of fluids on
swelling clays by bridging the results from molecular modeling with the results from
experiments.

3. Steered molecular dynamics simulations of swelling clays with a wide range of polar
fluids have been conducted. The polarity of the fluids and the fluid content in the
interlayer plays a vital role in the interlayer spacing, interlayer volume, interlayer
compressive strain, interlayer modulus, nonbonded interactions, and conformation of the
fluid molecules upon compression.

4. The compressibility of the clay interlayer is due to the compression of the clay-fluid
interaction zone, exiting of the volume of fluids from the interlayer, and the compression
of the fluid molecules in the interlayer, and these are influenced by the clay-fluid

molecular interactions and the amount of the fluid in the interlayer.
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It has been demonstrated that the magnitude of shear stress required to pull the clay sheet
for polar fluids is significantly higher than that of medium and low polar fluids. The shear
strength parameters, the angle of internal friction and cohesion, are also influenced by the
polarity of fluids and the amount of the fluid content in the clay interlayer.

It has been found that swelling controls the macroscale mechanical properties,
nanomechanical properties, and evolution of the microstructure of swelling clay. The
unconfined compressive strength and undrained cohesion decrease with an increase in
swelling level.

Nanoindentation experiments on the undisturbed dry and saturated swelling clays have
been conducted for the first time. The effect of swelling on the modulus of elasticity and
hardness is investigated. The results show that the modulus of elasticity and hardness
reduce with increase in the levels of swelling.

3D molecular model of kerogen has been developed. This work further shows a
comprehensive analysis of the nonbonded interactions of kerogen with sodium
montmorillonite clay.

It has been found that there are strong attractive nonbonded interactions between kerogen
and clay, and only certain portions of the kerogen molecules have high interactions with

clay. The attractive interactions within the kerogen molecule are also strong.

213



9. FUTURE WORK
The studies presented in this dissertation provide insight into the role of clay-fluids
interactions for complete understanding of swelling mechanism as well as the influence of
swelling on the mechanical properties of swelling clays at the macroscale and nanoscale. Also,
the interactions between organic matter and mineral matrix in oil shale are investigated in this
work. The following suggestions are recommended for the future research avenues:

1. The compressibility and shear strength parameters with increased amount of initial fluid
content in the clay interlayer are needed to better understand the influence of the polarity
on mechanical properties at the molecular level.

2. The development of solvation model with a wide range of organic fluids—high polar,
medium polar, and low polar—is needed to study the molecular flow rate in the clay
interlayer.

3. The unconfined compressive strength of swelling clays is influenced by predermined
level of swelling. Therefore, it is recommended to evaluate the compressive strength and
undrained cohesion at higher swelling level.

4. The compressive strength of swelling clays with various organic fluids such as
formamide, methanol, and acetone is recommended to completely uncover the role of
clay-fluid interactions on the compressive strength of swelling clays.

5. The shear strength behavior of swelling clays at various level of swelling under different
drainage conditions are recommended using triaxial experiments. This will answer a
number questions about influence of swelling on the long-term and short-term behavior

of swelling clays.
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6. The modulus of elastic of the 12-unit 3D kerogen model in the presence and absence of
the mineral matrix using constant-force steered molecular dynamics simulations and
compare the results from nanoindentation experiments.

7. The load-displacement and shear characteristics of kerogen in proximity and non-
proximity of minerals are also suggested using constant-velocity steered molecular
dynamics simulations. The results from this study may provide the fundamental

mechanism behind unfolding and extracting of kerogen at mineral proximity.
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