GAS FLOW IN COMPACTED CLAYS

by

KRISTA SOPHIA GELMICH HALAYKO

A Thesis
Submitted to the Faculty of Graduate Studies

in Partial Fulfillment of the Requirements for the Degree of

MASTER OF SCIENCE

Department of Civil and Geological Engineering

University of Manitoba

Winnipeg, Manitoba

© September, 1998




g |

National Library Bibliothéque nationale
of Canada du Canada
Acquisitions and Acquisitions et ]
Bibliographic Services services bibliographiques
395 Wellington Street 395, rue Wellington
Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your Be Votre reférence
Our fig Notre raférence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de

reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette these.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-32123-1

Canada




THE UNIVERSITY OF MANITOBA
FACULTY OF GRADUATE STUDIES

A Ew

COPYRIGHT PERMISSION PAGE

GAS FLOW IN COMPACTED CLAYS

BY

KRISTA SOPHIA GELMICH HALAYKO

A Thesis/Practicum submitted to the F aculty of Graduate Studies of The University
of Manitoba in partial fulfillment of the requirements of the degree

of

MASTER OF SCIENCE

Krista Sophia Gelmich Halayko £1998

Permission has been granted to the Library of The University of Manitoba to lend or sell
copies of this thesis/practicum, to the National Library of Canada to microfilm this thesis
and to lend or sell copies of the film, and to Dissertations Abstracts International to publish
an abstract of this thesis/practicum.

The author reserves other publication rights, and neither this thesis/practicum nor
extensive extracts from it may be printed or otherwise reproduced without the author’s
written permission.



ABSTRACT
Compacted clays and clay-sand mixtures are being used increasingly to isolate wastes
from the biosphere. Clay buffers are commonly used in landfills and are proposed for
use in the Canadian nuclear fuel waste disposal concept. This study will investigate the

effect of high gas pressures on gas migration through compacted clay materials.

fliite, illite/sand and bentonite specimens, 50mm in diameter and 24mm thick, were
tested in a gas breakthrough apparatus with a capacity of 10 MPa. The inlet pressure
was either increased in steps or was held constant. Gas breakthrough was said to

occur when a response was noted at the outlet side of the specimen.

In the forty-two illite/sand specimens tested with effective clay dry densities, pc, ranging
from 1.30-2.10 Mg/m®, gas breakthrough was found to be between 0.2 and 6.4 MPa.
For most of the fifty-six increasing pressure tests on bentonite (p. = 0.6-1.2 Mg/m?®)
however, the upper capacity of the test equipment was reached before gas
breakthrough was observed. The increased resistance to gas breakthrough is because
of an increased proportion of bound water in bentonite which blocks all but the largest
continuous pores. Below a certain degree of saturation, no resistance to gas flow was
observed in either clay due to the fact that continuous gas pathways existed. This
threshold was =~ 85% for illite and =~ 93% for bentonite. Capillary and advection theories
were compared with the test data. The advection theories were found to provide a
more realistic representation of the real system and an estimate of gas breakthrough

pressure within an order of magnitude for increasing pressure tests.
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1.  INTRODUCTION

Barriers which consist of clays or clay-sand mixtures are becoming increasingly
favoured as an engineering solution for the isolation of wastes from the biosphere.
Compacted clay barriers are commonly used as liners for landfills. Clay-sand barriers
are also a part of the Canadian nuclear fuel waste disposal concept for the permanent
disposal of the radioactive waste. This concept is being proposed by Atomic Energy of
Canada Limited; it is aimed at minimizing the burden on future generations of storing

the nuclear waste produced today.

Engineered clay bamiers commonly known as buffers are the focus of this research
program. A bentonite-sand buffer has many desirable characteristics other than its low
hydraulic conductivity. Bentonite swells significantly upon contact with water, and this
characteristic is highly desirable for sealing any small cracks or fissures in the sub-
grade or host rock, or any cracks which may develop in the buffer itself. Other
desirable properties of the buffer include its low diffusion coefficient, and its tendency
to increase the pH of the water in contact with it, thus inhibiting corrosion of metals.
Buffer also has the capability to sorb radionuclides which might migrate from a

container of radioactive waste.

In recent years, several researchers (Jeffries, 1991, Grogan et.al. 1992, Wikramaratna
et.al. 1993, Agg et.al. 1996) have predicted that high gas pressures may develop
through biological or chemical reactions within a nuclear waste disposal repository,

significantly affecting flow of water and gas from it. Gases may also build up within
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landfills, especially if there is an inadequate gas-release system. Studies have already
been conducted on the hydraulic conductivity of bentonite and illite (Dixon, 1995) and
on their diffusion coefficients (Cheung, 1989). However, the effect of increased gas
pressures in clay buffers which could potentially damage the structure of the buffer and

increase contaminant migration rates, is relatively unknown.

1.1. CANADIAN NUCLEAR FUEL WASTE DISPOSAL CONCEPT

Compacted clay buffers are employed in the Canadian nuclear fuel waste disposal
concept. The concept consists of placing the nuclear fuel waste within a repository
located in a deep geological formation, 500-1000m below the ground surface. Spent
fuel bundles will be surrounded by a number of barriers which will retard the travel of
radioactive substances to the biosphere. Since the radioactivity of the spent fuel will
decrease with time, a low rate of flow from the repository to the biosphere is desirable.
A schematic diagram of the Canadian nuclear fuel waste repository concept is shown in
Figure 1.1. The most likely path by which radioactive isotopes could travel to the
biosphere would be through contamination of groundwater. The barriers between the
spent fuel bundle and the biosphere are as follows, (in order of increasing distance

from the fuel bundle):

e container - the spent fuel bundles will be placed inside a corrosion-resistant
titanium or copper container which would be designed to last at least 500

years




o buffer - a 50% Avonlea bentonite, 50% fractionated silica sand mixture will
surround the container. its low hydraulic conductivity will resist the
movement of contaminated groundwater in the event that there was a breach

in the container.

o Dbackfills - backfills will be used to fill the emplacement rooms, tunnels, and
shafts needed for the construction of the repository The backfills will have

characteristics similar to those of the buffer material.

e host rock - the plutonic rock of the Canadian Shield will isolate the waste

from the surface, and will limit the effects of natural forces and human activity

1.2. GAS GENERATION

Gas will be produced within any sealed waste containment site. In landfills,
decomposition of the organic fraction of the waste will produce quantities of gas larger
than can be dissipated by diffusion. Since the landfill will be an anaerobic environment,
the primary gases generated will be methane (CH,) and carbon dioxide (CO3)

(Tchobanoglous et al., 1993).

Within a nuclear waste disposal repository, there will be a number of different
mechanisms for the generation of gas. The controlling mechanisms depend upon time
from emplacement. Gas can be generated in the repository upon biological
degradation of organic materials, corrosion of metals left in the repository after

construction, and by radiolysis (Agg et.al. 1996). For example, under the aerobic
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conditions immediately following backfilling within a repository, carbon dioxide (CO,) will
form as a product of biological degradation of organics and will form the majority of gas
in the repository (Grogan et.al.1992). It is estimated that it will take 8 to 300 years for
all available oxygen to be spent (Johnson et.al. 1994a). After this, anaerobic conditions
will occur and methane and carbon dioxide will be the principal gases formed.
Anaerobic corrosion of metals will produce hydrogen gas (H;). In the short term,
corrosion of farrous concrete rainforcing bars and rock bolts will occur, and in the long
term the canister itself will corrode. A review of the chemical reactions which produce

these gases may be found in Jeffries (1991).

It is difficult to predict the amounts of gas that will be produced within a waste disposal
repository. Since the repository will be sealed, any gas generation in excess of the
small quantity that will be dissipated (through diffusion) will cause gas pressures to
increase. This will likely be the case with the Canadian nuclear fuel waste disposal
concept (Johnson et al. 1994a). For example, the oxidation of one kilogram of a
ferrous metal will produce 580 litres of hydrogen gas at STP. This can clearly cause

increases in pressure within the repository.

1.2.1. Consequences of gas generation

This thesis will study the effect of increased gas pressures on gas and water flow
through compacted clay buffers. A bentonite-sand buffer is often chosen because it
limits flow both by advection in response to a hydraulic gradient (as evidenced by its
low hydraulic conductivity) and by diffusion in response to a concentration gradient (as

evidenced by a low diffusion coefficient). Increased gas pressures will likely increase
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hydraulic gradients and cause other flow mechanisms such as two-phase flow to occur.
In two-phase flow, a buffer would be de-saturated by gases penetrating the pores and
pushing the water out. Once a continuous pore from one side of the buffer to the other
is established, it will provide a pathway for the flow of hazardous fluids. Increased gas
pressures may also dilate existing pores or shear previously bound water, allowing
greater rates of flow. Altemnatively, high gas pressures may fracture the buffer and

create completely new flow paths.

Some researchers (for example Grogan et.al. 1992) have suggested that venting of the
excess gas pressure (as is done in some landfills) would alleviate the problems
mentioned earlier for nuclear waste disposal repositories. If the container had already
been breached however, the gases could become radioactive. A venting facility would
also need to be staffed and maintained, putting a burden on future generations.
Another difficulty that could result is fire or explosion in the venting facility (or in the
repository) due to the highly flammable and explosive methane and hydrogen gases.
Jeffries et al. (1991) and Grogan et al. (1992) both present detailed discussions of the
fire and explosion hazards of gases generated in a repository and associated venting

facilities.

1.3. OVERVIEW

The research program that forms the basis of this thesis report builds upon the work of
Kirkham (1995) who performed gas breakthrough tests on illite. Work done in

collaboration with Hume (1998) is also included in the report. The research program




investigated the effects of type of clay, sand content, pore fluid, and test duration on

the gas breakthrough properties of compacted clay materials.

Tha literature review, Chapter 2, presents the current state of knowledge in the relevant
areas of clay minerals and structure, flow phenomena in porous media, and gas
migration research. Development of the research program and the scope of research
are discussed in Chapter 3. A description of the test apparatus and procedures follows
in Chapter 4. The test resuits are then presented in Chapter S and discussed in
Chapter 6. Chapter 7 details conclusions that have been drawn from the research

program and provides recommendations for future research.



2. LITERATURE REVIEW

2.1. INTRODUCTION

An understanding of the factors which affect gas flow in clay materials formed the
foundation on which this research program was built. A review of pertinent literature is
presented in this chapter. The review commences with a discussion of clay mineralogy
and structure, specifically focusing on illite and bentonite, the clays which were used in
this research program. The effect of the clay mineralogy and structure on flow of both
water and gas in clay materials is then discussed. The final section of this chapter
consists of a review of similar gas migration studies in clay materials by other

researchers.
2.2. CLAY MINERALOGY

2.2.1. Clay mineralis

There are two different usages of the word “clay”. The first usage of “clay” refers to the
size of a particle. By convention, any particle which has less than 2 um equivalent
diameter is referred to as a clay sized particle. This definition does not require that the
composition of the particle be of any specific mineralogical species although a large
proportion of clay sized particles are clay minerals (Bohn et al., 1985). In the second
usage, the term ‘clay mineral’ is used to describe phyllosilicates, or layer silicates,
which are a specific group of minerals. These may or may not be larger than 2 um in

equivalent diameter.




All clay minerals are made up of two types of structural units: tetrahedral sheets, and
octahedral sheets. The following section is a brief summary of extended descriptions

given for example, by Yong et al. (1992), and Mitchell (1976).

Tetrahedral sheets consist of silica tetrahedrons. In a silica tetrahedron, shown
schematically in Figure 2.1, each silicon atom is covalently bonded to four oxygen
atoms. In a tetrahedral sheet, three of the four oxygens are shared with neighboring
silicon atoms, forming a hexagonal net (Mitchell, 1976). The three oxygen atoms which
are shared form the basal plane. The one oxygen atom in a silica tetrahedron which is
not shared with neighboring tetrahedrons is referred to as the apical atom. The
structural unit of a tetrahedral sheet is (Si4 Ow)“'. It may repeat indefinitely in two

dimensions.

Octahedral sheets are made up of octahedrons, as shown schematically in Figure 2.2.
in an alumina or magnesia octahedron, cations (commonly AP or Mg*) are in
octahedral coordination with hydroxyl anions (Bohn, et al., 1985). Octahedral sheets
can be split into two categories; dioctahedral and tricctahedral. In a dioctahedral sheet,
a trivalent cation, such as aluminum occupies only two of the three possible cation
positions within the sheet. In a trioctahedral sheet, a divalent cation such as

magnesium must occupy all three cation positions within the sheet.

Clay layers are composed of multiple sheets, and can come in a number of different
configurations. Within a layer, tetrahedral and octahedral sheets are bonded together

by sharing the apical oxygen atoms of the tetrahedral sheet. A 1:1 layer silicate
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consists of one tetrahedral sheet and one octahedral sheet. An example of a 1:1 layer
silicate is kaolinite, shown in Figure 2.3. All the clays which will be discussed in this
study are 2:1 layer silicates, in which an octahedral sheet is sandwiched between two
tetrahedral sheets. Examples of 2:1 layer silicates are montmorillonite, illite (also

referred to as hydrous mica), and vermiculite (Figure 2.3).

When a mineral is formed, certain cations are sometimes replaced by other cations of
similar size but different valence. This replacement of cations is referred to as
isomorphous substitution. For example, in a tetrahedral sheet, aluminum (3+)
sometimes replaces silicon (4+). This gives the mineral a positive charge deficit, or a
net negative charge. Isomorphous substitution can similarly happen in octahedral
sheets. For example, in montmorillonite (2 member of the smectite group), some of the
aluminum atoms (3+) in the octahedral sheet are replaced by magnesium (2+). The

resuit is again a net negative charge.

The layers described in previous paragraphs bond together to form clay mineral
particles. The different types of 2:1 layer silicates differ mainly in the way the layers are
held together (Mitchell, 1976, Craig, 1992). To satisfy the net negative charge created
by isomorphous substitution, cations are attracted to the clay particles. The adsorbed
cations are often held between the phyllosilicate layers by ionic bonds and in this way,

help to bond the layers together.

The layer charge is defined as the amount of negative charge arising from isomorphous

substitution which must be balanced by external cations, per structural unit. The
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greater the layer charge, the stronger the ionic bond with the other layers will be (Bohn,
et.al., 1985). In micas, the layer charge is quite high and cations between the layers
are held very tightly. In contrast, smectites which have a low layer charge are weakly
bonded to other layers. The layers are so weakly bonded that water (a polar molecule),
can enter in between the layers and cause the clay to expand (or swell) under low
applied stress levels. Electrochemical equilibrium is maintained in an expanding

mineral.

The type of bonding between the layers of a clay can dictate its physical and chemical
properties (Bohn, et.al., 1985). For example, the surface area of a clay affects many of
its reactive properties. If the bonding between layers of a clay is very strong, the clay
will form large crystals composed of many layers which will withstand considerable
stresses. As a result, a clay with strong inter-layer bonds will have low specific surface
area. If the bonding between layers is weak, however, the clay will fracture between
the layers and will form many small flakes. This results in a very large specific surface

area.

2.2.1.1. lllite

lllite is a 2:1 layer silicate which is also referred to as hydrous mica since itis a
variation of the ideal mica structure. It has less interlayer fixed potassium ions and
more structured water than a real mica (McBride, 1994). In illite, isomorphous
substitution replaces one quarter of the silicon atoms in the tetrahedral sheets with
aluminum. Potassium in the interlayer space satisfies the resuiting positive charge

deficit, as shown in Figure 2.3. The potassium ions are referred to as “fixed” because
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they fit very tightly into the ditrigonal cavity which occurs between the basal oxygens of
the tetrahedral sheet and are therefore unlikely to be replaced. The fixed potassium
ions prevent water from getting into the inter-layer space and therefore restrict swelling
of this type of clay. lllite has a relatively low specific surface area of 70 - 120 x10° m*/kg

(McBride, 1994).

2.2.1.2. Montmorillonite

Montmorillonite is the main component of the natural bentonite material which was used
in this research program. Montmorillonite is a 2:1 layer silicate which has isomorphous
substitution predominantly in the octahedral sheet, as shown in Figure 2.3. In some
montmorillonites, there is also some substitution of aluminum for silicon in the
tetrahedral sheet. Since montmorillonite has a relatively low layer charge which occurs
predominantly in the octahedral sheet, the layers are not tightly bound together by
cations as in illite, and are much more likely to et water into the interlayer space.
Swelling and shrinking properties exhibited by montmorillonite are a result of the water
being able to occupy the interlayer space. Montmorillonite has a specific surface area
of 600 - 800 x10° m%/kg, due to the fact that the layers are not as tightly bound together

as in illite and so the interlayer space is accessible surface area.

2.2.2. Clay - water interaction

2.2.2.1. Diffuse double layer models

In the pore fluid of a clay soil, cations are attracted to the negatively charged clay

particles and tend to concentrate there. This concentration of cations at the surface of



12
the clay particle causes a concentration gradient, with the cation concentration away
from the particle being lower than the average for the pore water. The cations will tend
to diffuse away as a result of this concentration gradient. van Olphen (1963) describes
this situation as being analogous to the Earth’s atmosphere, where the gas molecules
are attracted by the gravity of the earth but tend to diffuse away due to the low
concentration of gases in the upper atmosphere. The two opposing forces will
eventually result in an equilibrium where the concentration is quite high at the earth's
surface (or at the surface of a clay particle) and decreases gradually with increasing

distance.

Diffuse double layer (DDL) models are used to describe the concentration of cations
near the surface of negatively charged clay particles. There are two components of the
DDL. The first component is a dense layer of cations at the particle surface which is
called the electric double layer (EDL). The second component is the diffuse ion layer
(DL) where the ions gradually decrease in concentration with increasing distance from

the clay particle.

The most common of the DDL models is the Gouy-Chapman model (Mitchell, 1976, van
Olphen, 1963). The formula for calculating the thickness of the DDL (x), developed by

Gouy and Chapman, is shown below.

DKT
X = VBrneeiv? [2-1]
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Where: D = dielelctric constant
k = Boltzman constant (1.38x10™'° erg/K°)
T = temperature (°K)
n, = number of ions per unit volume
e = unit electron charge (16x10"%° coulomb)

v = valence of ions

A thorough discussion of the theory behind the Gouy-Chapman model is given in van

Olphen (1963) and Mitchell (1976).

Equation [2.1] shows that the thickness, x, of the DDL:
- becomes larger as the dielectric constant, D increases
« becomes larger as the temperature, T, increases
. becomes smaller as concentration, n,, increases

~ becomes smaller as valence, v, increases

Several assumptions have been made in the Gouy-Chapman model which limit its
actual representation of the real system. The assumptions are as follows (Mitchell,
1976).
1. lons are treated as point charges with no size.
2. The clay particle has a uniform charge distribution on its surface.
3. The clay patrticle surface is a plate which is large in comparison to the
thickness of the double layer.

4. The dielectric constant, D, is independent of position.
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5. Plates are oriented in a parallel arrangement.

Stemn presented a modification to the Gouy-Chapman model which addresses the
problem of impossibly high cation concentrations at the clay particle surface (McBride,
1994). The differences between the two models are presented in Figure 2.4. The
Gouy-Chapman model, as mentioned above, considers the ions as point charges with
no size. In the Sterm model, the concentration of cations at the particle surface is
regulated by their size, or more simply, how many could ‘fit on the particle surface.
This modification of the EDL is now referred to as the Stem layer. It can be seen on
Figure 2.4 that with the Stemn layer, the concentration of cations at the clay particle

surface is much less than that predicted by the Gouy-Chapman model.

A modified diffuse double layer is presented by Yong, et al. (1992) in order to describe
the interactions in a clay-water-ion system. In this model, the Stern layer is explained
more fully by suggesting two possible arrangements of cations at the clay particle
surface. The first possible arrangement is shown in Figure 2.5a, in which the hydrated
cations interact with the clay particle through a layer of water molecules. The second
configuration is shown in Figure 2.5b, where partially hydrated cations are in direct
contact with the clay surface. Yong et al. (1992) state that the two configurations are
not mutually exclusive and both conditions can occur at the same time at different
locations. Both configurations will have diffuse swarms of hydrated ion clusters which
extend outwards from the clay surface and decrease in concentration with distance

(Dixon, 1995). Another similar model has also been developed by Given (1992).
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Water which is so strongly bound that it is not available for flow is generally considered
to consist of the first layer of hydrated cations, which is approximately 0.1 - 0.4 nm thick
(Yong and Warkentin, 1975). This bound water has been described by Dixon (1992) as
a “non-porous solid”, with respect to water flow. The effects of the DDL on the
behaviour of water can extend up to 15 water layers (3.75 nm) from the particle surface

in highly active clay particles such as bentonite (Yong et al., 1992).

Some researchers have found the DDL theory to less than fully explain the behaviour
of montmorillonite-rich soils (Gens and Alonso, 1992). Pusch (1982), for example,
found for sodium bentonites at high densities, that DDL theory did not adequately
describe his experimental findings. He attributed the difference between his
observations and the DDL calculations to the fact that at high densities, the DDL's do

not have room to fully develop within the pores.

2.2.3. Soil fabric and pore structure

2.2.3.1. Soil Fabric

The structure of the layers of clay minerals was discussed in Section 2.2.1. These
layers are the building blocks of the soil fabric. The structure of a soil fabric is
commonly divided into four different levels. The first level is referred to as a ‘domain’.
A ‘domain’ (also referred to as a lamella by Guaven, 1992) is comprised of several
stacked layers and is generally 10x10® m (0.01mm) thick, (Kirkham, 1995). A ‘cluster’
is formed when several domains conglomerate. A ‘cluster is about 100x10°m (0.1mm)

in size. A ‘ped’ is a group of several clusters and is about 1000x1 0° (1mm) in size.
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The largest structural level is referred to as an ‘aggregate’. It consists of a group of

peds which is up to 10 000x10® (10mm) in size.

2.2.3.2. Pore size distribution

All structure levels of the soil fabric affect the pore-size distribution (PSD) of a soil. The
pores which exist between the peds or aggregates of a compacted soil are referred to
as “macropores” (Yong et.al.,1992), “interaggregate pores” (Given,1992 , Gens and
Alonso, 1992) or as “inter-ped” pores, which will be used hereafter. The pores which
exist within the peds themselves on the cluster and domain levels are referred to as
micropores (Yong et.al., 1992), intraaggregate pores (Given ,1992, Gens and Alonso,

1992) or intra-ped pores.

In a compacted clay, the water content of the soil at the time of compaction will greatly
affect the size and quantity of the inter-ped pores (Garcia-Bengochea et al., 1979,
Barden and Sides, 1970). When a soil is compacted, the ability of the peds and
aggregates to resist the compaction forces becomes very important to the PSD of the
soil after it is compacted. For example, in a soil which is drier than the optimum water
content, the peds are quite strong and will be able to resist compaction pressures. (The
optimum water content is defined as the water content at which the greatest dry density
can be achieved for a given compactive effort, commonly determined as a resuit of the
Modified Proctor compaction test). In soils with a water content below optimum, the
resistance to compaction pressures will result in a network of pores between the peds.
(These were previously referred to as inter-ped pores). In a soil which is on the wet

side of the optimum water content, the peds will be soft and will not have much
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resistance to the compaction forces. In these wet soils, the peds will deform easily and

fill many of the inter-ped pores.

The water content of the soil at the time of compaction affects the intra-ped pores and
controls soil suctions. The effects of compaction forces are concentrated on inter-ped
pores (Wan, 1996, Delage and Graham, 1996). Within the peds, the intra-ped pores
between domains and clusters are only slightly affected, if at all, by the compaction

forces.

2.2.3.3. Effects of pore structure on flow phenomena

For a liquid or gas to be able to flow through a soil, the soil must have pores, and these
pores must be connected to each other. The porosity, n, of a soil is defined as the ratio
of the volume of voids in a soil to the total volume (Craig, 1992). A soil with a high
porosity will have more pores, and generally, larger pores than a soil with a low

porosity. In order for flow to occur however, the pores must be interconnected.

Effective porosity (nex) represents the portion of the total porosity that exists in
interconnected pores which contribute to mass flow (Dixon, et.al 1985). Within the
pores that make up the effective porosity of the soil, there is frequently a portion of the
water which is bound to the soil particles and is not available for flow. The water not
available for flow is within the DDL and is referred to as structured water (discussed in
Section 2.2.2.1). The pore space which is available for flow is referred to as ‘free pore
space’. The free pore space can be occupied by water or a combination of water and

gas, depending on whether the soil is saturated or unsaturated. Since flow phenomena
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occur almost entirely within the free pore space, the term ‘pore space’ will be used

hereafter to mean ‘free pore space’.

A statistical network model has been used by Ruth (1995) to represent the pore
structure of a porous medium. The network consists of two types of pores, tubes and
vugs. The vugs represent the large pores and account for most of the porosity of the
soil. These large pores represent the inter-ped and inter-aggregate pores. The tubes
represent the pore throats or microtubes in between the vugs and they restrict the flow
through the soil. The tubes represent the pores which occur between two peds when
they are directly touching. The tubes control the flow in a soil, since they create a

“bottleneck” effect.

2.3. MERCURY INTRUSION POROSIMETRY

One method of obtaining the PSD of a soil that has been used by many researchers
(Diamond, 1971, Delage and Lefebvre, 1984, Juang and Holtz, 1986, Wan,1996) is
Mercury Intrusion Porosimetry (MIP) testing. The principle behind the test is that a non-
wetting fluid (a fluid for which the contact angle is greater than 90° for the solid in
question) will not intrude the pores of that solid until an extemnal pressure is applied
(Diamond, 1970). The pressure required to intrude the fluid into the soil is related to

the size of the pores by the Washburn equation:

P =-4T, cos% [2.2]

Where: P = pressure
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T, = surface tension of the liquid (mercury)
8 = contact angle of the liquid with the solid

d = diameter of the pore

In a MIP test, the chamber which holds the specimen is filled with mercury. The
chamber is then pressurized to a selected pressure and heid at that pressure while the
specimen is intruded by mercury. When intrusion stops, this indicates that all of the
pores which are large enough to be intruded at this pressure increment have been
filled. A reading of the volume of mercury intruded is then taken. The pressure is then
increased incrementally, and the volume of mercury intruded at each step is recorded.

These data are then converted into a pore size distribution using equation [2.2].

2.3.1. Limitations of mercury intrusion porosimetry testing

While MIP testing can be a powerful tool for the investigation of the pore size
distribution of a compacted clay soil, there are certain limitations of the test which
should be noted. Diamond (1970) presents the following list of limitations of the test.
a) The soil must be completely dry.
b) Pores which are not accessible from the exterior of the specimen will not be
included in the measurements.
c) Pores which have entryways that are of a smaller diameter will only be
intruded when the pressure becomes high enough to intrude the entryway.
The pore size distribution obtained from the test will allocate the whole

volume of such a pore under the diameter of the small entryway.
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d) The smallest pore size measured is regulated by the type of testing
equipment. Depending on the type of soil and type of testing apparatus, the
entire volume of pores of a given specimen may not be intruded.

e) Specimen preparation may alter the PSD.

A method used to obtain a clearer understanding of the effect of pores with restricted
entryways (limitation c), above) was prasented by Delage, et al. (1984). The method
consists of releasing the pressure after the porosimetry test, allowing some of the
mercury to come out of the specimen. There will aiways be some mercury which does
not come out of the specimen since it is trapped by constricted entryways or
“‘bottienecks”. The specimen is then re-intruded and the new intrusion curve represents

the free porosity only.

There are other limitations which were not presented by Diamond (1970) in the above
list. Since the specimen must be dried before testing, this should be done with some
care. Some clays can shrink significantly upon oven drying. Wan (1996) placed
compacted clay specimens in a desiccator in close proximity to sulfuric acid which was
used as a desiccant to dry the material. This desiccant reduced the amount of
shrinkage upon drying as compared with other methods such as oven drying. Other
methods such as accelerated freeze diying can also be used in an attempt to reduce
shrinkage and the undesirable cracking which might occur. Care is also taken to avoid
testing of specimens which have developed fissures during drying, since they will

produce inaccurate results.
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Results obtained from a MIP test are in terms of total porosity. Since the specimen is
completely dry at the beginning of the test, there is no way to differentiate between
porosity that was formerly occupied by structured water and that occupied by free

water. This fact must be taken into account when interpreting MIP test results.

2.4. FLOW PHENOMENA

2.4.1. Capillarity

Capillarity is the tendency of a fluid to rise when it comes into contact with a solid
surface. Associated with capillarity is the development of water pressure lower than
atmospheric. This is referred to as matric suction by members of the geotechnical
engineering community. Surface tension of a liquid is the force that causes the
observed capillary action. Molecules in a liquid which are close to the surface have a
greater attraction for one another than do molecules which are below the surface
(Roberson et.al., 1990). This attraction of molecules for one another at the surface of a
fluid produces a surface which is like a stretched membrane. This membrane is in
tension and exerts forces on objects which are in contact with it. In an air-water system

at room temperature, the surface tension of water, T, is 0.073 N/m.

When a capillary tube with a small diameter is inserted into a water bath, the water
molecules are attracted to the glass tube and the water surface curves upward around
the inner circumference of the tube. The angle at which the water surface intersects
the glass tube, 6, is taken to be zero for most applications (Fredlund, 1993). The
resulting upward force causes the water to rise in the tube. The capillary pressure

which is exerted on the water in the tube is given by the following equation:
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2T,
P,=—= [2.3]
r
where: P. = capillary pressure

T, = surface tension

r = radius of the tube.

2.4.2. Permeability and hydraulic conductivity

The hydraulic conductivity of a soil is defined as its ability to conduct a fluid (Craig,
1992). Darcy's law states that there is a direct relationship between the flow velocity
through a soil and the hydraulic gradient acting on it, as shown in the following

equation:

q = -AKi, [2.4]

Where: q = flow per unit time
A = cross sectional area
K = hydraulic conductivity (distance per unit time)

in = hydraulic gradient.

The permeability, k, (or intrinsic permeability) is a function of the pore geometry alone

where the hydraulic conductivity in the above equation, K, is a function of both the
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pores and the pore fiuid. The relationship between hydraulic conductivity, which takes
into account the characteristics of the pore fluid, and permeability is shown in the

equation below (Freeze and Cherry, 1979).

keg

K= (2.5]

Where: K = hydraulic conductivity (m/s)
k = permeability (m?)
u = dynamic viscosity of the pore fluid(kg/m*s)
p = density of the pore fluid(kg/m®)

g = gravitational acceleration (m/s?)

Darcy’s law was derived from an empirical relationship discovered for the flow of water
in sand and gravel. The hydraulic conductivity, K, varies over many orders of
magnitude for different soils, from 10 metres per second for sandy soil to 10™ for

unfissured clays. Darcy’'s law has been proven to have limitations, especially in dense

clays.

There are upper and lower limits for which Darcy’s law can be used. The law implies
that there will be a linear relationship between the hydraulic gradient and the rate of
flow. However, there is only a certain range for which this linear relationship will occur.
Above and below this range the relationship between hydraulic gradient and flow rate
becomes non-linear. Since Darcy’s law assumes laminar flow, the upper limit of validity

for the law is generally considered to be the threshold between laminar and turbulent
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flow. Ruth (1995) states that the upper limit is not due to true turbulence since the
Reynolds numbers observed are not high enough for a true transition to turbulent flow.
He states that the non-linearity is actually due to laminar inertial effects caused by the

tortuous path of the flow. This laminar inertial effect is called the Forchheimer effect.

Tortuosity,(t), is a measure of how distorted the path of the fluid is. Tortuosity is
defined as the actual distance which a fluid must pass through on a microscopic level
per unit of linear displacement on a macroscopic level.
=L/l (2.6]
where: T = tortuosity

L, = effective length (length of actual flow path)

L = length of specimen
These distortions in the flow path cause laminar inertial effects. When flow in a pipe
encounters a bend, the flow has a tendency to want to remain traveling in the same
direction (this phenomenon is called inertia). As a result of the opposing forces of the
bend in the pipe and inertia, secondary flow patterns are formed. These secondary
flow pattems eventually dissipate due to viscosity but they also cause energy losses in
the system (Ruth, 1995). These energy losses contribute to the non-linearity of the

system.

The lower limit of Darcy’s law is generally considered to be the point at which other
effects or coupled flow processes become significant in comparison with the effect of
hydraulic gradient (Dixon, 1995). Forces such as diffusion and osmosis can become

significant in systems where the hydraulic gradient is very low (Dixon, 1995).
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The starting point for most theoretical models for water flow through soils used today is
the Poiseulle equation (Mitchell, 1976). Dixon (1995) has found that the Poiseulle
equation predicts relatively accurately water flow within well characterized bentonite
clay and bentonite-sand mixtures (with at least 25% bentonite content). The equation
gives an average flow velocity for flow through a round capillary within the soil. It can

be expressed:

2
Yl
Veeo = &

ave 8

Iy [2.7]

where: Vave = average velocity (within a pore, microscopically)
Yw = unit weight of water
r = capillary radius
n = viscosity

in = hydraulic gradient.

In equation [2.7], the smaller the capillary radius (analogous to the pore radius in a
soil), the lower the velocity of flow through a soil. In the case of a soil with a large DDL,
the radius term, r, would represent only the radius of the portion of the pore which
consists of free water. As a resulit of this reduction in pore radius, the velocity would

decrease.
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The Kozeny-Carman equation is a combination of the Poiseulle equation and Darcy’s
Law. It builds upon the Poisuelle equation, and factors such as the shape factor, C,,

and tortuosity, t, are introduced in an attempt to better model the actual system.

The starting point for the derivation of the Kozeny-Carman equation is the simple flow

equation:

vV

q=sVvA or — [2.8]
L
where: v = superficial velocity (as observed externalily)
V = volume.

or on a microscopic level:

V.V,

q=v,,A, or == [2.9]

L

°
where: A. = effective area,
V, = volume of voids.
Using [2.8] and [2.9] and solving for v, gives:

_ WL,
ave va

v [2.10]

Using the definitions of porosity, n = V,/V and tortuosity, equation [2.6], T = LJ/L gives:

[2.11]
If the surface area is defined as, Sy = surface area/m® of soil, then:

_ n
r= ) [2.12]
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Then substituting equations [2.11] and [2.12] into the Poiseulle equation, [2.7], and

adding a shape factor C,, to account for the pore shape within a clay gives:

3
NCe¥w .
- 2.13
372(1‘0)2“1 |h [ ]
If the effective length, L, is then used to describe the hydraulic gradient, then the

tortuosity must be squared, and the equation becomes:

__NMCy. .
S 2@-nytin "

[2.14]

Substituting Darcy’s Law, equation [2.4] (v=Ki), into [2.14] gives,

nC.y,,

K=
S;:2(1-n)*1n

[2.15]

which is a form of the Kozeny-Carman equation.

Formulas for the flow of water within clay specimens, if altered, can be used to model
gas flow. Gas breakthrough is assumed to occur in a saturated specimen when gas
pressure pushes water out of a continuous pore (or de-saturates it). The time for pores
to de-saturate under an applied pressure gradient can be found from the flow equations
discussed above. Hume (1998) found that in constant pressure gas breakthrough tests
on 100% bentonite, the Kozeny-Carman equation could be used to predict the time of

gas breakthrough.

2.4.3. Diffusion

Flow of ions or molecules as a consequence of a concentration gradient is called

diffusion. Diffusion can be a significant factor in dense clays where flow induced by a
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hydraulic gradient is very low (Dixon, 1995). In very dense specimens or at low
pressure gradients in long tests, diffusion of gas through pore water could be the
predominant mechanism for gas flow. In the pore space of a soil, cations can diffuse
through both the structured water and the free water although the diffusion rates will be
slower in the structured water (Cheung, 1989b). Anions will diffuse only through the
free water due to the fact that they are repelled from the surfaces of the negatively-

charged clay particies where the structured water exists.

In a soil-water system, diffusion depends on many factors other than the primary
mechanism of molecular diffusion in the water. Diffusion in a soil also depends on
physicochemical processes like sorption, ion exchange, precipitation, and on properties
of the soil itself like pore structure and tortuosity (Cheung, 1989). Fick's second law,

shown below, is generally used to determine diffusion coefficients.

%(:— -pZ< [2.16]

Dax2

Where: C = concentration
D = diffusion coefficient

t = time.

Equation [2.16] is valid for a porous medium which is homogeneous, isotropic,
isothermal, and has a continuous distribution of diffusion paths (Cheung, 1989). Due to

the fact that the diffusion coefficient is affected by many different characteristics of the
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soil-water system, the molecular diffusion coefficient measured from the tests is not a
pure molecular diffusion coefficient in solution (Cheung, 1989). Therefore, the diffusion

coefficient obtained from the tests is called the apparent diffusion coefficient, Da.

In a repository environment, where gas generation rates will be slow, diffusion will likely
become an important mechanism for gas transport. However, for the experiments
carried out for studies described here, the pressure gradients are so large, and the test
times for the gas breakthrough tests are generally short enough that diffusion was

assumed to be negiigible.

2.4.4. Flow in soils with non-polar pore fluids

The foregoing descriptions of flow in soils have been made assuming water as the pore
fluid. In this section pore fluids other than water, specifically non-polar pore fluids, will
be discussed. The study of soils with non-polar pore fluids in the engineering literature
has arisen from the use of clays with low permeability such as bentonite to isolate
wastes. [n engineered barriers such as bentonite landfill liners, contamination with non-
polar hydrocarbons could significantly increase the hydraulic conductivity of the liner
and lead to unacceptable amounts of leakage. It is unlikely that the buffer used in a
nuclear waste repository would be contaminated by hydrocarbons. [t is useful,
however, to use the study of non-polar fluids to gain insight on the effect of the DDL on

flow within soil.

Mesri and Olson (1971) studied illite and smectite that were saturated with a non-polar

fluid (benzene). For a smectite with a void ratio of 2, a water saturated specimen had a
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hydraulic conductivity, K, of =10’ cm/sec, whereas a specimen saturated with
benzene had a K =10™° cm/sec. The effect of the non-polar pore fluid was a little
smaller for illite where the hydraulic conductivity (at a void ratio of 2) was =1 0 cm/sec
when saturated with water, and =10 cm/sec when saturated with benzene. Mesri and
Olson attribute the increase in hydraulic conductivity in both soils to the fact that non-
polar fluids do not form DDL's, and therefore there was no bound water restricting the
flow paths. The researchers further explain that with the small particles and small
pores of a smectite clay, the DDL in a water-saturated specimen will take up almost all
of the pore space resulting in a very low permeability. In an illitic clay, the pores are
larger and in a water-saturated specimen the DDL will not fiil the pores, so a larger
proportion of the pore space will still be available for flow. The fact that clay particles in
the domains will be more randomly arranged when a clay is saturated with a non-polar
fluid is also presented as a cause of the increased permeability in these clays. The

different viscosities of the fluids is mentioned only briefly.

Femandez and Quigley (1985) conducted similar experiments on a natural Sarnia clay,
which is primarily illitic with up to 15% smectite. They found that the hydraulic
conductivity of this soil varied inversely with the dielectric constant, D, of the pore fluid.
Water, with the highest dielectric constant (D=80), had the lowest hydraulic conductivity
(of the pore fluids tested). The non-polar hydrocarbons, (D=2) had the greatest
hydraulic conductivity. Figure 2.6 shows the variation of the thickness of the double
layer with the dielectric constant of the pore fluid. The increase in hydraulic
conductivity can be explained by the fact that the reduction in DDL thickness with

decreasing dielectric constant leaves more pore space available for flow. It is important
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to note that both Mesri and Olson and Femandez and Quigley presented their data in
terms of hydraulic conductivity, K, which is a function of both the pore geometry and the
pore fluid. However, Femandez and Quigley note that the same trends were found
using values calculated for permeability, k, since the effects of the different fluids on
the DDL were so great that they “swamped” the effects of the fluid density and

viscosity.

Femandez and Quigley (1985) also attributed the difference in hydraulic conductivities
to the fact that the clay structure observed under an electron microscope was also
changed by the pore fluid. Benzene-saturated specimens were flocculated and had
large inter-ped pores, whereas the water-saturated specimens were more dispersed,

with smaller pores.

Jaynes and Boyd (1991a & 1991b), found that the hydrophilicity (affinity for water) of
smectites (of which montmorillonite is a member) was “predominantly due to the
exchangeable metal cations”. When metal cations are replaced with hydrophobic
organic cations, the clay is referred to as an organo-clay. The organo-clay will also be
hydrophobic, as opposed to the hydrophilic parent clay. If clays are purposeiy
converted to organo-clays by exchanging the metal cations for small organic cations
such as tetramethylammonium (TMA), the capacity of the clay to sorb hydrophobic
organic contaminants will be increased. This is due to the fact that the hydrophilicity of
the clay wili be reduced, and hydrophobic organic cations will be sorbed in areas where
previously water would exist. This would be an attractive attribute of clay barriers for

the isolation of toxic hydrocarbons. However, the decreased hydrophilicity of the clay
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may increase its hydraulic conductivity, possibly increasing flow rates through a clay

buffer.

2.5. UNSATURATED FLOW

Flow processes in unsaturated soils are of concern in many different fields. In the area
of waste isolation, clays with low hydraulic conductivity are often used as liners for
landfills. During construction of these landfills, the clays are seldom in a saturated
state. Groundwater will slowly saturate the clay following construction. The buffer
surrounding the waste canister in the Canadian Repository Concept will also be placed
in an unsaturated state and will be saturated over time by groundwater. The heat
generated by the spent fuel will tend to dry the buffer in the immediate vicinity of the
canister in the short term (Graham et al.,1997). It is therefore important to have an

understanding of flow processes in unsaturated soils.

If a soil is initially saturated, it must be subjected to a certain pressure before any of the
fluid will be driven out of the pores (Ruth, 1995, Frediund and Rahardjo, 1993). This
initial pressure required corresponds to the capillary pressure of the largest diameter
pores which exist on the surface of the specimen. The pressure required to begin the
drainage process of a saturated specimen is referred to as the threshold capiilary
pressure by Ruth (1995) and Dixon (1992), the air entry pressure by Freeze and Cherry

(1979), and the air entry value by Frediund and Rahardjo (1993).
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The air entry value (AEV) is described by Fredlund and Rahardjo(1993) as “the matric
suction which must be exceeded before air recedes into the soil pores”. Matric suction
(capillarity) was previously discussed in Section 2.4.1. The smaller the pores in a soil
are, the higher the capillary pressure which must be overcome in order to drive pore
fluid out of the pores. The AEV can be described by the following equation, which is
essentially the same equation that is used to describe matric suction.

AEV =(u, -u,,) [2.17]

where: AEV = air entry value
u, = pore air pressure

Uy = pore water pressure

As pressure is increased above the AEV, the saturation of the specimen will decrease
as smaller and smaller pores are drained of water. At a certain pressure, the drainage
will cease. The pressure at which drainage stops is called the pendular capillary
pressure by Ruth (1995) and the saturation of the specimen at that point is called the
ireducible saturation. Pore fluid which exists in isolated pores that are not adjacent to

any flow paths accounts for the fluid which makes up the irreducible saturation.

Figure 2.7 shows a characteristic drainage curve for a soil. A “characteristic drainage
curve” for any given soil shows the capillary characteristics, and thus reflects the PSD
of that soil. Dry and subsequent re-wetting behaviors are different. They will be
described in the next paragraph. Characteristic drainage curves for three different

types of soils are shown in Figure 2.8. The figure illustrates how their PSD’s affect the
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manner in which soils de-saturate under increasing pressure. The uniform sand, curve
cin Figure 2.8, has a relatively uniform pore size distribution. As a result, once the
pressure reaches the capillary pressure of the uniform pores, all the pores will drain
quickly. This rapid draining is evidenced by the sharply decreasing moisture content of
this soil under applied pressure. In contrast, a silty clay (curve a) will have a wide range
of pore sizes. Once the AEV is overcome, and the pressure increases, pores with
smaller and smaller diameters will start to drain, this effect is shown in the sloped line

which indicates a gradual decrease in moisture content with increasing pressure.

The previous paragraph describes how soils lose moisture as pressure is increased.
When the pressure on the specimen is then decreased, fluid will begin to re-enter the
pore space through capillary action, this is called the “wetting” or “imbibition” phase. A
graph of degree of saturation versus pressure (Figure 2.7) illustrates the difference
between drying and wetting curves. Although some researchers believe the hysteresis
to be a result of a modification of the pore structure (Freeze and Cherry, 1979), Ruth
(1995) states that the hysteresis is due to a bottleneck effect. Pores which are much
larger than the entryway will not be intruded until the negative pressure (suction) is high
enough to fill the pores. By the same process, drainage of pores with small entryways
will not occur until the pressure is high enough to drain the entryway. Due to this
‘boftleneck’ effect, the saturation of the specimen will be different at the same pressure

during the drainage and imbibition cycles.

Wheeler (1988) states that there are three different classifications of unsaturated soil

with respect to air content:
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« continuous gas phase, discontinuous water phase

e continuous gas phase, continuous water phase

« discontinuous gas phase, continuous water phase
Several researchers (Wheeler, 1988, Jeffries, 1991, Fredlund and Rahardjo, 1993)
state that the gas phase will become continuous if the saturation is at or below a critical
degree of saturation, which is approximately 85%, though this value will vary from soil
to soil. When the air phase becomes continuous, water will fill primarily the smaller
inter-ped pores where the peds are close to each other or are in contact with one
another (Silverstein and Fort, 1997). Gens and Alonso (1992) state that the soil within
the intra-ped pores can be considered to be saturated. It is when the air phase
becomes continuous in the inter-ped pores that air will readily flow through a sail.
Fredlund and Rahardjo (1993) reinforce this point by stating that a small change in the
degree of saturation of a soil can significantly affect the hydraulic conductivity of an
unsaturated soil. It is for this reason, that hydraulic conductivity of an unsaturated soil

is often shown as a function of the degree of saturation.

Adaptations of Fick's and Darcy's l[aws have been used by researchers to describe the
flow of air through an unsaturated soil. In these models, however, the driving force
behind the flow is a pressure gradient instead of a hydraulic head difference. A
detailed description of the formulation of these models, with experimental results may

be found in Blight (1971).
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2.6. CURRENT STATE OF GAS MIGRATION RESEARCH

A few groups of researchers have studied the concepts surrounding the flow of gas in
engineered clay barriers for nuclear waste repositories with varying resuits. Only a
small number of laboratory studies have been undertaken to provide data to prove the
concepts. Since each country has its own repository concept, the laboratory studies
are different due to the fact that the materials and methods used have generally been
chosen solely for the concept in question. This difference in materials and methods of

the laboratory studies has made the direct comparison of the results difficult.

Pusch et al. commenced their gas breakthrough research in 1883, by performing three
gas breakthrough tests on compacted MX-80 bentonite (with bulk densities, p ranging
from 1.88 - 2.05 Mg/m®) saturated with distilled water. The specimens were 50 mm in
diameter and 15 mm in height. Two of the tests used nitrogen as the permeating gas,
and in one test hydrogen was used. The major conclusion drawn from these
experiments was that gas flow occurred through only a few selected flow paths. They
drew this conclusion because the saturation of the specimens after the test was >95%,

indicating that water had been forced out of only a small number of the pores.

Results of eight additional tests were reported by Pusch (1985). The tests were
performed on MX-80 bentonite specimens with p of 1.88 -2.14 Mg/m’ saturated with a
de-aired synthetic porewater. Nitrogen and hydrogen were again used as permeating
gases. Most of the specimens were again 50 mm in diameter and 25 mm in height,
although, one specimen was 300 mm in height. No specimens were directly

comparable to the specimen with 300 mm height, since all specimens had different p.
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Therefore, no positive statements could be made regarding the effect of specimen
height. The major conclusion of Pusch’'s 1985 study was that there exists a critical gas
pressure, above which gas will flow through the pores of a soil. Below this critical gas
pressure, gas flow will occur only through diffusion. Pusch states that the capillary
explanation for flow will only be valid for low densities (p= 1.3-1.7 Mg/m*), and
correspondingly low critical gas pressures. At high densities, Pusch concludes that flow
will occur through capillary action and by displacing aggregates and widening flow

paths.

Pusch also generally found that a time effect was evident. Longer pressure increments
produced breakthrough at lower pressures than did the short pressure increments.
Pusch attributed this time effect to microstructural rearrangement and healing of pores
by aggregates which are moved by the flowing gas to block previously-open pores.
However, no comprehensive microstructural analysis is presented to support this
hypothesis. Pusch also notes that empirically, the gas breakthrough pressure to

swelling pressure ratio is from 0.2 - 0.9, although this concept is not discussed in detail.

Pusch (1987 and 1993) presents a micro structural model to explain the observations of
gas breakthrough in compacted bentonite. When a compacted clay at a relatively low
density is hydrated, gels emanate from the peds of soil and fill the large inter-ped voids
of the soil fabric. These gels have a lower density than that of the specimen as a
whole. Pusch explains that the mechanical resistance of these clay gels controls gas
breakthrough. He suggests that as the dry density of the specimen increases, so also

does the dry density of the gels and therefore the breakthrough pressure. Tests on
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10% bentonite, 90% sand backfill mixtures are briefly discussed in Pusch (1993).
These backfills had very low breakthrough pressures of 0.015 MPa ( at ps = 1.9 Mg/m®,
and p. =~ 0.9 Mg/m®), Pusch used these results to further support his hypothesis of the
effects of clay gels, explaining that in materials with such a low clay dry density, the

gels would not be homogenous and would be discontinuous.

Lineham (1989) studied intact specimens of London and Kimmeridge clays. Coming
from natural deposits, the pore structure of these specimens is very different from those
of engineered clay barriers for which clay is remolded and compacted. The London
clay was described as a primarily illitic clay, with small amounts of kaolinite and
smectite whereas the Kimmeridge clay was not described in detail except for the fact
that it is very stiff to hard, and siity. Lineham performed two different types of gas
breakthrough tests: low pressure, where the maximum pressure was 1.0 MPa, and high
pressure, where the maximum pressure was 12.4 MPa. In these tests, an axial force
was used to simuiate the pressure at the burial depth of the specimen in the repository.
Water-saturated nitrogen gas was then applied to one side of the specimen and
increased in increments which ranged from 0.2 MPa to 1.0 MPa (generally = 0.34
MPa). In the high pressure tests, gas breakthrough occurred from 3.45-6.21 MPa , and
was correlated to the pore size distribution of the clay. Lineham found that the low
pressure tests lasted about 4 months. Slow formation of a gas bubble on the outlet

side was taken as a sign of diffusion of gas, as opposed to advection.

Volckaert et al. (1993) performed a number of different types of tests on Boom Clay,

including one dimensional oedometer tests in which hydraulic conductivity and gas
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breakthrough were measured. The hydraulic conductivity of a natural Boom clay was
first determined. A gas pressure was then applied to one side of the specimen and
increased step-wise until breakthrough occurred. After gas breakthrough, the
specimen was re-saturated and subjected to another hydraulic conductivity and gas
breakthrough cycle. It was found that the gas breakthrough pressure and hydraulic
conductivities were quite reproducible. However, gas flow measurements were not as
reproducible. Voickaert et al. concluded that the specimens were not permanently
altered by the gas breakthrough process. The degree of saturation of the specimens
after the gas breakthrough tests (prior to the re-saturation process) were aiso
measured. Most degrees of saturation were found to be above 90%, leading the
researchers to believe that the gas flow occurred through only a few paths, simiiar to
Pusch's observation for MX-80 bentonite. A detailed conceptual model which
combined concepts found in the literature with experimental observation was developed

by the authors.

A radial gas flow test was also reported by Volckaert (1993) in which gas pressure was
applied through a hollow needle installed in the centre of a specimen. These tests
were meant to model radial gas flow from a breached canister inside a repository.
Preliminary results were reported for Boom clay and a “more permeable” Pontida clay.
The gas breakthrough pressures were of the same magnitude as the previous one-

dimensional flow tests.

Horseman and Harrington (1994) performed gas breakthrough tests on natural Boom

clay specimens with an average pq of 1.63 Mg/m>. The effect of anisotropy was
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examined by testing specimens with axes both parallel and normal to their bedding
planes. Specimens were first saturated with synthetic pore fluid, and a hydraulic
conductivity test was conducted. Then water-saturated helium gas was applied to one
face of the specimen with steadily-increasing pressure until gas breakthrough. A
confining pressure of 4.4 MPa was applied externally to the specimens throughout
these tests. Gas breakthrough pressures were measured in terms of excess pressure
(or deviator pressure) and ranged from 1.2 - 1.9 MPa for tests normal to their bedding
planes to 0.5 - 1.0 MPa parallel to their bedding planes. Only a small number of tests
(5) were performed for this study, so it is difficult to draw any positive conclusions from
this work. However, each test was documented in great detail. The strength of this
study lies primarily in the thorough review of pertinent theories and models. In a later
study, Horseman and Harrington (1997) tested pure MX-80 bentonite with similar test
procedures, however the confining pressure was 16 MPa. The results of a typical test
with ps = 1.64 Mg/m® showed that excess pressure at breakthrough was = 15.0 MPa.
When the pressure was reduced and then increased again, the breakthrough pressure
was reduced to = 14.3 MPa. The authors suggested that this decrease in gas
breakthrough pressure was due to the formation of preferential pathways. The results
are so similar however that they may be taken to be normal variation in the data, and

not a significant trend.

Tanai et al. (1997) performed gas breakthrough tests on three water saturated Kunigel
(primarily bentonite) specimens and one Fo-Ca clay (primarily kaolinite) specimen at pg
from 1.6 - 1.8 Mg/m®. The specimens were 50 mm in diameter and 50 mm in height;

the permeating gas used was argon. Gas breakthrough pressures (referred to as
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threshold pressures) were between 1.4 and 4.0 MPa. The breakthrough pressures of
the Kunigel were found to correlate well with their swelling pressures. Another group of
Japanese researchers, Hokari et al. studied gas breakthrough pressures of unsaturated
bentonite/sand mixtures at a very low bentonite content of 15 percent and a py of 1.8
Mg/m>. The gas breakthrough pressures were extremely low, 0.01 - 0.06 MPa, which
was related to the low bentonite content. The effects of specimen size on hydraulic
conductivity and gas breakthrough pressure were also investigated. Specimen height
and diameter were both varied. Hydraulic conductivity was independent of specimen
size, whereas gas breakthrough pressure was independent of height but decreased
with increasing diameter. The number of tests (6), and scatter in the data suggest that
more research in this area should be done before these tests are considered

conclusive.

The experimental work described in Chapters 5 and 6 is a continuation of the work of
Kirkham (1995) who tested compacted saturated and unsaturated illite specimens
using distilled water as the pore fluid. The specimens were 50.7 mm in diameter and
24 mm in height and were compacted to p4 from 1.87 - 2.06 Mg/m>. The gas pressure
(argon) was increased at a rate of 0.2 MPa every five minutes until gas breakthrough,
which occurred from 0.4 - 6.4 MPa. A good correlation between the gas breakthrough
pressure and the AEV derived from capillary theories was found for these tests.
Kirkham also performed 6 tests on the reference buffer material (RBM) material, a 50%
bentonite, 50% sand mixture at py = 1.67 Mg/m® and p. = 1.22 Mg/m® at saturations

from S, =75 - 98%. However, in only one of these specimens was the gas
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breakthrough pressure attained before the upper limit of the test equipment was

reached at = 9.5 MPa.

The testing on saturated and unsaturated bentonite described in Chapters 5 and 6 was
carried out collaboratively by the author and Hume (1998). The test parameters were
identical to those performed by Kirkham (1995), described above, except that bentonite
at pg = 0.9 -1.2 Mg/m*was used. Since gas breakthrough pressures in the tests on
saturated bentonite were found to be higher than the upper limit of the test equipment
(= 9.5 MPa), Hume went on to construct a higher pressure apparatus with an upper
pressure limit of 50 MPa. He then performed increasing pressure tests on saturated
and unsaturated bentonite at py = 0.6 -1.5 Mg/m® and S, = 75-100%, using a number of
different saturation procedures. The gas breakthrough pressures for bentonite varied
with pg , S,, and saturation procedure. Generally, for pg = 0.8 Mg/m® and S,> 75% no
breakthrough would be attained before the upper limit of the apparatus was reached at
50 MPa. However, the reproducibility of the tests was low. Hume also performed
constant pressure tests on saturated bentonite with py = 0.8 -1.4 Mg/m3 and applied
pressure Py = 0.3 - 19.8 MPa. Hume found that if the inlet pressure was held constant,
gas breakthrough pressure was an inverse function of time for 100% bentonite

specimens.

2.6.1. Current gas migration concepts

Although many different researchers have conducted gas breakthrough tests with
different clays, gases, and test procedures, only a few basic hypotheses have been

described by the researchers. Many of the researchers base their hypotheses on the
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concept of capillarity (or the AEV) of the soil, as discussed in Section 2.5. Pusch uses
a microstructural model to explain that as the clay becomes more dense, the frequency
and size of continuous pores available for gas flow will decrease. When the external
gas pressure is great enough to enter the throat of the largest continuous pore, it will
push the water ahead of it until the gas reaches the opposite side of the specimen and
breakthrough occurs. If the pressure is further increased, smaller and smaller pores will

be intruded, and more and more gas pathways will be formed.

Pusch also relates the breakthrough pressure to the swelling pressure by explaining
that clay gels of a lower density emanate from the peds and temporarily fill the larger
continuous pores (upon uptake of water). The applied gas pressure must be great
enough to overcome the mechanical strength of the clay gel before gas breakthrough
will occur. Pusch states that the mechanical strength of these gels “is related to the
bulk strength of the clay, of which the swelling pressure is a practical and relatively
easily determined property.” Pusch supports this statement by presenting empirical

data showing that the gas breakthrough pressure is 50-90% of the swelling pressure.

Lineham (1989) also found the gas breakthrough pressure was dependent upon the
AEV of the soil (at high pressures). In his low pressure tests, Lineham found that gas

moved through diffusion.

Volckaert et.al.(1993) and Horseman and Harrington (1994) present a more detailed
model for gas flow which builds upon the capillary model of Pusch. These researchers

state that the matric potential of a soil arises from the interaction of the soil matrix with
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water. The matric potential of a soil after loading ,¥m., Will be equal to the pore water
pressure of the soil, u,, which is in tum equal to the matric potential of the soil before
loading, ¥me plus the total stress, o, multiplied by a compressibility factor, « as shown in

Equation 2.18:

VUme = U, Ty, +0C [2.18]
where: Pme = matric potential after loading
Uy = pore water pressure
¥me = matric potential before loading
c = total stress
« = compressibility factor, (from 0-1)

The compressibility factor ranges from 0.02 for sand to 1 for a pure clay such as
bentonite. A compressibility factor of 1 represents the fact that in a pure clay, the
application of an external pressure will be initially taken up by an increase in pore water
pressure. (Conversely, for a sand the external pressure will result in an increase in the
mineral-mineral contact stresses since the excess porewater pressure will rapidly

dissipate due to drainage.) A drained condition is implicit in equation 2.18.

Building upon the above equation, the model states that there are four different

conditions under which gas can flow in a clay:
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1. When the applied gas pressure, Py, is less than the difference between the pore
water pressure and the matric potential before loading, then no flow of gas will occur

except by diffusion in the pore fluid.

diffusion: Py < Uy~ Pme

2. When the applied gas pressure is greater than the difference between the pore
water pressure and the matric potential before loading but less than the
compressibility factor times the total stress, then flow will occur by two-phase flow (or

by overcomirg the AEV).

two-phase flow: Uy - P < Pg s 2o

3. When the applied gas pressure is greater than the compressibility factor times the
total stress, then flow will occur by pore dilation and flow along preferential pathways
or microcracks. Note: since a=1 in pure clays, there will be no two phase flow, only
pore dilation.

pore dilation: Py > ao

4. Tensile fracturing will occur when the applied gas pressure is much greater than the
total stress.

tensile fracturing: Py >> ao
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Later testing by Horseman and Harrington (1997) on pure MX-80 bentonite was used to
support the concept (point number 3) that two phase flow cannot occur in pure clays.
The observation that the gas breakthrough pressure was lower in repeat gas
breakthrough tests on the same specimen was used to suggest that microcracks had
formed in the first cycle of the test. However, the variation in the two gas breakthrough
pressures was so small that it could have been simple variation in the data instead of a
marked trend, as suggested. They also state that the increase in gas permeability on
the virgin breakthrough line is an indication of the occurrence of pore dilation.
Interestingly, the researchers state that “passage of a gas phase through the initially
water-saturated buffer clay is only possible if the gas pressure slightly exceeds the sum
of the extemnal water pressure and the swelling pressure”. This latter concept was not

developed in detail.

Wikramaratna et al.(1993) and Wikramaratna and Goodfield (1994), present a
simplified model which is similar to that of Volckaert et al.(1993) noted above, but
instead of pore dilation, a concept of displacement of aggregates similar to that

presented by Pusch, is used.

Jeffries (1991) conducted a theoretical study of the migration of gas within a repository.
The concepts mentioned in the model of Wikramaratna et al. were discussed, along
with a comprehensive study of factors which could affect gas migration including
workmanship, fire and/or explosions, and tectonic movements which could detrimentally

effect the buffer. This study provided a thorough review of all existing literature and
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theory, however no conclusions can be drawn from it due to the absence of

experimental work.

Kirkham (1995) found that the gas breakthrough pressure of compacted illite correlated
well with the AEV for illite, but the correlation was not as good for bentonite, likely
because of the large volume of bound water associated with bentonite’s large specific
surface areas. Kirkham found that gas breakthrough pressure increased with
increasing ps and S, and that at S;< 80%, there was little resistance to gas

breakthrough. This research program is a continuation of the work done by Kirkham.

Hume (1998) found that if the inlet pressure was held constant, gas breakthrough was
related to time for bentonite specimens, and could be predicted well using the Kozeny-
Carman equation, which describes viscous flow. Gas at high pressure would break
through in a short time, while lower pressures would require longer times. This finding
is different from the results of most other researchers who related gas breakthrough
solely to the AEV of the clay. All of the constant pressure tests on bentonite led to
breakthrough, even at pressures as low as 0.3 MPa (for a specimen with p. = 1.0
Mg/m®). Hume states, however, that there might be an AEV below which no
breakthrough would occur, but it must be lower than the range of pressures tested in

his research program.

2.6.2. Outstanding issues in gas migration research

Due to the differences among the studies described in preceding sections, it is difficult

to provide a summary and comparison of the research completed to date. Most of the
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research is specific to the given country’s repository concept. As a result, a number of
inadequacies exist in the body of research to date. These inadequacies are listed
below:

e Only a small number of clay materials have been studied, as each researcher
focused generally on one material. Given the small range of test materials,
differences in gas migration characteristics among different clay minerals have not
been studied.

e The effect of sand in a clay/sand mixture has not been investigated and an
“optimum” sand content has not been found.

« The state of saturation of the test materials has been inadequately studied, as most
researchers assume saturated conditions, although evidence to support this fact is
generally not given.

e Unsaturated materials have only been briefly studied (Hokari et al. 1997, Kirkham
1995).

o Effects of test parameters such as specimen size (Hokari et al. 1997, Kirkham,
1995), type of permeating gas, and rate of pressure application have only been
briefly touched upon.

o Although many researchers state that gas flow occurs through microcracks in pure
clays, a detailed microstructural investigation has not been performed to reinforce

this theory.

The deficiencies which exist in the state of understanding of gas migration in clay

buffers were examined. An experimental program was then constructed to address
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some of these deficiencies. The development of this experimental research program is

discussed in the following chapter.



50

3. DEVELOPMENT OF RESEARCH PROGRAM

3.1. SCOPE OF RESEARCH

This research program was undertaken to examine deficiencies in the body of gas
migration research noted in Section 2.6.2. In the past five years, awareness of the
importance of gas migration has been increasing within the community which
researches and designs engineered clay barriers. A number of issues must be
investigated before any positive statements can be made regarding gas flow within
compacted clay buffers. This research program was undertaken in order to advance

the leve! of understanding of gas flow within engineered clay buffers.

The review described in Chapter 2 has led to the following hypothesis:
Gas flow in compacted clays is controlled by pore structure, clay-water

interaction, and pressure gradient.

To test this hypothesis, the following objectives have been formulated to define the
scope of the research in this program.
1. to investigate and explain the effect of clay mineral type on gas migration
through a compacted clay buffer.
2. to investigate and explain the effect of sand in a clay/sand material on gas
migration through that material
3. to investigate the importance of test parameters such as rate of pressure

application and their effect on test resuits
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4. to produce test data which will provide support for the investigations

described in points 1, 2, and 3.

3.2. TESTING PROGRAM

To allow direct comparisons, test parameters for “standard” tests were chosen to
correspond with those used in previous tests in the Canadian research program
(Kirkham, 1995). The standard test parameters are outlined in Table 3.1. The majority
of the tests were done using step-wise pressure increments of 0.2 MPa every five
minutes. In illite and illite/sand, the specimens had a range of effective clay dry
density, p., of 1.23-2.08 Mg/m® and a range of degree of saturation, S,, of .45 - 1.00.
in bentonite, specimens had a range of effective clay dry density p., of 0.60 - 1.20

Mg/m® and a range of degree of saturation, S, of .60 - 1.00.

3.2.1. lllite/sand mixtures

it has been shown in previous studies on saturated clay/sand mixtures that sand in
clay/sand mixture is a filler and that the clay content controis the properties of the
mixture. Effective clay dry density, pc, is defined as the mass of clay divided by the
volume of the clay and the void space within a specimen. The sand is excluded and
assumed to be an inert filler. The effective clay dry density of a clay/sand mixture has
been shown to control hydraulic conductivity (Dixon et.al. 1987), and swelling pressures

(Gray et.al. 1985) provided that the clay content exceeds about 20% for bentonite.

It was hypothesized by the author that the effective clay dry density would aiso control
the gas breakthrough pressures within a illite clay/sand mixture since advective

processes would occur only in the clay portion of the mixture. lllite was chosen for this
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study due to its relatively inactive character, and because a relatively large body of
existing data for 100% illite was already available (Kirkham, 1995). Four different
illite/sand test series (IS) were planned and executed, each with a different illite/sand
ratio (25/75, 37.5/62.5, 50/50, and 75/25). For these tests, three parameters (p., pq,
and S;) were taken into consideration when planning the program. The target ranges
for these parameters are shown in Table 3.2. Using constant values of p., mixtures
with different percentages of sand could be compared to each other. Table 3.2 shows

that the ps and p. ranges for the series overlap.

3.2.2. Bentonite

A program of tests on both saturated and unsaturated bentonite was carried out
collaboratively with H.B. Hume. Data collected by Hume are indicated clearly in
subsequent sections. The maximum achievable dry densities for a given compactive
effort for bentonite as obtained from the Modified Proctor test (pa,max wentonite) = 1.3
Mg/m?) are lower than for illite (pamax iitey = 2.0 Mg/m’). As aresult, the py values for
both clay types were prepared within + 0.2 Mg/m?® of the pa.max for the specific clay so
that results from tests on different clays could be compared. Another factor in the
choice of py for the bentonite tests was the upper pressure limit of the apparatus (=9.5
MPa) since in the first few tests it was found that at ps> 1.0 Mg/m?® the upper limit of

the apparatus would be reached before gas breakthrough occurred.

Two test series were created, one where the tests were carried out directly after
compaction without a saturation phase, and a second which included a saturation

phase after compaction but prior to the gas breakthrough test. The tests that were
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carried out directly after compaction are referred to as the bentonite “unsaturated” (or
BU) test series. The test series that included a saturation phase will be referred to as
the bentonite “wetted” (or BW) series, since full saturation was frequently not achieved.
The target test parameters for both the unsaturated and wetted bentonite series are

listed in Table 3.3.

3.2.3. Bentonite and illite wetted with a non-polar fluid

Early in the conduct of the bentonite test series, it was observed that bentonite
exhibited a much higher gas breakthrough resistance than illite. Due to the clay-water
interactions discussed in Chapter 2, it was hypothesized that the difference in the gas
breakthrough resistance of illite and bentonite was due to bentonite’s tendency to form
larger DDL's which block flow paths. In order to test this hypothesis, a small testing
program (the NPF series) was created using a non-polar pore fluid, paraffin oil. A non-
polar fluid wiill not form DDL's. These tests make it possible to observe flow behaviour
in the absence of the DDL for both bentonite and illite. The ps and S, of these tests
were chosen to directly correspond to tests that had already been carried out using
water as a pore fluid. The target test parameters for the NPF series are outlined in

Table 3.4.

3.2.4. lllite with modified pressure increment

A small testing program (series T) was created to investigate the rate of pressure
application on the gas breakthrough response of illite specimens. This program used
100% illite at a ps and S, that had been repeated many times by the author and
Kirkham (1995). The target parameters for this test series are outlined in Table 3.5.

The only difference between the tests was the rate of pressure application. Some of



the tests had increasing pressure applied to them while others were conducted at

constant pressure until gas breakthrough occurred.
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4. TEST EQUIPMENT AND PROCEDURES

The equipment used for this testing program is located at the Geotechnical Laboratory
of the University of Manitoba. Two identical sets of equipment were used. The
equipment was originaily assembled by T. Kirkham who provided a detailed description
of the equipment and test procedures (Kirkham 1995). The following chapter outlines
the equipment and procedures for gas breakthrough tests. Deviations from the

equipment and procedures reported by Kirkham are noted.

4.1. TEST EQUIPMENT

4.1.1. Gas breakthrough equipment

The gas breakthrough test equipment consists of a test cell, a gas system and a water
saturation system. Figure 4.1 shows a photograph of a test cell and the accompanying
control board. A schematic diagram is shown in Figure 4.2. Pressure transducers and
Bourdon gauges form the instrumentation component of the equipment. The gas
system, water saturation system, and instrumentation will hereafter be referred to as

the “test board”. The test boards are described in detail in Kirkham (1995).

The test cell consists of a thick-walled stainless steel sleeve with two end flanges. The
test cell attaches to the test board for testing, and is detached for specimen preparation
and dismantling in a separate room. The specimen is compacted directly in the test cell
to minimize specimen disturbance and to improve adhesion between the specimen and

the cell wall.
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The water saturation system (shown as dashed lines in Figure 4.2) was used to
saturate specimens that were not at full saturation after compaction. The water
saturation system consists of a water reservoir attached to a flow meter which is in turmn
attached to the specimen itself with stainless steel tubing and a number of valves. The
flow meter measures water inflow to the specimen. In the sight burette of the flow
meter, the movement of coloured paraffin oil indicates flow of water into the test cell.

Changes in water inflow as small as 0.01 ml can be measured with the sight burette.

The gas system consists of a gas supply in the form of an argon gas cylinder, a gas
collection tank (on the outlet side of the specimen) and associated tubing, valves, and
gauges (shown as solid lines on Figure 4.2). The pressure in the argon cylinder
(usually > 16 MPa) provided pressure for the purposes of this testing program. Argon
was chosen because it is inert, and has low solubility in water (Kirkham, 1995). The
actual gases that wouid be produced within a repository environment (among them
methane and hydrogen), were not used due to the risk of fire or explosion. Since argon
does will not dissolve in water or alter the pH of the water, it is not expected to alter test

results. Procedures for operating the equipment will be described later in this chapter.

4.1.2. Data acquisition

The data acquisition system consists of pressure transducers and data acquisition
software. The latter is loaded on a personal computer adjacent to the test boards. A
schematic diagram of the data acquisition system can be found in Figure 4.3. Each set
of test equipment had three pressure transducers (1P, 2P and 3P in Figure 4.2) which

measured the gas inlet pressure on the upstream side of the specimen, gas outlet
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pressure on the downstream side of the specimen, and fluid pressure within the
saturation system, respectively. On excitation from a constant voltage power supply,
the transducers sent analog signals through to an analog-digital converter card. This
card converted the signals into digital format which was converted into engineering

units using the data acquisition software.

The data acquisition software used was LabTech Notebook v.7.3. The software
allowed the tests to be monitored on the adjacent computer screen in real time, and
also wrote the test data to a file which was stored for future analysis. The pressure
transducers’ signals are emitted as voltage (mV). The software was configured to
convert this voltage to a pressure (in kPa) using the scale factor and offset constant

obtained by calibration, using the following equation:

P=flc+V) [4.1]
where: P = pressure (kPa)
f = scale factor (a constant)
c = constant

V = voltage (mV)

Readings from the pressure transducers were taken by the data acquisition software
ten times per second. These ten readings were then averaged for that second.
LabTech Notebook allows the user to input the frequency with which readings are sent
to the screen or written to a file. Data were generally sent to the screen every second.

This rapid updating of the data allowed the pressures to be adjusted using the screen




58

as a guide. If there was a particularly long test, the data were written to the file less
frequently to permit easier analyses. For example, for a constant pressure test
spanning a number of weeks, data were written to the file only once every 240
seconds, whereas in faster tests, data were written to the file every 10 seconds. Time
was also shown on the screen and written to the file using the computer’s intemnal clock
as a source. The excitation voltage was shown on the screen so that it could be

monitored.

4.1.2.1.Calibration of pressure transducers

Pressure transducers were calibrated once when the test board was originally built, and
then twice during the current testing program. The three calibrations produced closely
similar results. Figures 4.4 through 4.9 show the three calibrations of the three
transducers on each of the two test cells. Calibration was performed using a dead-load
testing apparatus. Each pressure applied to the transducer registered voltage
response. Using the known applied pressure of the dead load apparatus, a linear
regression was performed on the results of the output from the transducers. The two
variables: the scale factor (f) and an offset constant (c) were obtained from the

regression.

Using the scale factors and offset constants from the three calibrations, graphs were
plotted of transducer output (mV) versus reported pressure (kPa). Since the change in
the offset constant among calibrations was proportionally larger than the change in
scale factor, the difference between calibrations was generally constant throughout the

whole pressure range. For example, a change in offset constant might cause every




59
reading of one set of calibration data to be 30 kPa higher than another set of calibration
data. Due to this effect, the percentage difference between the calibrations was larger

for lower pressures than for higher pressures.

The range of pressures for the gas breakthrough tests was approximately 0.2 - 9.0
MPa. For the lower pressure range, (0.2 - 2.0 MPa), the highest percentage difference
among the calibrations was 23%, but the differences were generally less than 5%. For
the higher pressure range (2.0 - 9.0 MPa), the highest difference was 2%, but the
differences were generally less than 1.5%. Thus reported results are generally

considered have an accuracy of + 5%.

In most of the gas breakthrough tests reported, the pressure was increased in 0.2 MPa
increments, each increment lasting 5 minutes. Breakthrough pressures have been
reported in terms of these 0.2 MPa increments since it is impossible to know if or when
breakthrough fell between increments. Because high precision in the measurement of
breakthrough pressure was not possible, differences in the accuracy of the
measurements were deemed to be acceptable. Pressures were double checked
periodically using the Bourdon gauges mounted on the testing board. All data in this
report were derived using the initial calibrations. This allowed a reference point from

which to measure the largest possible error in the results.

Near the end of the testing program, the transducer with serial number 65841
malfunctioned due to damaged wires. The transducer was beyond repair and it was

replaced by the transducer with serial number 65843.
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4.1.3. Test cell

The cylindrical test cells were fabricated from stainless steel and consisted of a sleeve
and two end flanges. The test cell is shown schematically in Figure 4.10. With the
bottom flange attached to the sleeve, the specimen was compacted directly into the
cell. The top and bottom flanges each had three orifices: two of which allowed the
entry of water and gas, and the third vented to the atmosphere for flushing purposes.
As shown in Figure 4.11, each orifice led to a series of grooves on the surface of the
flange next to the specimen. These grooves allowed the fluid, whether it be gas or
water, to flow over the entire surface of the filter stone. This facilitated permeation of

the fluid into the specimen.

4.1.4. Compaction apparatus

The compaction apparatus consisted of a piston which was attached to a hand-
operated hydraulic pump. A dial gauge mounted on the piston allowed for precision of
up to 0.001" in the measurement of height of a given lift of soil. The piston of the
compaction apparatus was also used to extrude the specimen upon completion of a
test. Detailed description of the compaction apparatus was provided by Yarechewski

(1993) and Kirkham (1995).

4.2. SOIL MATERIALS

4.2.1. lllite

The illite used for this testing program was marketed commercially by Canada Brick as
“Sealbond”, a mortar plasticizer. This illite is obtained from a Dundas shale member of

the Georgian Bay Formation (Ordovician) that is described as a “soft, gray, ilite-bearing
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shale with moderate chlorite and no detectable expanding minerals, containing narrow,
discontinuous limey and sandy interlayers” (Dixon and Woodcock, 1986). Properties of
the illite are outlined in Table 4.1. The illite is of low plasticity, having a plasticity index

(1) of 11.

4.2.2. Bentonite

Avonlea bentonite was used for part of the program. It is described as a greenish gray
bentonite of the Upper Cretaceous Bearpaw Formation (Dixon and Woodcock, 1986).
As shown in Table 4.1 Avonlea bentonite is a highly-plastic, swelling clay with a large
specific surface area (because montmorillonite is the primary clay mineral). Bentonite
is much different in character from the illite described in Section 4.2.1. Its plasticity

index is 225.

4.2.3. Sand

The sand that was used for the tests was a fractionated silica sand or “frac sand”. Frac
sand has been sieved so that all of the grains in a given category fall between two
sieve sizes. For example, in 70 - 140 frac sand, all the sand will pass through a #70

U.S. Standard Sieve but will be retained on a #140 sieve.

Originally, it was thought that the same mixture of frac sand would be used for this
testing program as was used for the Reference Buffer Material (RBM). It was found,
however, that the two largest sizes of frac sand (8-12 and 12-20) caused scratching of
the stainless steel material used for the test cells. To avoid damaging the cells, the two

largest sand fractions from the RBM sand mixture were omitted in preparing specimens
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for gas breakthrough tests. Table 4.2 shows the differences in particle size distribution

between the sand used for RBM and the sand used for gas breakthrough tests.

4.3. TESTPROCEDURES

4.3.1. Soil preparation

4.3.1.1. Soil-water mixtures

Samples were mixed to a pre-determined water content and clay/sand ratio that
provided the range of densities required by the test program. Clay and sand that had
been oven-dried at 110°C were mixed with distilled, de-aired water (or paraffin in the
case of a test series run with specimens using non-polar fluid). The quantities of soil

and water required for a batch of soil were calculated using the equation:

=

" [4.2]

<

Where: w = water content
M, = mass of water
Ms; = mass of soil, (for a clay/sand mixture, this value would be

proportioned by weight as required, say 50/50 or 75/25)

The soil was then mixed with the water until the peds were as small as possible. To
minimize water loss due to evaporation, mixing was done in a cool room where the

temperature was held constant at 4°C. Generally, the largest peds which remained in
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the mixture were about 2-4 mm in diameter. The soil mixture was then sealed in two
plastic bags and placed in the cool room for three days to allow the water content

throughout the entire batch to reach equilibrium.

4.3.1.2.Soil-paraffin mixtures

For specimens prepared using non-polar fluid, paraffin oil was mixed with the soil in
place of water. The paraffin oil was of general laboratory grade, with chemical formula:
CaH2, where n= 14-24. The specimens were made in such a way that it was possible to
directly compare specimens that were prepared with paraffin with those prepared using
water. Thatis, they were made at identical dry densities and degrees of saturation.
The clay that was used was oven-dried at 110°C for at least 24 hours, and then cooled
in a desiccator prior to mixing with the paraffin. This was done in order to minimize the
uptake of moisture from the air. it should be noted however, that a smail amount of
hygroscopic water (<5%) still remains when clay is dried in the above mentioned

manner.

The mass of paraffin was calculated so that the volume of paraffin would be equivalent
to the volume of water in the comparable water-based specimen. (Therefore, the
degrees of saturation, specific volumes, and dry densities of both specimens would be
the same.) Since the specific gravity of paraffin is less than 1, the mass of paraffin
used to prepare such a specimen would therefore be less than the comparable water-
saturated specimen. Due to the difference in specific gravities, the above formula for w,
[4.2], was not appropriate for a paraffin-based specimen. The mass of paraffin

required was calculated using the following equation:
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Mparaﬂin = MwaterXGS(pamﬂ'n) [43}

Where: Mearamn = mass of paraffin (g)
Muater = mass of water (in comparable specimen) (g)

G, = specific gravity of paraffin (0.828)

4.3.2. Calculation of target parameters

Prior to preparation of a specimen, the “target” parameters for the test were evaluated
from the experimental pian discussed in Chapter 3. There were three separate
variables which were considered: water content (w), dry density (p4), and degree of
saturation (S;). These variables are interrelated, so that if two are known, the third can

be calculated.

The soil for a specimen was compacted in four lifts in order to achieve a constant dry
density throughout. The mass of soil required for each of the four lifts was calculated

using the following formula:

\V
= . Specmen
Msuiporlin 4P¢(1+W) [44]

Where: Vapecimen = Ttd-N/4 (cm?)

Pa = target dry density (Mg/m’)
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w = target water content (as a fraction, e.g. 10% = 0.10)

The test volume inside the cell is 5.07 cm in diameter and 2.40 cm in height (for a

volume of 48.45 cm?®), SO Vipecimen iS known.

The target water content (or the most recent water content test for a given batch) is
used for the above calculation since the “initial” water content is not known at the time
of compaction. Differences between the “target” and “initial” water contents sometimes
resuit in a small difference between the “target” dry density and the “initial” dry density

of the test.

For sand/illite mixtures, the effective clay dry density (p.) of a specimen was aiso
considered when determining the target parameters for a test. The effective clay dry
density of a specimen is useful when examining the effect of the clay content on the
behaviour of a specimen. Essentially, the sand within the specimen is assumed to be a
filler which does not contribute to the behaviour of the specimen. In the calculation of
pc , the mass of clay is divided by the volume of the specimen minus the volume of the
sand particles. Using p. allowed specimens with different proportions of sand to be
compared to one another. The effective clay dry density is calculated using the

following equation:

M
p. = = [4.5]

Where: Pe = effective clay dry density (Mg/m®)

Meaiay = mass of clay (Mg)
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Vepeci = volume of total specimen (m?)

Vand = volume of specimen occupied by sand particles (m®)

4.3.3. Specimen preparation

Before soil that had already been mixed (as discussed in Section 4.3.1) was measured
out for a specimen, it was warmed to room temperature while still sealed within two
plastic bags. Three water content tests were then taken of the mixed soil. The results
from these tests are referred to as the “initial” water content, and represent the state of
the soil at the beginning of the test. The four lifts of soil needed to form the specimen
were weighed out into small cups. The cups were covered to minimize the evaporation

of water or paraffin.

Prior to specimen compaction, the bottom flange of the cell was attached using four
small set screws. The cell was then placed open side up and a porous nickel filter
stone was placed on the bottom of the cell. A filter paper was placed on top of the filter
stone. The filter papers and stones were used to prevent migration of soil into the lines
and valves. A cross-section of the test cell, specimen and filters was shown in Figure

4.10.

The first lift of soil was placed on top of the filter paper. The soil was compacted to a
thickness of 6 mm (for a standard test) using a the compaction equipment described in
Section 4.1.4. The top of the lift was then scored lightly using a pointed object in order

to allow for better adhesion between successive lifts. On average, fourteen score lines
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were used; seven in each of two perpendicular directions. The remaining three lifts
were compacted in an identical manner. A filter paper was placed on top of the fourth

lift, followed by a filter stone.

After the soil was compacted, the top flange of the cell was attached using four set
screws. Six large threaded rods were then threaded through the sleeve and both
flanges and tightened with nuts on each end. The cell was subsequently attached to
the test board. A “quick coupler” arrangement was designed by the author to attach
the leads from the test board to the cell. This simplified what was previously a difficult
task. The leads to the test cell were fashioned in a way that they were readily

accessible and could be easily attached.

4.3.4. Saturation procedure

Some of the specimens which had been initially compacted to less than 100%
saturation were subsequently saturated within the test cell. The saturation procedure
was used for only a limited number of tests. Specimens which did not include a

saturation phase were said to be tested “as compacted”.

The first step in saturation was to flush the leads and filter stones with water at
atmospheric pressure. This was done with the flow meter isolated so that water used
to saturate leads and filters would not be recorded as water inflow to the specimen. To
accomplish the flushing procedure, the water inflow vailve and bleed valve were opened
simultaneously, allowing water to pass over the fiiter with minimal intrusion of water into

the specimen. This was done at both ends of the specimen.
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After flushing the leads and filters, the water system was pressurized to 0.2 MPa in
order to expedite saturation of the specimen. Once the system was pressurized, the
valve leading to the flow meter was opened. The principle used was one of dissolving
air pockets into previously de-aired water at elevated pore back pressure. The valves
connecting the water system to both ends of the specimen were then opened so that
saturation could be achieved more quickly by allowing water uptake from both ends.
Difficulties were encountered in achieving full saturation with a backpressure of 0.2
MPa, especially with specimens with low degrees of saturation at the time of

compaction. This point will be discussed in more detail in Test Results, Chapter 5.

4.3.5. Gas breakthrough test procedure

Once the cell with its enclosed specimen was attached to the test board and the
saturation phase had been completed (where required), the breakthrough portion of the
test was commenced. First the data acquisition software was started, so that pressures
could be monitored on the computer screen. The entire system was setto a
backpressure of 0.2 MPa and the leads and fiiters were flushed with gas to remove any
water and bring the whole system up to pressure. The gas outlet circuit was then
isolated from the supply by closing a valve. With the gas outlet circuit isolated, any
increase in pressure in the gas collection tank (Figure 4.2) was an indication of gas

breakthrough, since this was the only way gas could get into the tank.

The gas pressure on the inlet side of the specimen was then increased in a series of

pre-determined pressure increments. For standard tests, the inlet pressure was
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increased by 0.2 MPa every 5§ minutes. This pressure increment was chosen so that
tests could be completed within one working day. For a test that went to the full
capacity of the board (9.2 MPa), the gas breakthrough part of the test would take

approximately 7 hours including installation, initial set-up, testing and decommissioning.

4.3.6. Post-breakthrough procedure

After a test was complete following breakthrough (or the upper pressure limit of the
equipment was reached), all valves leading to the specimen were closed. The gas inlet
and outlet circuits were brought back to atmospheric pressure by bleeding the lines.
Any residual pressure in the test cell was then bled quickly. The cell was detached
from the test board, and the clamping bolts and cell end flanges removed. The
specimen was then extruded from the sleeve using the compaction ram and hydraulic
pump described earlier. This procedure was performed as quickly as possible, since
the removal of the end flanges exposed the specimen to air and potential loss of
moisture through evaporation. The filter paper and stones prevented rapid

evaporation.

The specimen was then cut into upper and lower halves, so that there was a disc of soil
from the lower (inlet) side of the specimen, and one from the upper (outlet) side.
Division of the specimen into 4 separate zones for the purposes of water content tests
is shown in Figure 4.12. The soil around the perimeter of each of these discs was
removed. Water content tests were taken of these four specimens (gas inlet perimeter,

gas inlet centre, gas outlet perimeter and gas outlet centre).




70

4.4. MERCURY INTRUSION POROSIMETRY PROCEDURES

4.4.1. Specimen preparation

Specimens for mercury intrusion porosimetry testing were prepared using similar
procedures as for the gas breakthrough tests. Oven-dried illite and distilled, de-aired
water were mixed and compacted in the manner described in section 4.3. However,
the specimens were not tested in the breakthrough apparatus. The only difference
from the standard compaction procedure was that some of the MIP specimens were
compacted in one lift instead of four. There was concem that the interface between the
lifts would become a fissure when the specimen was dried. This fissure would then fill

prematurely with mercury during the intrusion process and would alter the test results.

Following compaction, the specimen was extruded from the cell without testing. It was
broken into many small chunks, of about 2 grams each. A small chisel was used to
break the specimen into chunks. Cutting the specimen with a knife would alter the pore
size and shape at the surface of the specimen and was therefore avoided. The volume
of the specimens was chosen to correspond with the chamber in the MIP testing
apparatus, a Micromeritics “Auto Pore |l - 9220" porosimeter at the {aboratories of
Atomic Energy of Canada Ltd., Pinawa, Manitoba. A specimen of 2 grams can be very

nearly fully intruded with this apparatus and will produce the most meaningful resuits.

Two small “chunk” specimens were chosen from each large specimen. The chunks

were selected to be free of visible fissures. Specimens were also chosen if they were
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from the centre of the original large specimen where they would be least affected by

the force of the compaction ram and cell walls.

The two small specimens were then carefully packaged and shipped to the AECL
laboratory in Pinawa, where they were completely dried in a chamber in close proximity

to sulfuric acid, a desiccant.

4.4.2. Procedure for mercury intrusion porosimetry tests

The MIP tests were performed by Mr. Brad Walker, technologist at the AECL
laboratory. The dried specimen was placed in the chamber of the MIP testing
apparatus and the chamber filled with mercury. The chamber was then pressurized
incrementally. The pressure was held constant at each pressure increment until the
intrusion of mercury had ceased. The termination of intrusion of mercury indicates that
all pores large enough to be intruded at that particular pressure have been intruded.
The cumulative volume of mercury intruded was then recorded before the pressure was

increased again. Resuits of these tests will be described in Chapter 5.
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§. TEST RESULTS

This chapter presents results of the testing program outlined in Chapter 3. Data for
tests on illite/sand specimens will be discussed first, followed by resuits from tests on
bentonite specimens and a number of specialized tests. A synthesis of the test results
will be presented in Chapter 6. The gas breakthrough test results outlined in this
chapter are for “standard” tests (with a pressure increment of 0.2MPa/5min), unless

otherwise indicated.

In following sections and in the accompanying tables, the initial (or compaction) test
parameters represent the state of the specimen at the time of compaction prior to the
gas breakthrough test. Some of these parameters are measured (w, mass of soil
compacted, volume of test cell), and others are caiculated from the measured
parameters (S, pq, pc). For the unsaturated tests, where no water inflow is permitted,
the initial test parameters represent the state of the specimen at the beginning of the
gas breakthrough test. Final parameters are those which were measured (w) and
calculated (S;) following the gas breakthrough test, after the specimen was extruded
from the cell. A final dry density was not calculated from the final mass of soil, since
losses of soil often occurred upon extrusion and slicing of the specimen. Therefore,

the final mass used in calculating final dry density would produce inaccurate resulits.

For the purposes of this report, gas breakthrough pressure, Py, is defined as the
pressure level at which the first gas breakthrough response was noted. All gas

breakthrough pressures are reported in terms of the pressure differential across the
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specimen. Since the gas outlet backpressure is 0.2 MPa for all tests, the gas
breakthrough pressure is the gas inlet pressure minus 0.2 MPa. Gas breakthrough was
evidenced by an increase in the gas outlet pressure in excess of the backpressure and
normal minor fluctuations, which were nomally less than 5 kPa. Different tests had
differing rates of gas breakthrough. In some specimens, gas breakthrough occurred
rapidly, with the gas outlet pressure increasing by many MPa within a few seconds. In
other tests, the gas outlet pressure would increase slowly, at a rate of only 10 kPa per
minute. Systematic application of the above definition of gas breakthrough allows all
tests to be evaluated, even with differing rates of gas breakthrough. The trends
apparent in the different rates of gas breakthrough will be discussed later in this

chapter.

A graph for each gas breakthrough test can be found in Appendix A. A representative
sample of these graphs will be used to illustrate prominent trends in Figures 5.1
through 5.6. Some computer data fiies were accidentally overwritten or were not
properly recorded. These graphs are identified with the words “data file not available”.
A manual backup record was kept for each test so the gas breakthrough pressure is
still known even if the computer data file was lost. It should also be noted that several
graphs show the gas collection line crossing the gas inflow line slightly following
breakthrough. It is unlikely that the gasout pressure did actually exceed the gas inflow
pressure. The minor variations in the calibrations of the pressure transducers, as

discussed in Section 4.1.2.1 account for the phenomena.
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5.1. ILLITE

5.1.1. lllite/sand mixtures (ISU)

Test specimens were prepared with varying ratios of illite to sand, degree of saturation,
and dry densities. As described in Section 3.3.3, the target effective clay dry density,
Pe, (OF peeyary ) Was also taken into consideration when planning the initial test
parameters. It should be noted that a number of tests are reported as having a degree
of saturation slightly greater than 100 percent, which in theory is impossible. If an
attempt was made to compact a specimen to a degree of saturation greater than 100%,
a small amount of water could possibly have been driven out of the specimen into the
lower filter paper and stone. It is also possible that there was slight variation in specific
gravity which would resuit in a small error in the calculation of degree of saturation.

Specific gravities, Gs, of 2.76 and 2.65 were used for illite and sand, respectively.

The following list outlines the number of tests camried out at each illite/sand ratio. The
test ID names for this series begin with “ISU", meaning that these are illite/sand
unsaturated tests. The number following these letters represents the illite content (i.e.
ISU37.5-3 is the third test in the series which has 37.5% illite and 62.5% sand). The
specimen conditions and gas breakthrough data for the illite/sand tests are shown in
Tables 5.1 - 5.4.

75% illite / 25% sand - 10 tests (Table 5.1)

o 50% illite / 50% sand - 18 tests (Table 5.2)

37.5% illite / 62.5% sand - 10 tests (Table 5.3)

e 25% illite / 75% sand - 10 tests (Table 5.4)
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5.1.1.1.Gas breakthrough response

Gas breakthrough pressure increased with increasing degree of saturation for all ratios
of illite to sand. An example of this trend is illustrated in specimens ISU50-15 and
ISU50-17, as shown in Figure 5.1. Each graph shows the gas inflow pressure being
increased in 0.2 MPa increments every 5 minutes. When a response is noted in the
gas collection pressure (the dashed line), gas breakthrough is said to occur. Arrows
have been placed at the point of gas breakthrough. Both specimens have the same
illite/sand ratio and dry density. However, ISU50-15 was compacted to a degree of
saturation of 95.2% and had a gas breakthrough pressure of 3.2 MPa. The other
specimen ISU50-17 had a lower degree of saturation of 80.6% and a lower
breakthrough pressure of 1.0 MPa. This observation is similar to what Kirkham (1995)
observed for 100% illite. He found that below a degree of saturation of about 80%, illite
specimens did not exhibit any resistance to gas breakthrough. Of the five illite/sand
specimens in this program that were compacted to a degree of saturation less than
80%, all broke through at the first pressure increment (0.2MPa). Six specimens were
compacted to a degree of saturation between 80 and 85 percent; of these specimens
three broke through at the first pressure increment (0.2 MPa) and the remainder broke
through below 1.0 MPa. This finding is consistent with current hypotheses (Wheeler,
1988, Jeffries et al., 1991, Fredlund and Rahardjo, 1893) that state that the gas phase
is continuous at a degree of saturation below about 85%, as discussed in Section 2.5.

This would lead to very low or non-existent gas breakthrough pressures.

The gas breakthrough pressure also increased with increasing dry density. If saturation

and illite/sand ratio were held constant, a specimen with the greater dry density would
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have & higher gas breakthrough pressure. A typical illustration of this is shown in
Figure 5.2, where the gas breakthrough graphs for specimens ISUS0-5 and ISU50-14
are compared. Although they are both fully saturated, ISU-14 has a greater dry density
and hence a greater gas breakthrough pressure. The specimen with a greater dry
density would have lower porosity. A decrease in porosity would result in fewer, and

likely smaller pores and hence an increase in gas breakthrough pressure.

The effective clay dry density, p., allows specimens of differing illite/sand ratios to be
compared to one another by assuming sand is an inert filler. Gas breakthrough
pressures of illite/sand mixtures show a greater dependence upon clay dry density than
total dry density. This effect has been observed by other researchers for hydraulic
conductivity and coefficients of diffusion (Gray et al. 1985, Dixon et al 1987). For
example, specimens ISU50-12 and ISU37.5-8 shown in Figure 5.3 have closely similar
dry densities, (2.15 and 2.14 Mg/m’, respectively) and degrees of saturation (93.7 and
93.6 %, respectively). However, their gas breakthrough pressures are different at 1.0
and 0.2 MPa, respectively. The difference in gas breakthrough pressure can be
attributed to the fact that specimen ISU50-12 has a greater illite content (50% as
opposed to 37.5% in specimen ISU37.5-8), and therefore has a higher effective clay
dry density. The effective clay dry density of specimen ISU50-12 is 1.81 Mg/m’,

whereas the effective clay dry density of specimen ISU37.5-8 is 1.65 Mg/m®.

Although gas breakthrough pressure did not show a strong correlation with the total dry
density of the specimen, the rate of gas flow from the specimen following breakthrough

generally decreased with increasing dry density. That is, specimens at the same
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degree of saturation and clay dry density, but with different total dry densities due to
their sand content would have approximately the same gas breakthrough pressures,
but gas breakthrough response would be slower in the specimen with greater dry
density. This effect can be seen in Figure 5.4, where the gas breakthrough responses
of specimens ISU37.5-2 and ISU75-5 are compared. The specimens have almost
identical degrees of saturation (84.6% and 84.8%) and effective clay dry densities (1.90
Mg/m’), however, the specimen with 37.5% illite and 62.5% sand has a dry density of
2.30 Mg/m° as compared to the specimen with 75% illite and 25% sand which has a dry
density of 2.02 Mg/m®. Specimen ISU37.5-2, which has the higher dry density, exhibits

a slower rate of gas flow.

Generally, specimens with dry densities above 2.20 Mg/m? exhibited slow rates of
breakthrough where those below 2.20 Mg/m® had relatively rapid gas breakthrough and
rate increased with decreasing dry density. However, if the effective clay dry density
was extremely low, as with the tests in the ISU25 series, gas breakthrough was rapid,
regardless of dry density. in these specimens with very low effective clay dry densities,
(< 1.50 Mg/m®) there appears to be a shift from a clay-dominated to a sand-dominated
material. If materials that have a very low effective clay dry density are indeed sand-

dominated, then it follows that gas breakthrough resistance would be minimal.

5.1.1.2.Variations in water content

Water content tests were taken following completion of gas breakthrough. As
described in Chapter 4 and as shown in Figure 4.12, each specimen was divided into

four for purposes of measuring water content (gas inlet perimeter, gas inlet centre, gas
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outlet perimeter, gas outlet center). The ASTM standard for water content tests,
D2216, states that a minimum of 20g of moist soil should be used per test. Aimost all
water content tests were performed using 20-30g of moist soil. There were a few tests,

however, that had slightly less than 20g of moist soil.

A 95% confidence interval was used to determine whether differences in water content
were significant or not. Generally, the difference is taken to be significant if zero is not
a part of the 95% confidence interval. A 95% confidence interval is determined by the

following equation:

-+ s
d —tezn. '_:‘
Where: d = the average of the differences
o = 100 - desired confidence interval (i.e. for a 95% interval, ¢ = 100-95=5)
n = the number of observations
Sp = the standard deviation of the differences

tezn1 = the value on the x axis of the t-distribution curve (with n-1 degrees of
freedom) for which the area under the t curve to the right of tis /2. (the te2 a1

values were obtained from Devore (1991).

it would be expected that if gas was bypassing the specimen by traveling along the cell
walls that the water content at the perimeter of the specimen would be significantly
lower. However, the difference between the centre and perimeter water contents was
not significant (0.03:0.05%). As a result, the average of the two inlet and two outlet

values was used to obtain the difference between the inlet and outlet sides of the
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specimen. The difference between inlet and outlet water content was significant, with
the inlet being less (-0.30:0.12%) than the outlet. This is supported by the observation
that the gas outiet side was visibly wetter (as evidenced by a darker colour) for many of
the specimens upon extrusion from the test cell. If continuous gas pathways had
formed by pushing water out of the pores, from the gas iniet to the gas outlet side,
then this observation is also consistent with what would be expected. This observation
is contrary however to researchers such as Pusch (1985) who took the absence of a
difference in water contents between the gas inlet and outlet sides of bentonite
specimens to mean that gas had traveled through only a smali number of pathways. It
is also contrary to the observations of Hume (1998) who observed a higher water
content on the inlet side of bentonite specimens which were subjected to very high

pressures of up to 50 MPa. This matter will be discussed further in Chapter 6.

5.1.1.3.Repeatability

Repeatability of these tests was good throughout all illite/sand ratios and ranges of dry

density and degree of saturation . A few examples are given below:

Test pa (Mg/m® S, (%) Py (MPa)
ISU50-3 2.03 100.8 0.4
ISU50-4 2.04 100.1 0.6
ISU75-1 2.11 97.3 2.8

ISU75-2 2.10 95.3 2.8
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5.2. BENTONITE

5.2.1. Wetted (BW)

This series of tests was performed on 100% Avonlea bentonite. The specimens were
subjected to a saturation phase following compaction. They are referred to as “wetted”
rather than “saturated” because full saturation was not achieved. Tests BW-1 through
BW-6C (11 tests) are the work of the author, whereas tests BW-7 through BW-23 (16
tests) are the collaborative work of the author and H.B. Hume. These collaborative

tests are aiso reported in Hume 1998.

The intent of this series of tests was to compact soil at varying water contents and
saturate them by uptake of water. The effect of differing soil structures at the time of
compaction could then be investigated. The results of these tests are shown in Table
5.5. Wetted specimens were saturated at a backpressure of 0.2 MPa until movement
in the water inflow burette ceased, usually after about two days, as described in
Chapter 3. In theory, the final degree of saturation calculated from the water inflow
measurements should correlate well with the measured final degree of saturation.
Table 5.6 shows calculations of final degree of saturation from water inflow
measurements. Generally, the measured final degree of saturation was much higher
than that calculated from the water inflow measurements. The possible explanation for
this observation involves test procedures. The water inflow burette is isolated during
the flushing of the filters, prior to the saturation phase so that water used to saturate
the filters will not be measured as inflow to the specimen. It is possible however that

water was traveling through the filters into the specimen during this flushing procedure,
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especially for specimens compacted to low degrees of saturation with high levels of
suction. This results in the inflow measurements underestimating the quantity of water

that has entered the specimen.

Although all of the specimens reached 85-98% saturation, none were fully saturated.
This is possibly due to the lack of an applied vacuum to remove air from the specimen.
Some of the specimens were compacted to very low degrees of saturation of less than
60 percent. These specimens contained large amounts of air which would have to be
displaced if true saturation was to occur. Work by Hume (1998) also suggested a
backpressure of greater than 0.2 MPa is needed to saturate bentonite specimens within

the time frame used for these tests.

5.2.1.1.Gas breakthrough response

For tests compacted to dry densities greater than 0.95 Mg/m>, there was no gas
breakthrough before the upper limit of the test board, = 9.2 MPa, was reached. Below
0.75 Mg/m®, the gas breakthrough pressures were generally very low, < 1.0 MPa. All
tests that did breakthrough showed rapid rates of breakthrough. In the threshold area
between 0.75-0.95 Mg/m® the gas breakthrough pressure varied widely and did not
seem to show strong correlation with either dry density or initial or final degree of
saturation. The lack of comrelation between gas breakthrough pressure and either
initial or final degree of saturation might be because after the saturation phase, all tests
have relatively high degrees of saturation (85-98%) resulting in a continuous water
phase. Moreover, it is likely that the face of the specimen that was in contact with

water was fully saturated. Gas would have to push water out of the pores at the gas
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inlet face in order to enter the specimen. A further discussion of this phenomenon will

be included in Section 5.2.2.

5.2.1.2.Variations in water content

The lateral variation in water content (5.6+1.0%) was significant, with the perimeter
water content being higher. This is different from what was found for iillite specimens
and is possibly due to the saturation procedure. Variation between the gas inlet and
gas outlet sides (3.2:4.5%), was not significant, also contrary to what was found for

illite.

5.2.1.3.Repeatability

Repeatability was inconsistent in this test series. As discussed in the Section 5.2.1.1,
for dry densities above 0.95 or below 0.75 Mg/m’, the tests were very repeatable.
However, for dry densities in the threshold range, 0.75-0.95 Mg/m’, the tests were not
repeatable. For example, it would be expected that a specimen (BW-6) compacted to a
dry density of 0.90 Mg/m® and having initial and final degrees of saturation of 60.3 and
94 .4, respectively, would have a higher gas breakthrough pressure than for a test
which had lower dry density and degrees of saturation (BW-5B, ps=0.86 Mg/m?®,
Srcompaction)=54.7%, Srnan=87.1%). However, the opposite was true. Specimen BW-6
has a gas breakthrough pressure of 0.6 MPa, whereas the value for BW-5B was

greater than 9.2 MPa.
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§.2.2. Unsaturated (BU)

The testing on unsaturated bentonite was carried out collaboratively with H.B.Hume
(1998). Twenty-nine tests were performed with dry densities ranging from 0.9-1.2
Mg/m3 and degrees of saturation from 60-99%. Since these specimens were to be
tested in an unsaturated state, the saturation portion of the test was excluded. Table
5.7 contains the test data for this series. Some of the tests were carried out with wet
filters in order to replicate test procedures and conditions used previously for the
saturated tests. However, the majority of these tests (24) were carried out using dry
fiters. Wet filters made the data difficult to interpret, since the exact water uptake from
the filters (and hence specimen saturation at the time of the gas breakthrough test) was

not known.

5.2.2.1. Gas breakthrough response

The gas breakthrough pressure of these specimens showed a strong correlation with
degree of saturation. Below a degree of saturation of about 90%, the specimens
exhibited little gas breakthrough resistance. Above a degree of saturation of 90%, the
gas breakthrough pressures rose sharply. For example, specimens BU-15, BU-11B
and BU-19 (as shown in Figures 5.5 (a) and (b)) have dry densities of 1.10 or 1.11
Mg/m®. As the degree of saturation of the specimens increases, (82.2, 91.1,97.6,
respectively), so also does the gas breakthrough pressure (0.2, 0.6 and 5.4 MPa,

respectively).

Gas breakthrough pressure also increased with increasing dry density, if water content

was held constant. This also represented an increase in degree of saturation. For
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example, the gas breakthrough pressure increased from 0.2 to >9.2 MPa in tests BU-6,
BU-18 and BU-10 (as shown in Figures 5.6 (a) and (b)), where the water content was
relatively constant within the range of 52.7-54.3% but the dry density increased from

0.90 to 1.13 Mg/m”>.

Tests with wet filters seemed to have a significantly higher gas breakthrough pressure
than those with dry filters. Tests BU-11 and BU-11B were compacted at a dry density
of 1.11 Mg/m® and water contents between 48.1 and 49.1% (for degrees of saturation
of 90.1 and 91.0, respectively). Specimen BU-11 was compacted on wet filters and
had a gas breakthrough pressure greater than 9.2 MPa. Specimen BU-11B,
compacted using dry filters, had gas breakthrough pressure of 0.6 MPa. Furthermore,
the average wg,s inet fOr specimen BU-11 had increased by 4.8% to 52.9% due to water
uptake from the wet filters. Evidently, the gas inlet face of the specimen had a higher
degree of saturation than the average for the specimen as a whole. This high degree
of saturation on the face likely reduced the number of continuous gas pathways which

explains the greater resistance to gas breakthrough of specimen BU-11.

All tests in which gas breakthrough was achieved exhibited rapid rates of gas
breakthrough. This observation is opposite to that observed for illite. In bentonite,
even specimens with high dry densities and degrees of saturation and correspondingly

high gas breakthrough pressures show a rapid rate of breakthrough.
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5.2.2.2.Variations in water content

The lateral variation in water content, between the perimeter and centre of the
specimen (0.4:0.6%) was not significant. The difference between the inlet side and
outlet side of the specimen (0.04+0.74%) was also not significant if the specimens
compacted on wet filters were excluded. The specimens compacted on wet filters
showed an elevated water content on the gas inlet side of the specimen. This is due to
the fact that the specimens were compacted on a wet filter (on the gas inlet side) which

increased the water content.

5.2.2.3.Repeatability

The tests were quite repeatable. Five of the six sets of repeat tests at similar dry
densities and degrees of saturation had gas breakthrough pressures within 0.2 MPa of
each other. The sixth repeat series of tests, BU-7, BU-7B and BU-7C, had closely
similar conditions at the time of compaction, however the gas breakthrough pressures
varied widely, 1.4, 4.8, and 3.6 MPa, respectively. These specimens had the highest
degree of saturation of any of the repeat tests (98.5, 98.8, 97.8, respectively). These
tests seem very sensitive to variations in either dry density or degree of saturation.
Since the gas breakthrough response of the unsaturated bentonite tests as a whole
increases sharply with degree of saturation, this might be the cause for these

variations.
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5.3. SPECIALIZED TESTS

5.3.1. Bentonite and illite with non-polar fluids (NPFU)

A small number of tests were carried out on illite and bentonite specimens which were
prepared using a non-polar pore fluid, paraffin oil. The test |D’s for these specimens
start with either “INPFU" or “BNPFU", signifying either lllite (or bentonite) non-polar
fluid-unsaturated. Table 5.8 shows the specimen conditions and gas breakthrough

results for this series.

lllite was mixed with paraffin oil to an effective water content of 12.0% (as discussed in
Section 4.3.1.2) and was compacted to a dry density of 2.05 Mg/m® for an effective
degree of saturation of 95.6%. These test parameters were chosen because they had
been repeated as standard tests (using water) several times by the author with highly
repeatable results. These four tests that have been performed on illite at similar dry
densities and degrees of saturation are outlined in Table 5.9. The four standard illite
tests had an average gas breakthrough pressure of 3.75 MPa. The two tests on illite
which were mixed with paraffin had an average breakthrough pressure of 2.2 MPa,

which is 59% of the standard test value.

Three tests were performed on bentonite, two mixed with water and one with paraffin.
The two tests with water had quite different breakthrough pressures at 3.6 and 5.4
MPa. Repeatability of unsaturated bentonite tests in this range of degree of saturation
is relatively low, as discussed in Section 5.2.2.2. However, for the purposes of this

comparison, the average of the two standard bentonite tests is 4.5 MPa. The test
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performed on bentonite that was mixed with paraffin broke through at the first pressure
increment (0.2 MPa), which is 4% of the gas breakthrough pressure for a standard test.
Moreover, the texture of bentonite that was mixed with paraffin was markedly different
from that mixed with water. Bentonite mixed with paraffin did not form into peds and
was “clumpy”, somewhat like flour mixed with oil. Bentonite mixed with water forms
peds and has a dry “crumblike” appearance. In contrast, illite mixed with paraffin

looked similar, if not drier, than that mixed with water.

5.3.2. lilite with modified time increments (ITU)

A small set of tests was performed on illite in which the rate of pressure application was
varied. The name for this series is “ITU", which signifies illite-time, unsaturated. The
gas breakthrough pressures and specimen conditions for this series are shown in Table
5.10. Two “standard” tests were conducted on illite at a dry density of 2.04 Mg/m’ and
a degree of saturation of 98.3%. These tests acted as the control specimens. Both

standard tests had a gas breakthrough pressure of 3.6 MPa.

Two tests, ITU-1 and ITU-1B with dry densities and degrees of saturation closely similar
to the standard were carried out using a pressure increment of 0.2 MPa per hour (as
opposed to 0.2 MPa every five minutes for the standard tests). These tests broke
through at 2.2 and 1.8 MPa, respectively. The average of these two tests, 2.0 MPa, is

56% of the standard value.

Six tests were then conducted where the pressure was constant. The time to

breakthrough t, was then measured. Tests ITU-3, ITU-4, ITU-4B, and ITU-5 were all
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compacted to a dry density of 2.04 Mg/m’. and closely similar degrees of saturation

(97.2, 96.9, 96.9, 97.2%, respectively). The resuits of these tests are outlined below:

Test ID Py (MPa) t, (hours)
ITU-5 0.8 >336 hours
ITU-3 1.8 227

ITU-4 2.8 0.3

TU-4B 2.8 0.2

This data are interesting in that they suggest an inverse relationship between applied
pressure and the time to gas breakthrough. In this set of data, the time to gas
breakthrough increases exponentially with decreasing applied pressure. Tests ITU-1
and ITU-1B, where the average breakthrough pressure was 2.0 MPa (t,=8 h) can be
compared to test ITU-3, where the pressure was constant at 1.8 MPa and the time to
gas breakthrough was 22.7 hours. It would be expected that if the pressure were
raised suddenly at the beginning of a test, that breakthrough would occur more quickly
than a gradual increase in pressure. It is possible that some sort of occlusion of pores

occurs due to the rapid application of pressure.

Two other tests, ITU-6 and ITU-7 were carried out at a iower degree of saturation,
94.1% but a higher dry density (2.06 Mg/m®) than the others in this series. Test ITU-6
had a constant applied pressure of 1.8 MPa and broke through at 0.64 hours. Test
ITU-7 had a constant applied pressure of 0.8 MPa and broke through in 0.5 hours.
These test results seem counter-intuitive, since the test with the lower applied pressure

broke through in a shorter period of time. Also, in tests ITU-3 and ITU-5, the times to
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gas breakthrough were much higher than in comparable tests ITU-6 and ITU-7, even
though the dry densities and degrees of saturation of the specimens were relatively
close. It is very difficult to interpret the data from tests iTU-6 and ITU-7, however, since
the illite used for these tests was from a different batch than that used for the rest of
the testing program. The Atterberg limits, specific gravity, and particle size distributions
for this new batch of illite were investigated, and they are closely similar to the old
batch. The mineralogical composition might differ somewhat between the batches.

However this has not been investigated.

5.3.3. MIP tests on illite (MIP)

Seven MIP tests were carried out on illite. The testing program was planned and the
specimens were prepared by the author. They were then sent to AECL’s Whiteshell
Laboratories for MIP testing. The data presented for these MIP tests has been
previously reported by the author in Gelmich (1994), and by Kirkham (1995). Most of
the specimens show an incremental intrusion graph (or PSD) with two distinct peaks
which can be interpreted as the inter and intra-ped pores. Figure 5.7 shows a series of
tests that were compacted to a dry density of 2.04 Mg/m?, but at four different water
contents. The specimen compacted at a water content of 10% had the highest peak at
the 1 micron pore size which is the inter-ped level and the lowest peak at the 0.1
micron size which is the intra-ped level. Conversely, the specimen compacted at
w=13% has the lowest peak at the 1micron size and the highest peak at the 0.1micron
size. This illustrates the fact that as water content increases, the number of inter-ped

pores decrease as the soil is able to deform and fill these pores. Soil with a lower
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water content does not deform as much and hence does not fill as many of the inter-

ped pores.

Figure 5.8 shows two different specimens that were compacted at the same water
content, but to different dry densities. The specimen with the higher dry density has
fewer pores, as would be expected from the resulting decrease in porosity. The lines
have essentially the same peaks. However, the line that represents the higher density
specimen is shifted downwards. In Figure 5.9 an example of a single-peaked
incremental intrusion graph is shown. This specimen was compacted at a low dry
density of 1.95 Mg/m® and a water content of 15% (which is wet of optimum). Even
though the dry density is low and many pores would be expected, there is no second
peak at the 1 micron level. The soil, which was at a high water content at the time of
compaction, deformed to fill almost all of the inter-ped voids. The foregoing
observations are consistent with those found by other researchers (Wan 1996, Delage

and Graham, 1996) as discussed in Section 2.2.3.2.
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6. DISCUSSION

6.1. DISCUSSION OF TEST RESULTS

6.1.1. lllite/sand mixtures

As discussed in Chapter 5, the gas breakthrough pressures of illite/sand mixtures
depend on the effective clay dry density of the specimen. The gas breakthrough
pressure also depends on the degree of saturation of the specimen. Figures 6.1
through 6.3 show gas breakthrough pressure as a function of effective clay dry density

for different ranges of saturation for illite/sand specimens.

Figure 6.1 shows the relationship between gas breakthrough pressure and effective
clay dry density for specimens with degrees of saturation from 85 to 90 percent. It
should be noted that specimens of all illite/sand ratios that were tested (25/75,
37.5/62.5, 50/50, and 75/25) are included as points on this graph. The specimens with
varying illite to sand ratios can be placed on the same graph because the effective clay
dry density, not the total dry density, is used. The best fit line for the data points is
shown as a dashed line. The coefficient of determination, r*, for this best-fit line is low
at 0.478. Upon close inspection, it looks as if there might be a threshold effective clay
dry density of approximately 1.8 Mg/m® below which the specimens will not have any
resistance to gas breakthrough in this range of saturation. For specimens with effective
clay dry density greater than 1.8 Mg/m®, the gas breakthrough pressure appears to

increase linearly with increasing effective clay dry density.
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For sake of comparison, best-fit lines for Kirkham’s (1995) data for 100% illite were
included in Figures 6.1 to 6.4 as solid lines. Kirkham divided his data into degrees of
saturation of above 80% and below 80%. For 100% illite, the effective clay dry density
and the total dry density would be identical. Since Kirkham reported his gas
breakthrough pressures as total pressure (not pressure difference across the specimen
as in this study), the illite/sand gas breakthrough pressures will also be reported as total
pressure so that they can be directly compared. The backpressure was 0.2 MPa for all
tests, so the gas breakthrough pressures reported here will be 0.2 MPa higher than
those in the rest of this thesis. The best-fit line for the illite/sand mixtures at degrees of
saturation between 85 and 90 percent falls between the >80% and <80% degree of

saturation lines for 100% illite, as would be expected.

For specimens with degrees of saturation between 90 and 95 percent, the best-fit line
has a very high coefficient of determination of 0.9368, as shown in Figure 6.2. This
means that the best-fit line represents the data very well. This line also falls between

the >80% and <80% lines for 100% illite, as would be expected.

Figure 6.3 shows the data for specimens with a degree of saturation between 95 and
100 percent. The best-fit line fits the data very well, with a coefficient of determination
of 0.8807. This line is above the >80% line for 100% illite. This is expected since the
average saturation of the data points included in the 95-100% line for illite/sand
mixtures would be higher than the >80% line for 100% illite. It follows that at the same
effective dry density, a population of specimens with a higher average degree of

saturation would also have a higher average gas breakthrough pressure.
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Figure 6.4 is a summary of ali the best-fit lines for each group of data points. This
graph clearly shows that illite/sand mixtures of differing clay/sand ratios can be
compared with each other, as well as with 100% illite specimens on the basis of
effective clay dry densities. All else equal, an increase in effective clay dry density will
result in an increase in gas breakthrough pressure. The increases are substantial for
effective clay dry densities of greater than 1.6 Mg/m3. If sand in a clay/sand system
behaves as an inert filler, then the porosity in the clay portion of the structure would
control its behaviour. All else equal, an increase in effective clay dry density would
result in a decrease in porosity, which would result in a decrease in pore frequency. A
reduction in the size of the pores would also be expected. It follows that this reduction
in both the frequency and size of pores would result in a decrease in paths available for
flow, and ultimately an increased gas breakthrough pressure in tests using incremental

loading procedures.

6.1.2. Wetted bentonite

A summary graph of the test data for wetted bentonite is presented in Figure 6.5. The
figure shows the test data in a three-dimensional dry density/water content/gas
breakthrough pressure space. Tests in which gas breakthrough was achieved are
denoted as white triangles. Tests in which the upper limit of the testing apparatus was
reached before gas breakthrough are shown as black triangles. [tis apparent from the
graph that there is a threshold dry density of approximately 0.90 Mg/m®, above which
no gas breakthrough was achieved before the upper limit of the testing apparatus was

reached (9.2 MPa). This threshold dry density was regardless of degree of saturation.




Below a dry density of approximately 0.70 Mg/m’, the specimens exhibited little
resistance to gas breakthrough, regardiess of degree of saturation. In the range of dry
density between 0.70 - 0.90 Mg/m?, the gas breakthrough pressures were highly
variable, ranging from 0.2 MPa, to greater than 9.2 MPa. This set of test data is difficuit
to interpret since each specimen was unsaturated upon compaction and an attempt
was made to saturate it within the test cell. Although none of the specimens were fully
saturated at the time of testing (as shown in Table 5.5), possible saturation at the faces
of the specimen might have impeded gas flow. Since the final water content tests are
closer to the actual state of the specimen at the time of testing, the final water contents

were used for this graph.

6.1.3. Unsaturated bentonite

The test data for the unsaturated bentonite series is shown in a three-dimensional
space in Figure 6.6. Since these specimens were tested as compacted (without a
saturation phase), the complicating factors of incomplete saturation, or saturation
gradients throughout the specimen are not a factor as they were with the “wetted”
series. With the unsaturated specimens, the gas breakthrough pressure depends
highly on the degree of saturation. In Figure 6.6, it can be seen that below a degree of
saturation of about 93%, there is very little resistance to gas breakthrough. Above a
degree of saturation of 93%, as full saturation is approached, the gas breakthrough
pressures increase sharply. As the degree of saturation approaches 100%, more and
more pores are filled with water, and the continuous gas pathways become occluded.
When a specimen is fully saturated, gas must push water out of continuous pores from

the inlet side of the specimen to the outlet side in order to initiate gas breakthrough. If
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the gas inlet pressure is not great enough, or the time of the test is not long enough,
then no breakthrough will be observed for that test. It is interesting to note that gas
breakthrough pressures increase much more sharply as full saturation is approached in
bentonite than in illite. This difference can be attributed to the different chemical
reactions within the pore water - clay mineral systems. This point will be discussed

further in following sections.

6.2. SYNTHESIS OF TEST RESULTS

After examining the test data, a conceptual model was devised to explain the flow
phenomena in illite and bentonite. In many instances, the experimental observations
for illite were very different from bentonite. The model presented in the following
sections will explain the differences in flow behaviour between the different clays

through use of theories of soil structure and flow phenomena.

6.2.1. Flow phenomena

Various flow phenomena were discussed previously in Section 2.4. Capillarity was
discussed first, since it is the simplest model for flow. Essentially, the capillary model
(or Air Entry Value model), states that if the applied pressure is great enough to
overcome the capillary forces within a pore, then the pore will drain. In real systems,
however, there are other factors which impede pore drainage. Factors such as
viscosity of the pore fluid, and magnitude of the applied pressure were included in the
Poiseulle model. A representation of the pores within a real system is presented in
Figure 6.7. The diagram shows the inter-ped pores on an exaggerated scale for the
sake of demonstration. As shown on this figure, flow paths (a) and (b), are continuous,

while flow path (c) is not continuous and will not contribute to flow. From this diagram,
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it can be shown that flow paths are tortuous, pores are not perfectly circular, and pore
diameter varies within the flow path of a real system. The Kozeny-Carman model
introduced factors which accounted for tortuosity of the flow path, and the fact that
pores within a soil are generally not perfectly cylindrical capillaries. A visual
representation of the factors used to approximate a real system is shown in Figure 6.8.
It is important to note, however that none of the flow models take into account the
variation in diameter among the flow paths, or within a single flow path. This is

represented in Figure 6.8, which shows all flow paths are identical.

If the pressure applied to a soil simply is not great enough to overcome the capillary
forces in even the largest possible continuous flow channel, then no flow will occur.
This is rarely the case, however. Using the capiliary model, it can be calculated that
pore sizes of 0.3 um and larger will have AEV’s of less than 1.0 MPa. Pore size
distributions for illite obtained from MIP tests indicate that the average of the large pcre
mode is approximately 0.3 um. The average large pore mode in bentonite is
approximately 20 um. These values do not take electro-chemical effects into account.
Clearly, if pore size distribution was the only factor affecting gas flow, then gas
breakthrough would be expected to occur at pressures below 1.0 MPa (for any test
duration). In laboratory tests, gas breakthrough pressures for both illite and bentonite

were found to be frequently higher than 1.0 MPa in increasing pressure tests.

If gas pressure is great enough to overcome the capillary forces at the entrance to a
continuous pore, then various factors will come into effect which will control the rate of

gas flow (or de-saturation) in the pore. Pore diameters in a real system will vary, if the
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diameter narrows significantly in an area of ped-ped contact, then no further flow will
occur until the pressure is great enough to overcome the capillary forces at this pore
“throat”. As previously mentioned, other factors include viscosity of pore fluid, shape of
pores, tortuosity of flow path, and applied pressure in excess of the AEV. All of these
factors combined will determine the rate of de-saturation of the pore. Once a pore is
fully de-saturated, from one end of the specimen to the other, then gas breakthrough is

said to occur since gas can flow freely.

6.2.1.1.Effect of degree of saturation

In the above discussion, full saturation of the specimen has been implied. For
unsaturated soils however, there is a lower threshold of saturation below which gas wili
flow freely through the pores. This threshold saturation corresponds with the degree of
saturation at which continuous gas pathways exist within the soil. The threshold
degree of saturation found in this study was approximately 85% for illite and illite/sand
mixtures, and 93% for bentonite. This observation agrees with the findings of Wheeler
(1988), Jeffries (1991) and Fredlund and Rahardjo (1993) who stated that a threshold
pressure exists, below which there exist continuous pathways available for gas flow. In

the literature, this threshold degree of saturation was reported as approximately 85%.

In the range of 85-100% saturation in both illite and illite/sand mixtures, gas
breakthrough pressure at a given clay density increases with increasing degree of
saturation, as discussed in Chapter 5. This can be explained by the hypothesis that as
the degree of saturation increases, fewer and fewer continuous gas-filled paths are

available for flow. In bentonite this effect was much more noticeabie than in illite. As
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the degree of saturation increased in bentonite, the gas breakthrough pressure
increased sharply as the degree of saturation approached 100% (Figures 6.5 and 6.6).
In fact, in fully saturated bentonite specimens, there was no breakthrough before the
upper limit of the test boards were reached (9.2 MPa), even at low dry densities of 1.00
Mg/m>. The reasons for the differences in gas breakthrough responses of illite and

bentonite will be discussed in the following section.

6.2.2. lllite conceptual model

6.2.2.1.Pore structure

lllite's pore structure depends somewhat on the water content at the time of compaction
and the dry density to which the material is compacted. MIP tests that were performed
on illite were discussed in Section 5.3.3. Generally, illite has a bimodal pore structure
when prepared and compacted to the water contents and dry densities used for this
study. lllite has a wide range of pore sizes though few pores are larger than
approximately 3 um. Below 3 pm, the pore size distributions (Figure 5.7) show that
there are pores at almost every diameter, all the way down to the lower limit of the
equipment, 0.003 um. The larger pores in the distribution can be assumed to be the
inter-ped pores whereas the smaller ones are the intra-ped pores (Wan, 1995). The
limitations of MIP testing outlined in Section 2.3.1 should be noted. An important
limitation is that pores reported from MIP testing are a measure of total porosity and do

not account for reduced pore sizes due to structured water.
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6.2.2.2. Clay - water system

lilite is a relatively inactive clay. Most of the positive charge deficit brought about by
isomorphous substitution is satisfied by “fixed” potassium ions in the ditrigonal cavity.
As a result, illite does not form large DDL's by using hydrated cations to satisfy a
positive charge deficit. The extent of structured water in illite will be small as compared
with bentonite. In illite there was only a 40% reduction in gas breakthrough pressure
when a non-polar pore fluid was used. This is a significant decrease, although not as
severe as in bentonite. If the DDL effects were ignored and the viscosity of water and
paraffin oil were compared, it would be expected that specimens with paraffin oil pore
fluid would have a higher gas breakthrough pressure. This is because paraffin is more
viscous than water at room temperature and should take longer to flow. The viscosity
of paraffin oil is 1.9 x 102 N*s/m?, as compared to water which has a viscosity of 1.0 x
102 N*s/m?. Clearly, some other mechanism associated with electro-chemical surface

effects on water must be affecting gas breakthrough behaviour.

In comparison, the gas breakthrough pressure decreased by 95% when a non-polar
pore fluid was used with bentonite. It is important to note that structural effects of
mixing clay with a non-polar fluid were not investigated. This should be undertaken
before final conclusions are drawn. Nevertheless, the qualitative observations from
these tests add insight into fundamental differences between illite and bentonite

behaviour.
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6.2.2.3.Conceptual flow model

A simplified schematic diagram of the pore structure of illite is shown in Figure 6.9. The
various pore sizes of illite are represented in the figure. No structured water has been
shown for illite. Aithough DDL's do form in illite as discussed previously, they are smali
as compared with bentonite and will be assumed to be so small that they do not
appreciably affect flow phenomena for this simple example. In the standard test
procedure used in this project, the gas inlet pressure is increased in step-wise fashion
by 0.2 MPa every five minutes. As the pressure applied to a specimen increases, more
and more pores will begin to de-saturate and participate in the flow process as their
AEV is reached and exceeded. In Figure 6.9, at pressure P;, the largest pore begins to
de-saturate and at pressure P3 the second largest pore de-saturates. [t will take time
for water to be extruded from even the largest pores which first started de-saturating.
At the end of this period, breakthrough will commence and some gas pressure increase
will be observed on the outflow side. For the conceptual example, breakthrough would
occur at t;, when the largest pore becomes de-saturated. After breakthrough occurred
at P, the pressure was further increased. The participation of more and more pores in
the flow process accounts in part for the observation that the gas collection line on the
gas breakthrough graph is concave upward for illite specimens, indicating an increasing
rate of flow. Itis possible however, that this effect is also due to increasing gradient

across the specimen, which will also increase the flow rate.

The observation that the water content on the gas outlet side of illite specimens at the
end of testing was significantly higher than at the gas inlet side is evidence that many

pores participate in the flow process in illite. If the gas is pushing water through a
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relatively large number of pores as is hypothesized, then water would be expected to
be pushed to the gas outlet side of the specimen, and this was observed in these tests.
As mentioned in Section 5.1.1.1, illite/sand specimens with identical effective clay dry
densities but different total dry densities had the same gas breakthrough pressure.
However, the rate of gas breakthrough was slower in the specimen with higher total dry
density. This decreased rate of flow can be attributed to increased tortuosity of the flow
path in a denser clay system. Even though the sand is an inert filler, the greater

tortuosity of the flow path would retard flow.

As discussed in Section 5.3.2 breakthrough pressures of illite exhibit time dependence,
as they do also in bentonite (Hume, 1998). However, in illite the effect is not as
marked. For example, tests ITU-2 and ITU-2B in which a standard increment was used
(0.2 MPa/5 minutes) broke through in 1.3 hours at 3.6 MPa. When the pressure was
incremented 0.2 MPa every hour in tests [TU-1 and ITU-1B (that is, twelve times more
slowly), the gas breakthrough took 8 hours, and breakthrough occurred at a pressure of
2.0 MPa. Similar observations were found for illite tested at a single constant pressure.
It should be noted that since gas breakthrough in illite exhibits time dependence, test
procedures will affect the gas breakthrough pressure observed. For a test in which the
pressure was increased more slowly, the gas breakthrough pressure was lower
because the gas had more time to travel through the pores. The question then arises

whether there is any pressure below which no gas flow will take place.

In constant pressure tests, the gas collection pressure graph after breakthrough was

generally a straight line with a shallow slope, indicating gas inflow was very slow. If
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only a limited range of pores were participating in the flow process (because the
pressure was constant and the AEV value of only a certain number of pores was

reached), then a constant rate of flow would be expected.

One interesting experimental observation is that test ITU-5 on illite at a dry density of
2.04 Mg/m’>, degree of saturation of 97.2% and at a constant pressure of 0.8 MPa did
not break through in 336 hours at which time the test was stopped. This suggests
there may be a lower pressure limit below which no flow will occur since the pressure is
not large enough to overcome the capillary forces in even the largest pore channel.
The average pore size of the large pore mode from the MIP tests (Figure 5.7) for this
dry density and water content is approximately 0.3 pm. If two layers of structured water
(not available for flow) is assumed, then the pressure required would be 1.0 MPa,
which is greater than the applied 0.8 MPa. Since this resuit comes from only a single

test, further testing should be done before positive conclusions can be made.

6.2.3. Bentonite conceptual model

6.2.3.1.Pore structure

In Avonlea bentonite, the pore distribution is generally bi-modal, with a peak frequency
of inter-ped pores in the 10-100 um range, and intra-ped pores in the 0.025-0.1 um
range (Dixon et al., 1998). The number of inter-ped pores with diameters in the 10-100
um range depends upon both the water content at the time of compaction, and the dry
density to which the specimen is compacted. The specimens used for this study were

compacted to water contents on the wet side of optimum, which would reduce the




103
number of inter-ped pores (Barden and Sides, 1970, Delage and Graham, 1996).
However, the specimens were compacted to low dry densities generally less than 1.00
Mg/m®. At these relatively low densities, the large pore mode would still be clearly

evident.

Since the size and frequency of the inter-ped pores will control flow phenomena, it
follows that the dry density to which a soil is compacted will have a direct effect on flow.
Far more total pore volume exists at the smaller, intra-ped pore size than the inter-ped
pore size in bentonite specimens (Wan, 1995). It should be noted that the pore size
distribution (PSD) of bentonite is different than that of illite. In bentonite there are very
few pores whose diameters fall between the large and small sizes. In illite, as

mentioned previously, there are many pores of a variety of sizes.

6.2.3.2.Clay - water system

In contrast to illite, bentonite is a highly active clay which uses hydrated cations to
satisfy some of its positive charge deficit. In bentonites, the diffuse double layers can
be up to 4 nm thick (approximately 15 water layers) (Yong et al., 1992). However, in
the compacted clays of this study, the pores (especially the intra-ped pores) are not
large enough to allow for the full formation of such a large DDL (Mesri and Olson, 1971,
Dixon et al., 1998). The small pore mode does not change markedly with different
methods of specimen preparation, water content or dry density to which the specimen
is compacted (Wan, 1995). This is due to the theory that the small pore mode reflects
the basic interaction between water and the clay minerals (Garcia-Bengochia et al.,

1979). With the large proportion of small pores, and the understanding that much of
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the water in bentonite is in the form of structured diffuse double layers, most flow

phenomena can be expected to occur through the larger inter-ped pores.

6.2.3.3.Conceptual flow model

Figure 6.9 is a simplified representation of bentonite pore structure compared with that
of illite. In bentonite, most of the pores are small, and are filled with structured water.
There are few larger pores, which are only partially filled with structured water. Once
the pressure is great enough to overcome the AEV of the effective diameter of the
larger pores, de-saturation will commence (shown in Figure 6.9 at pressure P,). Some

time later gas breakthrough will take place.

A measurement which supports the hypothesis is the observation that there was no
statistically significant difference between the water contents at the bottom (gas iniet)
and top (gas outlet) of bentonite specimens. If gas flow occurs by de-saturating only a
small number of the larger diameter pores, then it can be expected that the water
content will not change appreciably from one end of the specimen to the other. Pusch

(1993), made the same observation for his experimental work on MX-80 bentonite.

It was noted previously that in bentonite specimens gas breakthrough pressure
increased sharply above a degree of saturation of approximately 93%. At degrees of
saturation below 90%, there is little resistance to gas breakthrough in bentonite. As
previously mentioned, the majority of the water in bentonite occupies the intra-ped
spaces. The intra-ped spaces are always saturated, except at very low degrees of

saturation (Wan, 1995). Generally, changes in degree of saturation are taken up by
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the inter-ped pores. It is for this reason that bentonite can have seemingly high
degrees of saturation of about 90%, with no resistance to gas breakthrough since there
are still continuous gas pathways in the inter-ped pores. If we consider that the last
10% saturation is the portion that saturates the large inter-ped pores, then the rapid

increase in gas breakthrough pressure occurs due to occlusion of the larger pores.

Many of the incremental pressure tests on bentonite did not produce gas breakthrough.
Initially it was thought that the upper pressure limit of the apparatus (9.2 MPa) was not
great enough to overcome the AEV of even the largest pores in bentonite specimens.
Hume (1998), however found that in saturated bentonite specimens, gas breakthrough
depended on the duration of the pressure increment. For example, in increasing
pressure tests specimens compacted to a dry density of 1.00 Mg/m3 gas did not break
through before the upper limit of his specially designed testing apparatus (50 MPa) was
reached. Hume then conducted a number of constant pressure tests ranging from 0.3
to 19.8 MPa in which the time to gas breakthrough was recorded. All specimens he
tested broke through, and the time to gas breakthrough was found to be inversely
proportional to the constant applied pressure. If left long enough, specimens would
break through even at very low applied pressures. For example, in a constant pressure
test at 0.3 MPa, a specimen with a dry density of 1.00 Mg/m3 broke through in 120.5
hours. Itis evident, therefore, that the duration of the increasing pressure tests of this
study was not long enough to allow the pores to de-saturate. This discovery was made

only after the majority of the present program had been completed.
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The observation that flow in bentonite was found to be highly time-dependent presents
interesting questions about the behaviour of structured pore water in a water-bentonite
system. Dixon et al. (1998) suggest that structured water may shear and become
available for advective flow within a bentonite if densities are low enough and applied
pressure is high enough. Structured water has up to this point been described as being
“unavailable for flow”. However, it is possibie that only the Stem layer is unavailable for
flow, whereas the rest of the DDL exhibit significantly increased viscosities which
impede flow but do not make it impossible. Dixon also found that at densities greater
than 1.05 Mg/m®, the high dissolved salt content of bentonite may disrupt water
structuring within the pores. The majority of specimens used in this study have dry

densities less than 1.00 Mg/m”, so no such effect was observed in this study.

6.3. NUMERICAL MODELLING

Numerical modeis outlined in Chapter 2 for water flow through saturated soil can be
adapted to predict gas breakthrough pressures. As defined previously, once a
continuous pathway for gas is established from one side of the specimen to the other,
gas breakthrough is said to occur. The following models will predict the pressure at
which the pores will de-saturate and gas breakthrough will occur. The models were

described in detail in Dixon (1995), Kirkham (1995), and Hume (1998).

For both illite and bentonite, one set of experimental gas breakthrough values was
chosen to be compared with the models. The test values were chosen because they

were representative of the testing program as a whole. Since the theoretical modeis
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are essentially for fully saturated specimens, and most of the tests in this study are
unsaturated, specimens that were closest to full saturation were chosen. Test
parameters for the illite comparative specimen are shown in Table 6.1. An average of
two tests (ITU-2 and ITU-2B) were used. These tests had a dry density of 2.04 Mg/m’,
a degree of saturation of 98.3 percent, and a gas breakthrough pressure (in an
increasing pressure test) of 3.6 MPa. The test parameters for the bentonite
comparative specimen are shown in Table 6.2. The test ID was BW-11; it had a dry
density of 1.00 Mg/m>, a degree of saturation of 96.7 percent, and a gas breakthrough
pressure of greater than 9.2 MPa since no gas breakthrough was observed before the

upper limit of the test apparatus was reached.

In the models a number of assumptions must be made with regards to average pore
size, tortuosity, shape factor and viscosity of pore fluid. Variation in these assumptions
will change the output from the models significantly. While there is no “correct”
assumption for each of these values, the rationale behind each assumption will be
explained. Since the variation in the input parameters for each model! is so great, an
approximation of the observed gas breakthrough pressure within an order of magnitude

is generally considered a good “fit”.

6.3.1. Capillarity model

The first model is the capillarity model, equation [2.3] below. The gas breakthrough
pressure is calculated from the pore size observed from MIP tests. A number of water
layers are assumed to reduce the pore diameter available for flow. This is a very basic

model which comresponds with the simplified system in Figure 6.7. Only one pore size
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is taken into account, and complicating factors such as tortuosity and viscosity are not
included in this model. For the capillarity model, the predicted gas breakthrough
pressure is independent of time and the same for both increasing and constant

pressure tests.

2T,
- [2.3]

P, =

One assumption implicit in this model is that the average pore radius can be used to
represent the whole system. In illite this might be an adequate approximation since
there is a normal distribution of pores. In bentonite, however, since the large and small
pore modes are significantly different in size and the standard deviation of the pore
sizes is large, this assumption is less reasonable. The average pore size of the large
pore mode observed from the MIP tests for bentonite was therefore used. The
diameter available for flow was then reduced to account for water which was bound or
had increased viscosity due to the effects of the diffuse double layer. An assumed
thickness of 0.5 nm in illite (2 water layers) and 2 nm (10 water layers) in bentonite,

was then used to constrict flow.

6.3.1.1. lllite

Observed test results for the representative illite tests are compared with the model
predictions in Tables 6.1. Sample calculations for the capillarity model, which use the
same method used by Kirkham (1995) are shown in Figure 6.10. For illite, the gas
breakthrough pressure from the capillarity model (1.0 MPa) is relatively close to the

observed gas breakthrough pressure (3.6 MPa) for an increasing pressure test.
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Since the capillarity model assumes gas breakthrough is independent of time, rate of
pressure increase cannot be accounted for. Gas breakthrough pressure of illite was
found in the ITU test series (Table 5.10) to be dependent on time. In tests on
specimens with identical parameters, gas breakthrough pressure was found to range
from 1.8 MPa (longest gas breakthrough time) to 3.6 MPa (shortest gas breakthrough
time). However, in a constant pressure test at 0.8 MPa, no gas breakthrough was
observed in 336 hours. It is possible that the gas breakthrough pressure predicted by
the capillarity model of 1.0 MPa corresponds with the AEV of the largest continuous
pore. It therefore follows that a constant pressure test at 0.8 MPa, which is below the
AEV value, would never breakthrough. In illite which is a relatively inactive clay, results
obtained from simplified models such as the capillarity model can approximate the

system reasonably well.

6.3.1.2. Bentonite

For bentonite, two different capillarity calculations were performed, one for the average
diameter of the large pore mode (20x10°m) and one for the average diameter of the
small pore mode (0.01x10°m) (Dixon et al., 1998). A 2 nm thick layer of bound water
was used to restrict the flow for both calculations. Using the large pore mode, the
mode! predicted a gas breakthrough pressure (0.02 MPa) significantly smaller than that
observed in incremental pressure tests in which the gas breakthrough pressure was
greater than 9.2 MPa. This discrepancy might be due to an overestimation of large
pore size because of small cracks picked up by the MIP test. The layer of bound water
was possibly conservative since the effects of the DDL in terms of increased viscosity

may extend further than this (Yong et al, 1992). The gas breakthrough pressure
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predicted when the average of the smail pore mode was used (73.0 MPa) was much
larger than the test results, especially for the constant pressure tests (discussed

below).

For saturated specimens at the same dry density (1.00 Mg/m®), Hume found that in
constant pressure tests breakthrough was achieved at pressures as low as 0.3 MPa,
given a long enough time increment. Using the small pore mode in the capillarity model
predicts a gas breakthrough pressure of 73 MPa, which is clearly an overestimate of
gas breakthrough pressure. It is expected that use of the small pore mode would
overestimate the gas breakthrough pressure since flow phenomena are assumed to

occur in the large pore mode, as previously discussed.

Gas breakthrough pressures obtained from the capillarity model are independent of
time. Therefore, the capillarity model and the tests are incompatible, especially in clays
with highly time-dependent gas breakthrough behaviour such as bentonite. In many of
the standard increasing pressure tests of this study where gas pressure was increased
quickly (0.2 MPa every five minutes), water did not have time to fully leave the pore
spaces and therefore no gas breakthrough was observed. However, due to the time
dependence of the gas breakthrough process in bentonite discovered by Hume (1998),
this does not mean that no breakthrough would occur if the test was conducted with a

longer time increment.
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6.3.2. Advection models

To include time-dependence of flow, two advection models, (Poiseulle and Kozeny-
Carman) were used to estimate the gas breakthrough pressure. Essentially, the time to

de-saturate a continuous pore in a specimen of the correct length was calculated.

6.3.2.1. Poiseulle model

The Poiseulle model expands upon the simple capillary system by considering viscosity
and pore length. Following the work of Hume (1998), equation [2.7] below, was

adapted to predict the time to gas breakthrough in constant pressure tests.

Yo .
Vo = E'-l— I, [2.7]

First, the hydraulic gradient, was converted into AP/AL, since both pressure and

specimen length are constant, the equation can be written as:

P

vﬂv‘ snL

[6.1]

Since velocity is in units of length per unit time, this equation can be integrated with
respect to time to obtain a gas breakthrough time for a constant pressure test, shown in

equation [6.2].

4%n
t, = 52 [6.2]
where: t. = time to breakthrough in a constant pressure test

L = length of flow path
M = viscosity

P = pressure (constant, Pa)
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r = pore radius

For constant pressure tests, the estimation of time to gas breakthrough was relatively
straightforward, as the pressure could be directly input into the equation. However, for
increasing pressure tests which formed the majority of this study, an alternate model
had to be formed. As Hume (1998) had previously done, the step-wise increase in
pressure was assumed to be constantly increasing in order to simplify the equation.
The pressure term P, from equation [6.1} was replaced by p x t in equation [6.3], where
p is the rate of pressure increase (in units of pressure per second) and t is the time

from commencement of the test.

r*pt
V. =

6.3

This equation was then integrated with respect to time to obtain a time to gas

breakthrough [6.4].

8L
t = — (6.4]
pr
where; t; = time to breakthrough in an increasing pressure test

p = rate of pressure increase for an increasing pressure test (Pa/sec)

The known rate of pressure increase was then used to back calculate the gas
breakthrough pressure at the time of breakthrough. The gas breakthrough pressure
was then compared with gas breakthrough pressures obtained from increasing

pressure tests.
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The following assumptions are implicit in these equations. it is assumed that the
viscosity of pore water is constant, and that it is identical to that of free water at the
same temperature. This assumption is questionable since the formation of DDL's and
dissolved salts, especially in bentonite may have a significant effect on the viscosity of
the pore fluid. An average pore radius is also used in this equation. For this model, the
average pore radius will be calculated in two ways; from MIP test data, and from
measured specific surface area (SSA). The specific surface area method was found by
Dixon (1995) to produce results closest to those observed for hydraulic conductivity.
(Calculation of pore radius from specific surface area is implicit in the form of the

Kozeny-Carman equations used in Section 6.3.2.2).

6.3.2.1.1. lllite

The two different pore radius calculations were entered into the Poiseulle model with
significantly different results. The first pore radius used was the MIP value that was
used for the capillarity model. The gas breakthrough pressure predicted using the MIP
method (0.4 MPa) was significantly less than the observed value (3.6 MPa). This is
possibly due to an underestimation of the proportion of water that was structured. The
second value for pore radius was calculated from the measured specific surface area.
This calculation is shown in Figure 6.10. When these pore radius values were entered
into the Poiseulle model, the gas breakthrough pressure was significantly
overestimated (20.0 MPa) likely due to the very small predicted pore radius, which
corresponds to the smallest of pores observed on the MIP graph. It would be expected
that the test specimen, which is not fully saturated, would have slightly lower

breakthrough pressures than predicted by a model which assumes full saturation. The
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gas breakthrough pressure observed from the tests (3.6 MPa) lies within the range
between the two Poiseulle model values (0.4 and 20.0 MPa), however they are both

within an order of magnitude of the observed pressure.

6.3.2.1.2. Bentonite

In bentonite, the representative test specimen did not exhibit breakthrough in increasing
pressure tests before the upper limit of the apparatus was reached (9.2 MPa). The
predicted gas breakthrough pressures obtained from the Poiseulle model ranged from
0.2 MPa for the MIP method, to 24.6 MPa for the SSA method. It is evident that the
MIP method underestimates the gas breakthrough value. Again, this underestimation is
possibly due to the underestimation of the proportion of bound water, or small cracks

being included in the MIP test data.

6.3.2.2. Kozeny-Carman model

The Kozeny-Carman equations for gas breakthrough were derived by the author in
much the same way as those for the Poiseulle equation, discussed in the previous
section. These equations introduce a shape factor C, and a tortuosity factor t; these
factors are defined in the literature and are assumed to be 0.4 and /2 , respectively
(Mitchell, 1976). The starting point for the derivation was a form of the Kozeny-
Carman, equation [2.14]:

_ n°C,y, i
S.2(1-nft*n "

[2.14]

The hydraulic gradient was converted to pressure differential per unit length,
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n°C,P o5
v= .
S;2(1-n¥tnL [6.5]

Equation [6.5] was integrated with respect to time to obtain:

_L? S3(1-n)*t*n

t. = 6.6
¢ 2n°C P 56l
where: Sy = total surface area
Cs = pore shape factor (0.4)

tortuosity {v2 )

T

which is the Kozeny-Carman model for constant pressure tests.

In much the same way as in equation [6.3], P was replaced by p x t to represent the

rate of pressure increase in an increasing pressure test.

n°C,pt
S;2(1-n¥*nL

(6.7]

V=

Equation [6.7]) was integrated with respect to time to obtain the time to gas

breakthrough for an increasing pressure test.

_ 2 S3(1-n)*t?q
tc'\r e [6.8]

The known rate of pressure increase was again used to calculate the gas breakthrough
pressure at the time of breakthrough. The gas breakthrough pressure was then

compared with gas breakthrough pressures obtained from increasing pressure tests.
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6.3.2.2.1. llite

For illite, the gas breakthrough pressure obtained from the Kozeny-Carman model was
the highest of the models at 31.5 MPa. Dixon (1995), observed that for illitic clay, the
Kozeny-Carman model consistently predicted lower hydraulic conductivities than the
Poisuelle equation, which is in agreement with this finding. Possible explanations for
the overestimation of the gas breakthrough pressure include underestimation of the
inter-ped pore sizes in a compacted clay when using the SSA method. itis also

possible that the assumed tortuosity is too great, or the shape factor is too smalil.

6.3.2.2.2. Bentonite

For bentonite, the Kozeny-Carman model predicted a pressure of 24.0 MPa, which is
very close to the Poiseulle model (24.6 MPa). This model would likely provide the best
prediction gas breakthrough pressures upon careful study of each parameter,
calibration and verification. The model is the most sophisticated in terms of

approximating the actual system.

6.3.3. Summary

Advection models can be used to approximate gas breakthrough pressures in
increasing pressure tests within an order of magnitude. Advection models however
include many parameters with wide ranges of possible values. In order to construct a
viable advection model, a comprehensive calibration and verification which is beyond
the scope of this study, would be required. The Kozeny-Carman model would likely
result in the best approximation of the real system. It includes a number of factors
which increase the degree to which the real system is modelled such as tortuosity of

flow path and non-cylindrical pores.
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The capiilarity model is of restricted usefulness for predicting the gas breakthrough
pressure due to the fact that flow in compacted clays is a time dependent process, and
this model does not take that factor into account. The capillarity model can possibly be
useful, however in predicting the lower threshold, or AEV value of a clay, below which

no gas breakthrough wili occur.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1. CONCLUSIONS

The following hypothesis was given in Chapter 3:
Gas flow in compacted clays is controlled by pore structure, clay-water
interaction, and pressure gradient.

The conclusions outlined in this chapter will show that this hypothesis has been proven.

The objectives of this research program, listed below, were stated in Section 3.1,
Scope of Research.
1. to investigate and explain the effect of clay mineral type on gas migration
through a compacted clay buffer.
2. to investigate and explain the effect of sand in a clay/sand material on gas
migration through that material
3. to investigate the importance of test parameters such as rate of pressure
application and their effect on test results
4. to produce test data which will provide support for the investigations
described in points 1, 2, and 3.

These four objectives have been achieved.

After inspecting the test data, the following conclusions have been drawn.
o For illite, illite/sand, and bentonite specimens, there is a threshold degree of

saturation below which there is virtually no resistance to gas breakthrough.
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In illite this threshold degree of saturation is approximately 85%. In bentonite
it is approximately 93%. The difference in threshold degree of saturation can
be attributed to the fact that the continuous pores used for gas flow are made
up of the large (inter-ped) pore mode. In bentonite, the fraction of pore
volume which exists in large pores is relatively small. The large pores will be
the last to fill with water as the specimen approaches full saturation. The
degree of saturation must therefore be high before the large pores will start
to fill with water (occlude) and provide resistance to gas flow.
Gas breakthrough pressure in illite/sand specimens depends on the effective
clay dry density of the specimen. For the purposes of gas breakthrough in
illite materiais, sand can be considered an inert filler. Inter-ped pores
decrease in size and frequency as dry density increases and therefore
control flow. The following equations describe the relationship between
effective clay dry density and gas breakthrough pressure in illite/sand
specimens for the increasing pressure test procedures used in this study:

¢ P,= 1.08x102%e***_ for S, = 85-90%

o P,= 1.0x10%e*®*%_for S, = 90-95%

e P,= 9.0x10*e*®* for S, = 95-100%
lllite specimens exhibit time dependence of flow. Thatis, long test durations
will permit breakthrough at low pressures. Short time durations require high
pressures. Due to this fact, the gas breakthrough pressure from increasing
pressure tests is unique to this type of test. Tests with differing rates of
pressure application will have different gas breakthrough pressures. The rate

of pressure increase used in these tests was relatively high, and therefore
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the gas breakthrough pressures reported here are higher than would be
found with lower rates of pressure increase.

e Advection models, using reasonable assumptions, can be used to
approximate gas breakthrough pressure of illite and bentonite specimens
within one order of magnitude for increasing pressure tests. The capillarity
model does not give a good prediction of gas breakthrough pressure, due to
the fact that time-dependence of flow is not taken into account. The
capillarity model might be useful however, for determining the AEV pressure

for a clay below which no gas flow will occur.

The following conceptual models were constructed in order to explain the test
observations with support from microstructural investigations, and pertinent theories in
the literature:
¢ Inincreasing pressure tests, flow in illite occurs in many pores. The pore size
distribution obtained from MIP tests shows that there are a wide variety of
pore sizes in illite. As pressure increases, more and more pores become
available for flow as their AEV is exceeded. Gas breakthrough will occur
when the largest pore, which first commenced de-saturation has fully drained
from the gas inlet to the gas outlet side of the specimen.
¢ In bentonite, flow is controlied by the large pore mode. The pore size
distribution of bentonite is strongly bi-madal, with very few pores with
intermediate size. In bentonite, large DDL's form which result in thick layers

of structured water at the clay particle surface. This structured water
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probably completely blocks the small pores. The flow diameters of the large

pores are also reduced by structured water.

7.2. RECOMMENDATIONS

After completion of this testing program, and upon analysis of the test data, a number
of outstanding issues arose. A number of recommendations for future research are
presented below which would increase the level of understanding of gas flow in
compacted clays. Some of the recommendations would also increase the

understanding of the effect that specific testing procedures will have on the test data.

e Further studies should be done on illite and bentonite specimens which
would prove or disprove the existence of an AEV below which no
breakthrough will occur.

e Further studies on the effects of non-polar pore fluids would likely give insight
into the effect and formation of DDL's. A thorough microstructural analysis of
specimens that had been prepared with non-polar fluids would give insight
into the extent to which the clay structure itself is altered.

¢ An investigation of gradient effects should be undertaken. Tests could be
performed in which specimen length, gas inflow pressure, and/or
backpressure were varied.

¢ Variation of specimen diameter would give insight into the effect of cross-

sectional area and number of flow paths.
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Measurement of volumes of both gas and water on the outlet side of the
specimen would give insight into the flow processes occurring within the
specimen.

Use of a tracer to mark the actual paths of gas flow would show which pores
the gas is traveling through and would indicate the presence of any fissures.
A tracer could also be used to ensure that no gas is bypassing the specimen
by traveling along the cell walls.

A thorough investigation of the various parameters used in advective flow
models such as tortuosity and shape factor would increase confidence in the
model output. A sensitivity analysis, calibration, and verification should also
be performed on the models.

The type of permeating gas should be varied to determine if such parameters

affect test resuits.
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Table 3.1: Test parameters for a standard test

Parameter

Value

specimen dimensions

height = 24 mm

diameter = 50.7 mm

pressure increment

0.2 MPa/5 minutes

backpressure for saturation (in tests | 0.2 MPa

which include a saturation phase)

permeating gas argon

pore fluid distilied, de-aired

water

Table 3.2: Target test parameters for illite/sand (IS) series
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lllite/sand mixtures
25175 37.5/62.5 50/50 75125
number of tests 6 8 18 10
pc (Mg/m’) 1.23-1.51 1.65-1.90 1.57-2.04 1.85-2.08
ps (Mg/m’) 2.12-2.23 2.14-2.30 1.97-2.30 2.00-2.20
S: 0.45-0.96 0.85-1.00 0.72-1.00 0.85-0.97




Table 3.3: Target test parameters for bentonite tests (BU and BW)

unsaturated (BU) wetted (BW)
number of tests 29 27
pa (Mg/m’) 0.9-1.2 0.6-1.0
S- 0.60-0.99 1.00

Table 3.4: Target test parameters for non-polar fluid (NPF) series

illite bentonite
number of tests 2 2
pa (Mg/m’) 2.05 1.15
Sr 0.96 0.99

Table 3.5: Target test parameters for modified time increment (T) series

number of tests 8
pa (Mg/m’) 2.04

S, 0.98
pressure increments 0.2MPa/5 min
0.2MPa/nr

1.0MPa (constant)
2.0MPa (constant)

3.0MPa (constant)
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Table 4.1: Comparison of the properties of illite and bentonite

PROPERTY

ILLITE

BENTONITE

Primary clay mineral

hydrous mica

montmorillonite

(from Modified Proctor test)

Plasticity index (lp) 11 208
Liquid Limit (wy) 31 257
Plastic Limit (we) 20 49
Unified Soil Classification CL CH
Specific Gravity 2.76 2.75
Specific surface area (m*/g) 43-81 519-631
Free swell volume (cm°/g) <1 >9
Optimum moisture content (%) 12 10**

(after Kirkham, 1995 and Dixon, 1995)
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~*Note: The results from a Modified Proctor Test on bentonite do not show a

defined “peak” as is the case with illite. For bentonite, almost the same dry

density can be achieved with water contents ranging from 10 to 40 percent.




Table 4.2: Frac sand size comparison

Frac Sand Size % of total mixture % of total mixture
(U.S. Standard (by weight) (by weight)
Sieve No.) for RBM for gas breakthrough
8-12 5 0

12-20 10 0

16-30 10 20

20 - 40 24 29

40-70 22 22

70 - 140 29 29
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Table 5.1: Summary of specimen conditions for the
IS75 (75% illite / 25% sand) test series

INITIAL{compaction) ~ . FINAL. . ,
Test Py Pd Po S, w St | Waversge | Waas intet Wnuoutml wuntn1
ID__|(MPa)f (Ma/m®)| (Mg/m*)] (%) | (%) | (%) | (%) | () | (%) | (%)
1ISU75-1 28 2.1 1.98] 97.3] 10.43} 87.5 9.38 9.42 9.34
isuzs-2 | 28] 210 1.07] 95.3] 10.43] 856] .37 940] 9.35
ISU75-3 18] 214] 201] 90.3] 9.20] 83o| 845] 812 878
isurs4 | 3.2 2171 205] 96.5] 9.20] e06f 864 809 920
isurss | 02| 202 1.90] sa6] 10.83] 82.2] 10.52] 1049] 10.44] 10.64
ISU76-6 12] 208] 1.95] 91.5] 10.83] 86.9] 10.28] 10.09] 10.50] 10.26
isuzsz | 22| 220 2.08}+90.7] *s.00] 839] 7.40] 734} 748
ISU76-8 12l 217 205}=sa6] *s.00] 78.8] 7.45] 7.42] 7.4e
ISU75-9 121  205] 1.91] 97.9] 11.83] 90.7] 10.85] 10.68] 11.21
isurs-1el 02| 2000 1.85] 89.0] 11.83] s4.8] 11.27] 11.28] 11.27

* The Initial w was not available, so the target value was used.
** The initial saturation has been calculated from the target water content.
! specimens ISU75-5 and ISU75-6 were cut into three disks, gas inlet, centre, and gas outlet.
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Table 5.2: Summary of specimen conditions for the
IS50 (50% illite / 50% sand) test series

INITIAL (compaction) FINAL ..

Test Py Pd Pe S, w S, Waverage | Woas intet] Wgas outiet

ID_| (MPa) | (Maim’) JMgimd) | () | ©a) | ) | (k) | (%) | (%)
1SU60-1 0.2 1.97 1.56 71.9] 9.91 67.1] 9.25] 9.29 9.20
ISUS0-2 0.2 1.98 1.58 82.0] 11.20 752] 10271 10.34 10.19r
ISU50-3 0.2 2,00 1.60 03.3] 1232 gs.4]l 11.87] 11.82 11.52
ISUS0-4 0.6 2.03 1.66 100.8] 12.32 91.5] 11.18] 10.80 11.57
ISUS0-5 0.4 2.04 1.88 100.1] 12.00 908] 1095 10.70H 11.19
ISUS0-6 0.6 2.00 1.60 100.3] 13.00 2071 11.84] 11.60 12.09
ISUS0-7 5.4 2.30 2,02 =l 10.26 872| 580 5.15 8.44
ISU50-8 6.2 2.30 2,03 =l 11.21 91.9] 6.09] 549 6.68
ISU50-9 0.2 2.08 1.72 842] 9.20 755] 8.33] 8.29 8.38
ISU50-10 0.2 2.03 1.66 76.1] 9.2 873 822 8.1 8.28
ISU50-11 18 217 1.84 08.1] 8.94 8s4| 808] 7.78 8.36
ISUS0-12 1.0 2.15 1.81 0371 8.94 872 832 8.10 8.55
ISUS0-13 1.2 2.20 1.88 028] 7.83 gs82] 745] 7.34 7.58
ISUS0-14 24 2.23 1.92 1000| 7.83 g28] 72711 7.21 7.33
ISUS0-15 3.2 2.28 2,00 052| 6.5 825] 575 583 568
ISU50-16 2.0 2.25 1.95 87.8] 6.63 7671 580 5.81 5.79
ISUS0-17 1.0 2.29 2,02 8o6| 5.38 68.3] 4.568] 4.52 4.80
ISU50-18 0.8 2.21 1.80 889} 7.32 g16] 672 673 6.70

**During compaction water flowed out of the specimen, since an attempt was
made to compact it to a S, >100%.
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Table 5.3: Summary of specimen conditions for the

1S37.5 (37.5% illite / 62.5% sand) test series

INITIAL(compaction) .. FINAL .~ .
Test Py Pd Pc S, w S, Waverage | Wgas intet] Woas outiet Wcontn‘
ID (MPa) (Mgin’) (Mglm’) (%) (%) (%) (%) (%) {%) (%)
1ISU37.5-1 2.0 2.30 1.80] 101.30 6.30] 81.60 5.08 494 5.22
ISU37.5-2 0.4 2.31 1.80 84.80 526 74.30 4,61 469 4.86 427
1SU37.5-3 1.0 2.24 1.79 99.00 7.32 90.40 6.68 6.21 7.16
ISU37.54 0.2 2.24 1.79 85.80 6.38 78.80 584 5,78 5.90
ISU37.5-5 0.8 217 1.70] 100.90 8.98 89.30 7.94 7.68 8.21
ISU37.5-6 0.8 2.18 1.70 92.10 8.02 85.00 7.40 7.04 1.75
(SU37.5-7 0.6 2.15 1.65] 102.10 9.57 87.00 8.14 7.81 8.48
ISU37.5-8 0.2 214 1.65 93.60 8.89] 86.70] 8.24 8.10 8.38

' This speimen was cut into three disks: gas Inlet, centre, and gas outlet.
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Table 5.4: Summary of specimen conditions for the
1S25 (25% illite / 75% sand) test series

INITIAL(compaction - FINAL
Test Po Pd o S, w S, Waverags | Woas Inlet | Wgas outtet
ID (MPa) (Mg/ma) (Mg/ms) (%) (%) (%) (%) (%) (%)
1ISU25-1 0.2 2.23 1.49 46.1 3.46] 41.40 3.10 3.08 315
ISU256-2 0.2 2.07 1,23 31.5 3.48 n/a n/a n/a n/a
ISU25-3 0.2 2.23 1.51 88.5 6.82y 77.00 5.81 5178 5.84
ISU254 0.2 2.18 1.44 78.0 6.52] 71.20 5.5 5.96 5904
ISU25-8 0.2 2.15 1.37 97.0 8.87] 85.10 7.78 7.62 7.94
ISU25-6 0.2 2.12 1.32 90.5 8.87] 81.90 8.03 7.86 8.19‘
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Table 5.5: Summary of specimen conditions for the
BW (bentonite wetted) test series

137

lNFlAL(cognpacﬁon) FINAL
Test Po o J w inflow Waverage | Waas iniet | Wgas outlet S,

ID (MPa) KMQ_Iﬂi_ (%) | (m) § (%) (%) (%) (%)
BW-1 >4.8] 1.00 62.4] 029] 61.5 58.5 64.4] 964
BW-2 >02] 0.99 46.1] 317] 6.7 60.4 53.0f 88.1
BW-2B >9.2] 0.99 461 362 577 63.5 51.8f 89.6
BW-3 02| o0.79 461y 137| 815 80.7 822 91.0
BW-4 02{ 060 46.1] 1.92] 116.7 ! ! 88.7
BW-5 >92] 085 452] 166] 70.0 78.0 62.0] 86.0
BW-5B >82] 086 440 14s] 70.1 75.7 64.4] 871
BW-5C >82] 0.86 440 -l 704 80.4 60.4f 875
BW-6 o8] 0.90 452] 238 70.7 69.7 71.7] 944
BW-6B o6] 092 426] 220 683 67.8 68.8] 9037
BW-6C 1.0] 092 426| 1.86 67.9H 67.7 68.0] 93.1
BW-7 1.00 0.60 . s46] 092] 1142} 1152 1133] 88.0
BW-8 >92f 1.00] 782] 49.5| 5.01 59.4 65.5 53.3] 93. aL
BW-10 >g2y 088] 822 634] 18| 702 76.3 64.1] 91.0
BW-11 >92f 098] 967] 635} 028 615 87.5 556] 93.7
BW-12 >92] o0.78] 69.1 63.5] 1271 76.7 80.3 7321 835
BW-13 >9.2] 0.81 555] 48.3] 265] 786 86.5 706] 902
BW-14 >82| 0.71] 4631 483] 130{ 93.1 79.71 1065 89.1
BW-15 >9.2] 1.00] 855] 544] 209] 604 64.2 56.5] 94.9
BW-16 26] o080 614 544 1.17] 789 83.1 74.7] 89.0
BW-17 100 o070 5101 54.3] 1.81 96.1 97.2 95.0] 90.2
BW-18 04} o0.70] 565 602] 1.14] 983 97.6 989] 9023
BW-19 04f o0.76] 609] 58.1] 1.57] 87.1 86.9 87.3] 91.2
BW-20 02] o0ee] 503] s58.1] 1.17] 108.2] 1044] 1120] 935
BW-21 04| o0.91 730f 5371 298| 68.7 69.2 68.1] 934
BW-22 0.2] o061 36.8] 469 120f 1119] 1116] 1122} 877
BW-23 >92] 098] 615] 403] 327 594 66.2 527} 90.8

! Specimen was crushed on extrusion from the test cell.




Table 5.6: Calculation of S, from water inflow

(B)

D)

(A) (C) (E) (F) (G) (H)
Test | Mass of water| Measured Mass of water Water content S,calculated | S, measured | Diff. between
ID__ | before sat. (g) | inflow (ml) | after saturation (g} |after saturation (%)| from inflow (%) (o) |
BW-1 30.23 0.29 30.52 63.00 99.0 97.4
BW-2 22.11 317 25.28 52.71 81.5 89.1
BW-28 22.11 3.62 25.73 53.65 83.0 90.5
BW-3 17.65 1.37 19.02 49.68 55.1 91.6
BW4 13.40 1.92 15.32 52,70 404 89.2
BW-§ 18.61 1.66 20,27 49.23 60.6 86.7
BW-5B 18.33 1.45 19.78 47.48 59.4 87.8
BW-5C n/a n/a n/a n/a n/a 88.3
BW-6 18.71 2.36 22,07 50.61 67.7 95.3
BW-6B 18.99 2.20 21.19 47.54 65.7 946
BW-6C 18.99 1.86 20.85 46.77 64.7 94.0
BW-7 15.87 0.92 16.79 57.76 443 88.4
BW-8 23.98 5.01 28.99 59.84 94.0 94.8 .
BW-10 27.03 1.86 28.89 67.76 87.7 91.8 36
BW-11 30.15 0.28 30.43 64.09 97.6 94.5 -4.1
BW-12 24.00 1.27 25.27 66.86 72.8 846 128
BW-13 18.96 2.65 21.61 55.05 63.2 90.7 209
BW-14 16.61 1.30 17.91 52.08 49.8 89.3 441
BW-156 26.36 2,09 28.45 58.71 92.3 96.5 2.8
BW-16 21.09 1.17 22.26 57.42 64.8 90.2 27.2
BW-17 18.42 1.81 20.23 59.64 56,0 91.4 37.9
BW-18 20.42 1.14 21.56 63.56 59.7 92,7 353
BW-19 21.39 1.57 22,96 62.36 65.5 91.9 28.2
BW-20 18.58 1.17 19.75 61.76 53.6 94.1 426
BW-21 23.68 2.98 26.64 60.41 82.2 93.9 12.0
BW-22 13.86 1.20 156.06 50.96 39.9 88.7 54.5
BW-23 19.13 3.27 22.40 47.19 71.8 80.8 20.9
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Table 5.7: Summary of specimen conditions for the

BU (bentonite unsaturated) test series

138

INITIAL (compaction) FINAL
Test Py Pd ,I S w  |Filters] Waverage | Woas intet [ Waas outiet]  Sr
iD_| (MPa) (Mg/m’f (%) | (%) %) | (%) (%) _| (%)
BU-1 >8.2] 1.02| 927] 57.6{wET 595 656 533 957
BU-2 0.2] o0.90] =80.3| <60.0jWwET 60.7} 625 589] 81.2
BU-3 02] 100] 939] 59.4/DRY 56.8] 56.7 56.9| 897
BU-38 o8] 1.02] 921} 56.7|DRY 585 58.1 589] 95.1
BU4 78] 1.04] 98s] 57.9|DRY 552 523 58.2] 93.9
BU-S 06] 100 859| 54.3]WET 584] 592 576] 924
BU-6 02] o090 73.1] 54.3|DRY 535 530 s40] 720
BU-7 12| 1.07] 985] 56.0|DRY 528| 549 518] 929
BU-78 48] 107] 98.8] 56.4|DRY 539] 528 549] 944
BU-7C 3e]l 108 978 s549|DRY 533} 53.1 534] 9438
BU-8 08] 104 941] 559|DRY 56.1 56.2 56.0] 94.4
BU-3B 08 104 942] 56.1JDRY 542 541 544] 91.0
BU-9 0.2] 100 781] 49.4|wWET 528| 530 525| 835
BU-10 >0.2] 1.13] 101.5] 53.3|DRY 489} 505 473| 93.1
BU-11 >0.2] 111] 90.1] 48.1|wET 494] 529 460 926
BU-11B oe] 111 910] 49.1JDRY 496| 492 500 91.8
BU-11C 06| 1.09] 923] 50.8|DRY 50.5] 503 50.8f 91.8
BU-12 0.2] o091 66.3] 49.1DRY 482] 485 479] e65.0
BU-13 02] 1.00] =70.7] *45.0JwET 48.7] 489 484] 785
BU-138 02] 100 704] 44.7]DRY 444 446 442 700
BU-14 0.2] o0s89] 615] 46.8|DRY 463] 462 465 60.9
BU-15 0.2] 1.10] 822] 447|DRY 46.7] 470] 463] 85.9]
BU-16 6.8] 1.17] 99.2] 48.7|DRY 4701 480 460| 957
BU-17 o8l 1.13] 91.8] 482|DRY 479 4715 482] 912
BU-18 04} 103 869 527|DRY 51.7] 519 516] 854
BU-18B 02| 106] 842 49.1|DRY 494 404 494] 848
BU-18C 02] 104 855] 508|DRY 503| 505 502 848
BU-19 54] 1.11] 976] 520JORY 50.8] 515 50.1] 952
BU-20 02] o099 79.7] 51.5/pRY 499| 502 496 772

“* The initial w is not available, therefore the target value was used.
** The initial saturation has been calculated from the target water content.



Table 5.8: Summary of specimen conditions for
NPF (non-polar fluid) test series

INITIAL(compaction) A " FINAL .
Test Py Clay Pore Pd - Wenr Sr | Wavarage | Wgas intet] Waas outiet
iD (MPa)] type | fluid [(Maim’)] (%) (%) | (%) (%) (%) (%)
INPFU-1A 2.0 ilite} paraffin 2.05] 956] 12.00] * " b e
INPFU-1B 2.4 ilite} paraffin 2.05 95.6]) 1200 ™ b - -
BNPFU-2 0.2}bentonite} paraffin 1.16} 98.8f 50.000 * - - -
BNPFU-3A 3.6]bentonite water 1.15 99.3] 50.59] 101.4] 51.63] 51.62 51.63
BNPFU-3B 5.4|bentonite]  water 1.15] 99.3] 50.59] 96.1] 48.97] 49.42 48.52
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Table 5.9: Summary of tests performed on illite with water as a pore fluid

! Kirkham reported this as 4.0 MPa, since he used absolute breakthrough

Test ID pa (Mg/m®) w (%) S, Py
T40(Kirkham, 1995) 2.05 12.3 96.9 '3.8
T50 2.04 12.0 94.1 4.0
ITU-2 2.04 12.6 98.3 36
ITU-2B 2.04 12.6 98.3 36

Avg. 3.75

pressure instead of pressure difference across the specimen.
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Table 6.1: Comparison of different models for gas breakthrough pressure in illite 143

Model Py, (MPa)
Observed (laboratory experiment) 3.6
Capillarity mode| 1.0

(pore size observed from MIP)

Poiseulle model 0.4

(pore radius observed from MiP)

Poiseulle model 20.0

(pore radius calculated from surface area)

Kozeny-Carman model 315

(pore radius calculated from surface area)

Assumptions:
 Average pore diameter from MIP: 0.3x10°m
e Assumed thickness of bound water at the clay surface: 0.5x10° m

e Specific surface area 60 000 m*/kg

Test parameters for observed data:
* pg =2.04 Mg/m’
* Sr = 983 %

s« Water content=12.5 %
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Table 6.2: Comparison of different models for gas breakthrough pressure in bentonite

Model Py (MPa)
Observed (laboratory experiment) >9.2
Capillarity model 0.02
(pore size observed from MIP - large pore mode)
Capillarity model 73.0
(pore size observed from MIP — small pore mode)
Poiseulle model 0.2
(pore radius observed from MIP)
Poiseulle model 246
(pore radius calculated from surface area)
Kozeny-Carman model 24.0

(pore radius calculated from surface area)

Assumptions:

e Average pore diameter from MIP (large pore mode): 20x1 0%m

e Average pore diameter from MIP (smail pore mode): 0.01x1 0°m

e Assumed thickness of bound water at the clay surface: 2.0x1 0°m

« Specific surface area 750 000 m?/kg

Test parameters for observed data:

* pa = 1.00 Mg/m®

[ ] Sr = 96.7 %

« Water content = 62.5 %
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Figure 2.1: Silica tetrahedron
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Figure 2.2: Alumina octahedron
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[ON CONCENTRATIONS
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DISTANCE X ——
FROM PARTICLE SURFACE

Figure 2.4: Conceptual concentrations for different DDL models
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Figure 2.5: Two possible cation arrangements at the surface of a clay particle (after Yong, 1992)
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Figure 2.6: Variation in double layer thickness with dielectric constant, D
(after Fernandez and Quigley, 1985)
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Figure 2.7: Characteristic curve relating water content to pressure
(after Freeze and Cherry, 1979)
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Figure 2.8: Characteristic drainage curves for three hypothetical soils
a) silty clay, b) siity sand, ¢) uniform sand
(after Freeze and Cherry, 1979)
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Figure 4 .1: Gas breakthrough test board and test cell (after Kirkham, 1995)
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Figure 4.3: Schematic of data acquisition system
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Figure 4.10: Cross-section of test cell (after Kirkham, 1995)
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Figure 4.11: Exploded view of test cell flange and filters (after Kirkham, 1995)

. 2
gas inlet 1
I >
gas outlet 4

Figure 4.12: Division of specimen for water content tests
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Figure 5.1: Increasing gas breakthrough pressure with increasing S,
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Figure 5.2: Increasing gas breakthrough pressure with increasing pary
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Figure 5.3: Increasing gas breakthrough pressure with increasing peiay ary
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Figure 5.4: Decreasing rate of gas breakthrough with increasing pary
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Figure 5.5(a): Increasing gas breakthrough with increasing S,
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Figure 5.5(b): Increasing gas breakthrough with increasing S,
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Figure 5.6(a): Increasing gas breakthrough pressure with increasing pary
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Figure 5.6(b): Increasing gas breakthrough pressure with increasing pary
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Figure 5.7: Pore size distributions for illite specimens compacted to py = 2.04 Mg/m? at varying water content
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9.0

| —— after Kirkham (1995) - 100% illite /

L
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Gas breakthrough pressure (MPa)

2.0
1.08x102e23%%8 7

(% =0.478)

1.0 -

-

1.2 1.4 16 1.8 2.0 22
Effective clay dry density (Mg/m?)

Figure 6.1: Gas breakthrough pressure - effective clay dry density relationship
for illite/sand specimens with S, = 85-90%
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after Kirkham (1995) - 100% |
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Gas breakthrough pressure (MPa)
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= 0.9358)\

2.0 -

1.0 |

1.2 1.4 1.6 1.8 2.0 2.2

Effective clay dry density (Mg/m>)

Figure 6.2: Gas breakthrough pressure - effective clay dry density relationship
for illite/sand specimens with S; = 90-95%
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Figure 6.3: Gas breakthrough pressure - effective clay dry density relationship
for illite/sand specimens with S, = 95-100%
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(illite - after Kirkham, 1995)\
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Gas breakthrough pressure (MPa)
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S =90-95% )
(illite/sand). g
N/
S =85-90% AN
2.0 - (illite/sand) .
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Figure 6.4: Summary of gas breakthrough pressure - effective clay dry density
relationship for illite/sand specimens
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Calculate pore radius from MIP tests:
r = diameter from MIP — (2 x thickness of bound water)
2
r=0.3x10° - (2 x 0.5x10%) = 1.495x10"m
2
Calculate pore radius from specific surface area:
SSA =60 000 m¥/kg
Sy = 2040 kg/m® x 60 000 m¥kg = 1.224 x 10°* m™
r = n/Sr(1-n) = .26/1.224x10%(1-.26) = 2.87 x 10°m

Capillarity:
Py =2T/r

Py, = 2 (0.073)/ 1.495x10°7
P, = 1.0 MPa

Poiseulle:

‘= 8L'n
pr
L=0.025m
n =1.02 x 10° Pa*sec

p = 200 000 Pa/ 5 minutes
= 667 Pa/second

=30467sec.

(= 8(0.025)*1.02x10°*
667(2.87x107%)?

t = 8.5 hours, P, = 20.0 MPa

Figure 6.10(a) : Sample model caiculations (illite)
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Kozeny-Carman: 185

3
ne.p

tz\/LzS}(l -n)*tn

=2
C:=04

=47230sec.

. [(0.025)(1.224x10%) (1 - 26)*/2(1.02x107?)
- (0.26)*(0.4)(667)

t=13.0 hours, P, = 31.5 MPa

Figure 6.10(b) : Sample model calculations (illite}




APPENDIX A

GAS BREAKTHROUGH TEST RESULTS
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" | Pay =2.28 Mg/m®
Puayay = 2.00 Mg/m®
6ol W = 67%
Tl S, =95.2%
Qin=0 gas inflow
gas collection
2.0 3.0 40
Elapsed time (hours)
10.0
ISUS0-16
50% illite / 50% sand
80 1 Gas breakthrough 2.0 MPa
" | Pay =2.25 Mg/m®
Paayay = 1.95 Mg/m®
col W = 6.6 %
1 S =87.8%
Qin-"-' 0
4071 ‘Data file not available °
20 ¢
0.0
0.0 1.0 20 3.0 4.0

Elapsed time (hours)
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Pressure (MPa)

Pressure (MPa)

10.0

8.0 1

6.0 +

40 1

10.0

8.0

6.0 +

401

2.0 -

0.0

ISU50-17
50% illite / 50% sand
Gas breakthrough 1.0 MPa

Pay =2.29 Mg/m®
Deayary = 2.02 Mg/m®

w = 538%
S =806 %
Qin = O

gas inflow

gas collection

1.0 20 3.0
Elapsed time (hours)

4.0

1ISUS0-18

50% illite / 50% sand

Gas breakthrough 0.8 MPa
Pay =2.21 Mg/m®

Pciayary = 1.90 Mg/m®

w = 732%

S, =889%

Qin= 0

gas inflow

- -

1.0 2.0 3.0
Elapsed time (hours)

4.0
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10.0

ISU37.5-1
37.5% illite / 62.5% sand
Gas breakthrough 2.0 MPa

[ Pay = 2.30 Mg/m®
Peayay = 1.90 Mg/m®

8.0 1

= w = 6.3%
g %07s, =99.7%
° Qn=0
2
g 401
20}
_________i____gas collection
0.0
0.0 1.0 20 3.0 40
Elapsed time (hours)
2.0
ISU37.5-2
37.5% illite / 62.5% sand
Gas breakthrough 0.4 MPa
151 Pev = 2.30 Mg/m®
"1 Puayey = 1.90 Mg/m®
w = 53% gas inflow
g | s =848%
:é' Qin = 0
®1.0
2
&
a
0.5 gas collection
e -
oo YT
0.0
0.0 0.1 0.4 0.5

%Fapsed time ('hou?é?
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Elapsed time (hours)

10.0
ISU37.5-3
37.5% illite / 62.5% sand
80 1 Gas breakthrough 1.0 MPa (slow)
| Pay =2.24 Mg/m®
Pdayary = 1.79 hﬂg/ﬂ'\3
—_ w = 73%
g %7 s =99.0%
‘é’ Qin = O
8401 o
[Data file not available
20 ¢
0.0
0.0 1.0 2.0 3.0 40
Elapsed time (hours)
10.0
ISU37.54
37.5% illite / 62.5% sand
80 Gas breakthrough 0.2 MPa (slow)
" | pay =2.24 Mg/m®
Peayary = 1.79 Mg/m’®
= w = 64%
g %7 s =858%
; Qin =0
2
[Data file not availabie |
201
0.0
0.0 1.0 20 3.0 40
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10.0
ISU37.5-5
37.5% illite / 62.5% sand
8.0 | Gas breakthrough 0.6 MPa (slow)
Pay =2.17 Mg/m®
Petayary = 1.70 Mg/m?®
= 60 4 w = 90%
:2‘; 1 S =100.9 %
o Qn=0
2
2 a0
‘Data file not available
20 ¢
0.0
0.0 1.0 20 3.0 40
Elapsed time (hours)
10.0
ISU37.5-6
37.5% illite / 62.5% sand
80 | Gas breakthrough 0.6 MPa (slow)
| pay =2.18 Mg/m®
Paayary = 1.70 Mg/m’®
Feol W T 8.0 %
S| S =921%
; Qin =0
2
[Data file not available |
20 ¢
0.0
0.0 1.0 20 3.0 40

Elapsed time (hours)
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20

1

Pressure (MPa)

o

(¢
\
A\

0.0

20

1.5

54

o

Pressure (MPa)
5

R
I Y Sioadnd

+ Qn=0

ISU37.5-7

37.5% iliite / 62.5% sand
Gas breakthrough 0.6 MPa
Pary = 2.15 Mg/m®

Paay ary = 1.65 Mg/m®

w = 96%

S =102.1%

gas inflow

gas collection

- —

0.0

0.1 0.2 0.3 0.4
Elapsed time (hours)

0.5

o
4

0.0

-

ISU37.5-8

37.5% illite / 62.5% sand
Gas breakthrough 0.2 MPa
Pary = 2.15 Mg/m?®

Deayary = 1.65 Mg/m®

w = 89%

S =93.6 %

1 Qin= 0

gas inflow

- e -

0.1 0.2 03 04
Elapsed time (hours)

0.5
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Pressure (MPa)

Pressure (MPa)

20

-
(4]

-
o

ISU25-1

25% illite / 75% sand

Gas breakthrough 0.2 MPa
Pay =2.23 Mg/m®

Puayay = 1.49 Mg/m®

w = 35%

S, =46.1%

Qn=0

o

[3)]
Q
Q
n
g
2

0.0

2.0

15 ¢

10 1

0.5

0.0

, gas collection

0.0 0.1 0.2 0.3
Elapsed time (hours)

04

0.5

[SU25-2

25% illite / 75% sand

Gas breakthrough 0.2 MPa
Dary = 2.06 Mg/m®

Pcayary = 1.23 Mg/m3

w = 35%

S =315%

Qin =0

Jwgas inflow

A
i gas coliection

0.0 0.1 0.2 0.3

Elapsed time (hours)

04

0.5

205



20

ISU25-3
25% illite / 75% sand
Gas breakthrough 0.2 MPa
151 Pay =2.23Mg/im®
Oeiay ary = 1.51 Mg/m®
5 w = 65%
< S, =86.5%
2101 Q=0
2
g
o
0.5 v gas inflow i
LT L
f gas collection
0.0
0.0 0.1 0.2 0.3 04 0.5
Elapsed time (hours)
20
ISU254
25% illite / 75% sand
Gas breakthrough 0.2 MPa
_ 3
151 Pay =2.19 Mg/m .
pdaydry =1.44 Mg/m
= w = 65%
% S, =780%
210{ Q=0
2
o
a
0.5 v gas inflow [' ~~~~~
‘r, ____________
1 gas collection
A
0.0 + :
0.0 0.1 0.2 0.3 0.4 0.5

Elapsed time (hours)
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20
ISU25-5
25% illite / 75% sand
Gas breakthrough 0.2 MPa
151 Pay =2.15Mg/m®
Paay ¢y = 1.37 Mg/m®
= w = 89%
& S =97.0%
g 1.0 A Qn=0
a
0.5 -* gas inflow ’
:' gas collection
A
0.0 L
0.0 0.1 0.2 0.3 0.4 0.5
Elapsed time (hours)
20
ISU25-6
25% illite / 75% sand
Gas breakthrough 0.2 MPa
i5 | Pay =212 Mg/m’
Pcayary = 1.32 N1g/ﬂ'l3
= w = 89%
g S =90.5%
210 Qn=0
2
8
a
0.5 ! gas inflow o
£ oon coboctr
h
0.0
0.0 0.1 0.2 0.3 0.4 0.5

Elapsed time (hours)
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208
10.0

BW-1

Gas breakthrough > 4.8 MPa
Pay = 1.00 Mg/m®

[Weompacion = 62.4 %
Sr(compacﬁon) =97.7 %

8.0 1

—- Sr(ﬁnal) =964 %

g 6.0 “Qin =0.29 mi

é Test stopped due to nadequsie (ank
2 gas inflow pressure.

& 40

2.0 -

gas collection
po Flb———]—- - - ----"--" """ "
0.0 1.0 20 3.0 4.0
Elapsed time (hours)
10.0
BW-2
Gas breakthrough > 9.2 MPa
60 |Pay =0.99 Mg/m®
) ernpadicn = 46.1 %
Srcompactiony = 71.6 %
- Sr(ﬁnal) =88.1%
g 80 1Qn=3.17 ml
g gas inflow
g
& 40 ¢+
20 ¢
gas collection
00 =" """ - - - - - - ""-"-""-—-—

0.0 1.0 20 3.0 4.0
Elapsed'time (hours)




10.0

8.0 ;

Pressure (MPa)

20 ¢

2.0

0.0

o
o

ey
)

BW-2B
Gas breakthrough > 9.2 MPa
Pay = 0.99 Mg/m?

Weompaction = 46.1 %
Srcompaction) = 71.6 %

Sr(ﬁnal) =89.6 %

T1Qin= 3.62 mi

gas collection

fo e e e e = e s e e e = e e - e o P o - ———— > M W =

0.0 1.0 20 3.0
Elapsed time (hours)

49

BW-3

Gas breakthrough 0.2 MPa
Pay = 0.79 Mg/m?

1 Wicompactiony = 46.1 %
Sr(compamon) =514 %

Sr(ﬁnal) =91.0%

Qin=1.37 ml

gas inflow

I’ -7
L’ gas collection
|

0.0 0.1 0.2 0.3 0.4
Elapsed time (hours)

0.5
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20

Pressure (MPa) .
()

o
1)

BW-4
Gas breakthrough 0.2 MPa

Pay = 0.60 Mg/m®

5 | Wicompaction) = 46.1 %

Sr(compaction) =35.0%
Sr(ﬁnar) = 887 OA)
Qin=1.92 mi

e

- gas inflow

0.0 0.1 0.2 0.3 04

10.0

8.0

Pressure (MPa)

20 1

%% 1Qn=1.66ml

Elapsed time (hours)

0.5

BW-5

Gas breakthrough > 9.2 MPa
Pay = 0.85 Mg/m®

Weompaction = 45.2 %
Sr(compacﬁon) =55.5%

Sr(ﬁnal) =86.0%

gas inflow

gas collection

0.0 1.0 2.0 3.0 4.

Elapsed.time (hours)
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10.0

BW-5B

Gas breakthrough > 9.2 MPa
Pay = 0.86 Mg/m®

Weompaction = 44.0 %
Sticompaction)y = 54.7 %

Sr(ﬁnal) =87.1%
TQin=1.45mli

8.0 -

o
o

gas inflow

Pressure (MPa)
5

2.0 1

gas collection

0.0 1.0 2.0 30
Elapsed time (hours)

10.0

4.0

BW-5C

Gas breakthrough > 9.2 MPa
Pay = 0.86 Mg/m®

Weompacion = 44.0 %
Sr(compactjon) =547 %

Sr(ﬁnal) =87.5%

TQin = unknown

8.0 ¢

o
o

gas inflow

Pressure (MPa)

ey
o

2.0 1

gas collection

0.0 1.0 , 20 3.0
Elapsed time (hours)

211



2.

-
(4]}

o
(1)

2.0

Pressure (MPa)
o

0

BW-6

Gas breakthrough 0.6 MPa
Pey = 0.90 Mg/m®

] Wicompactiony = 45.2 %
S,(qompacﬁm) =60.3%

Sr(fmn =944 %

Qin=2.36 mi

I

[ gas inflow

gas collection

pr - - .~ -

0.0 0.1 0.2 03 0.4
Elapsed time (hours)

0.5

BW-6B

Gas breakthrough 0.6 MPa
Pay = 0.92 Mg/m®
Wi(compaction) = 426 %
Sr(;ompacﬁon] =58.4%

Sr(ftnal) =93.7%

Qin =220 mil

1 gasinflow

gas collection

0.0 0.1 02 0.3 0.4
Elapsed time (hours)

0.5
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20

BW-6C
Gas breakthrough 1.0 MPa
Pay = 0.92 Mg/m®

1.5 1 Wicompaction) = 42.6 %
Sr(compactiony = 58.4 %

Sr(final) =93.1%
Qin=1.86 ml

gas inflow

- - ——— - —

0.5

0.5 1 /

’
gas collection N
___________________________________ ‘ !
0.0
0.0 0.1 0.2 03 0.4
Elapsed time (hours)
2.0
BW-7

Gas breakthrough 1.0 MPa
Day = 0.60 Mg/m?®

5 4 Wicompaction) = 54.6 %
Sr(compaction) =42.0%
Sr(ﬁna]) =88.0%
Qin=0.92 ml

-

Pressure (MPa)
o

gas inflow

o
(1]

gas collection PR

,..._____._._-___,__,________._,__._._.__-____‘

0.0
0.0 0.1 0.2 0.3 0.4
Elapseq time (hours)

0.5
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10.0

8.0 ¢

Pressure (MPa)

20 1

0.0

o
o

hy
o

BW-8

Gas breakthrough > 9.2 MPa
Pay = 1.00 Mg/m®

Weompaction = 495 %
Sf(mmpacﬂon) =782 %

Sifinany =93.8 %

TQin=5.01 ml

;@a file not available. J

0.0 1.0 20 3.0

10.0

8.0 ¥+

6.0

Pressure (MPa)

2.0 1

0.0

Elapsed time (hours)

4.0

BW-10

Gas breakthrough > 8.2 MPa
Pay = 0.88 Mg/m®

Weompaction = 63.4 %
Sr(compadjon) =822%

Sirinay =91.0 %

[Qin= 1.86 ml

| S

Data file nof -eivailable. ;

—

0.

0 1.0 2.0 3.0
Elapsed time (hours)

4.0
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Pressure (MPa)

215
10.0

BW-11
Gas breakthrough > 9.2 MPa
60 |Pay =0.98 Mg/m’

Weompaction = 63.5 %
Sr(compacﬁon) =96.7%

Sr(ﬁnal) =93.7%

Qin=0.28 ml

Pressure (MPa)
o
o

»
o

20

gas collection

0.0 1.0 20 3.0 4.0
Elapsed time (hours)

10.0

BW-12
Gas breakthrough > 9.2 MPa
Pay = 0.78 Mg/m®

Weompaction = 63.5 %
Sr(compacﬁgn) =69.1 %

Sifnay =83.5%

TQn=1.27 ml

80 1

o
(=3

»
o

20 ¢

gas collection

—--.—-—_—--_...-.---—_---.----——-——-———-—-——-——-———--—-——

0.0 1.0 2.0 3.0 4.0
Elapsqd time (hours)




Pressure (MPa)

216
10.0

BW-13
Gas breakthrough > 9.2 MPa
Pay =0.81 Mg/m®

Weompaction = 48.3 %
Srcompacton) = 55.5 %

Snay = 90.2 %

80 1Q=2.65 mi

8.0 1

Pressure (MPa)
Py
o

20

gas collection
oo bz o2z - - - - ---c------. - .-
00 1.0 20 3.0 40
Elapsed time (hours)

10.0

BW-14

Gas breakthrough > 9.2 MPa
o |Pay =0.71 Mg/m’

Squa[) =89.1%
60 1Q,=1.30 ml
40 1
2.0 1

gas collection

0o Eoo=====mm s mm e

0.0 1.0 2.0 3.0 4.0
Elapse& time (hours)



10.

8.0

Pressure (MPa)

»
o

20t

10.0

8.0 1

o
o

Pressure (MPa)

20 +

o
o

»
o

0

BW-15

Gas breakthrough > 9.2 MPa
Pay = 1.00 Mg/m®
Sr(compadign) =85.5%

Sr(ﬁnal) =949%

1Qin=2.09 ml

gas inflow

gas collection

2.0

Elapsed time (hours)

4.0

BW-16
Gas breakthrough = 2.6 MPa
Pay = 0.80 Mg/m®

Weompacton = 54.4 %
Sricompactiony = 61.4 %

S.—(rmg) =89.0 %

Qin =1.17 ml

e o = = - - —— .

20

3.0

Elapsed time (hours)

4.0
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2.0

-
w

o
wn

Pressure (MPa)
o

BW-17
Gas breakthrough 1.0 MPa
Pay = 0.70 Mg/m®

{ Weompaction = 54.3 %
Sr(compaction) =51.0%

Sr(ﬁna() =90.2%
Qin=1.81ml

[ gas inflow

gas collection

0.5

_____________________________________ V.-~

0.0
0.0 0.1 0.2 0.3 0.4
Elapsed time (hours)

20

BW-18

Gas breakthrough 0.4 MPa

Pary = 0.70 Mg/m®

1.5 | Weompaction = 60.2 %

Pressu[? (MPa)
o

0S5 ¢+

Sr(mpacﬁon) = 56.5 °/0
Sr(ﬁnal) =92.3%
Qin= 1.14 ml

gas inflow

gas collection v S

e v = o — - - - - -

0.0 0.1 0.2 0.3
Elapsed time (hours)

v

0.4

0.5
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20

151

Pressure (MPa)
()

o
wn

BW-19

Gas breakthrough 0.4 MPa
Pay =0.76 Mg/m®
Weompaction = 582 %
Sr(compacﬁon) =60.9 %

Sm'mn =912%

Qin=1.57 ml

gas inflow

gas collection

0.0
Elapsed time (hours)
20
BW-20
Gas breakthrough 0.2 MPa
ey = 0.66 Mg/m®
1.5 4 Weompaction =58.2 %
Sr(cgmpaajcn) = 503 OA)
| Sefinay =93.5%
& |Qa=1.17ml
§1 0
e gas inflow
0.5 L___t/}/’?? gas collection
0.0 :
0.0 0.1 0.2 0.3 0.4 0.5

Elapsed.time (hours)
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20

BW-21

Gas breakthrough 0.4 MPa
Pay = 0.91 Mg/m®
Weompacton = 93.7 %
Sr(compaction) =73.0%

Sr(ﬁnan =934 %

g |Qn=296ml
21.0
S gas inflow
[
Q e
a gas collection
05 ¢
0.0
0.0 0.1 0.2 0.3 04 0.5
Elapsed time (hours)
20
BW-22
Gas breakthrough 0.2 MPa
Pay = 0.61 Mg/m®
1.5 | Weompaction = 46.9 %
Sricompactiony = 36.8 %
— Sr(ﬁnal) =87.7%
[
% Qin=1.20ml
1.0
=3
a
<
o
gas inflow
0.5 ‘J' 1" gas collection
i
0.0
0.0 0.1 0.2 0.3 04 05

Elapsed time (hours)
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10.0

8.0 ¢

o
o

Pressure (MPa)

2.0 -

»
o

BW-23
Gas breakthrough > 9.2 MPa
Pay = 0.98 Mg/m’®

Weompaction = 40.3 %
S,(mpad;on, =61.5%

Sr(ﬁnal) =90.8 %

Qm =3.27 ml

gas collection

e o o e e = s A e Y S e e e -

0.0 1.0 20 30
Elapsed time (hours)

4.0
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10.0

8.0 1

Pressure (MPa)

2

20

-
wn

0.0

o
=

~
o

Pressu[g (MPa)
(]

BU-1

Gas breakthrough > 9.2 MPa
Py = 1.02 Mg/m®

w = 576%

S =92.7 %

Qin = 0 (wet filters)

gas inflow

0

gas collection

0.0 1.0 2.0
Elapsed time (hours)

4.0

BU-2

Gas breakthrough 0.2 MPa
Pay = 0.90 Mg/m’

jw = 60.0%

S =80.3%

Qn = 0 (wet filters)

—_———=

==
(s gas collection

0.0 0.1 0.2 0.3
Elapsed’time (hours)

04

0.5

222




20

BU-3
Gas breakthrough 0.2 MPa
Pary = 1.00 Mg/m®
15 W = 594 %
S =939%
— Qin = 0
e
3
21.0
2
g
a
0.5 ly
R
1
.I
A
0.0
0.0 0.1 0.2 0.3 0.4 05
Elapsed time (hours)
2.0
BU-3B

Pressu[? {MPa) R
o n

o
(2]

Gas breakthrough 0.6 MPa
Pay = 1.02 Mg/m’

lw = 56.7%
S =921%
Qin= 0

1 gasinfiow

gas collection Y _ -

e e e, —r —-—-- -

- -

0.0 0.1 0.2 03

Elapsed time (hours)

0.4

05
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10.0

8.0 -

Pressure (MPa)

20 ¢

2.0

-
(3]

o
w

o
o

hy
o

PI’ESSU!_? (MPa)
o

BU-4
Gas breakthrough 7.8 MPa
 Pay = 1.04 Mg/m®
w = 57.9%
S, =98.5%

Qin =0

A/

gas inflow

gas collection

00 1.0 2.0 30
Elapsed time (hours)

4.0

BU-5
Gas breakthrough 0.6 MPa
Pay = 1.00 Mg/m®

lw = 543 %

S, =859%

Qin = 0 (wet filters)

1 gasinflow

gas collection -’

b o e e - = - -

- -
-

0.0 0.1 0.2 0.3 04
Elapsed time (hours)

0.5
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Pressure (MPa)

20

1.5 4

Pressure (MPa)
o

o
n

0.0

BU-6
Gas breakthrough 0.2 MPa
Pay = 0.90 Mg/m*

W = 543%
S =73.1%
Qin=0

,"gas inflow

_:' gas collection
A

0.0 0.1 0.2 03

10.0

8.0 ¢+

o
o

>
o

2.0 1

Elapsed time (hours)

04

05

BU-7
Gas breakthrough 1.2 MPa
Pay = 1.07 Mg/m®
w = 56.0%
S =98.5%
Qn=0

gas inflow

]
1
woas collection

e = - — -

0.0 1.0 2.0
Elapsed time (hours)

[

3.0

4.0
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10.0

8.0 {

bodd
o

Pressure (MPa)

20 ¢

0.0

&
o

BU-78
Gas breakthrough 4.6 MPa
Pay = 1.07 Mg/m®
w = 564%
Sr =988 %
Qn=0

Data file not available

0.0 1.0 2.0

10.0

80 ¢

Pressure (MPa)

2.0 1

6.0 1

Elapsed time (hours)

3.0

4.0

BU-7C

Gas breakthrough 3.6 MPa
Pay = 1.08 Mg/m®

w = 549%

S =978%

Qn=0

. lq-

(S,

gas collection

b e e - - - - — - - -

0.0 1.0 2.0
Elapsed time (hours)

3.0

4.0

226




2.0

-
(4}

Pressure (MPa)
o

05 ¢

BU-8

Gas breakthrough 0.6 MPa
Pay = 1.04 Mg/m®

lw = 559%

S, =941%

Qn=0

- = we om -

— -

gas inflow

gas collection

0.0 0.1 0.2 03 0.4

2.0

Pressure (MPa) .
=) w

o
wn

Elapsed time (hours)

0.5

BU-8B

Gas breakthrough 0.8 MPa
Pay = 1.04 Mg/m®

lw = 56.1%

S, =942 %

Q‘m =0

| gas inflow

gas collection /

0.0 0.1 0.2 . 0.3 04
Elapsed time (hours)

0.5
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Pressure (MPa)

2.0

Pressure (MPa)
o w

o
o

BU-9

Gas breakthrough 0.2 MPa
Pay = 1.00 Mg/m®

Ilw = 494 %

S =781%

Qin = 0 (wet filters)

gas inflow

0.0
0.0 0.1 0.2 0.3 04 05
Elapsed time (hours)
10.0
BU-10
Gas breakthrough >9.2 MPa
60 |Pay =1.13 Mg/m’
T lw = 53.3%
S =101.5%
Qn=0
6.0
a0} Data file not available
2.0 -
0.0
0.0 1.0 2.0 3.0 4.0

Elapsed time (hours)
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Pressure (MPa)

Pressure (MPa)

10.0

8.0 1

2.0 -

o
o

&
o

BU-11
Gas breakthrough > 9.2 MPa
Pay = 1.11 Mg/m®
w = 481 %
S =90.1%

Qin = 0 (wet filters)

gas inflow

gas collection
oo F- == -z----- e
0.0 1.0 20 30 4.0
Elapsed time (hours)
10.0
BU-11B
Gas breakthrough 0.6 MPa
5o |Pay =1.11 Mg/m’®
Tlw = 491 %
S =91.0%
Qin =0
6.0 1
40 | :Data file not available. J
20 ¢4
0.0
0.0 1.0 20 3.0 40

Elapsed time (hours)
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100

8.0

Ll
o

Pressure (MPa)

20

0.0

P
o

BU-11C
Gas breakthrough 0.6 MPa
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