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Gas flow through compacted clays is a topic being actively researched

throughout the world. The driving force behind this research is the isolation and

long term storage of spent nuclear fuel. Previous researchers at the University of
Manitoba identified that gas flowed through clay by advectively pushing water

through the clay until a continuous gas pathway has formed. The work

completed for this thesis expands on this understanding through a laboratory

testing program.

Samples of a 50/50 mixture of sand and bentonite clay, also known as buffer

material, was compacted into a 50 mm diameter by 24 mm high test cell at three

dry densities and various degrees of saturation. A small gas pressure (200 kPa)

was applied on one end of the specimen (denoted the outlet side) and a larger

pressure was maintained on the other side of the specimen (denoted the inlet

side). Both pressures were maintained until a rapid increase was noted on the

outlet side of the specimen, this increase has been termed gas breakthrough.

A total of 19 tests were completed to assess the degree of a saturation at which

there was no resistance to gas breakthrough. An additional 39 tests was

completed to assess the relationship between the applied gas pressure

difference and the time required for breakthrough to occur.

Results from tests in which the air phase was continuous indicate that at lower

dry densities a higher degree of saturation is required to provide resistance to

gas breakthrough. The constant pressure tests indicate that breakthrough can

occur at gas pressure differences much lower than those identified by stepped

tests performed elsewhere. A clear relationship between the applied pressure

difference and the time required to breakthrough was not identified in tests on

unsaturated specimens. An approximately inverse relationship was observed in

saturated specimens.
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1.0 INTRODUCTION

1.1 Overview

Containment, isolation, and treatment of hazardous waste is becoming

increasingly important in today's society. Low permeability clays are commonly

being used as barriers in isolation of waste products and pollutants. Landfills

often utilize compacted clay liners both above and below refuse in order to

ensure it is isolated from the biosphere. Bentonite slurry walls are being used to

slow the expansion of contaminant plumes on remediation projects. Compacted

clay is also proposed as one of many barriers in the Canadian nuclear fuel waste

disposal concept (AECL, 1994).

Due to the low permeability of clay liners, water pressure differences can develop

across them. These pressure build-ups can tend to increase gradients acting

across liners and result in increases in contaminant transport velocity.

Transport phenomena through porous media are also being researched by the

petroleum industry. Multiphase flow is often the focus of this work in order to

optimize crude oil withdrawal from wells. The major fluid flow phases explored in

the petroleum industry are crude oil and steam, or crude oil and water.

The particular focus presented here is on the flow of gas through clays. This

work is a continuation of the research started at the University of Manitoba by

Kirkham (1995), Halayko (1998), and Hume (1999). Research was initiated on
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this topic through funding provided by Atomic Energy of Canada Limited (AECL)

and continued through support of the Natural Sciences and Engineering

Research Council (NSERC). The problem was initiated due to the realization in

Canada, Europe and Japan that gas pressures will develop at canister-clay

interfaces in their nuclear fuel waste disposal concepts. lt has been well

documented that gas pressures will develop due to organic degradation (both

aerobic and anaerobic), corrosion, and radiolysis (Agg et. al. 1996).

1.2 Need for Research

The development of safe, long-term, disposal of nuclear waste is being studied

on a global scale. The feasibility of deep underground repositories for waste is

being examined by a number of agencies in a variety of countries. Due to the

dangers associated with radioactive material entering the biosphere, it is

essential that extensive research be performed to ensure that all possible escape

vectors are understood and accounted for. Many of the proposed underground

storage repositories will incorporate some form of compacted clay liner. lt is

important to understand the mechanisms by which compacted clay will contain

the waste. Gas flow through the clay has been identified as one possible form of

escape for radioactivity and, as such, the need for fully understanding this

behavior becomes apparent.
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Gas pressure build-up can also occur in landfills. lncreased understanding of

how gas can flow through a clay liner would be useful in managing the disposal

of municipal and hazardous solid waste.

1.3 Goal of the Research

Research performed by Halayko (1998), and Hume (1ggg) led to the

identification of 'gas breakthrough' as a time-dependent process. Here 'gas

breakthrough' is defined at the conditions of gas pressure, gradient and time that

would lead to migration of gas by advection through a clay soil or clay-rich

engineered barrier. This thesis document continues this idea and elaborates

upon it in such a way that a fundamentally sound, predictive model can be

developed. The model incorporates a variety of parameters that include changes

in:

o gâs gradients across the specimen,

. dry density and,

. degree of saturation.

The model relies upon soil parameters that are already known or are easily

obtainable.

Testing has been performed

further understanding of the

process.

to examine the validity of the model and to gain a

relationships that exist in the gas breakthrough
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Because of the complicated nature of gas breakthrough, a number of different

processes and phenomena have to be considered. The literature review

included in Chapter 2 of this thesis document outlines these various aspects of

gas breakthrough and provides a state-of-art summary of previous research. A

model for gas migration is developed in Chapter 3. Chapters 4 and 5 present

details of the experimental program that was undertaken to examine the validity

of the model. The results of this comparison between the model and the

experiments are discussed in Chapter 6. Conclusions and suggestions for

fufther work are given in Chapter 7.



2.0 LITERATURE REVIEW

2.1 Overview

This chapter provides a description of soil characteristics pertinent to the gas

breakthrough process. Discussion will begin with clay mineralogy, advective

flow, the soil-water characteristic curve, and finally diffusion. (A discussion on

the structure of clays and the diffuse double layer concept is included in section

3.2.) An overview of previous research into gas breakthrough with emphasis on

work done at the University of Manitoba will conclude Chapter 2.

2.2 Clay Mineralogy

Clay mineralogy has a profound impact on the behavior of clayey soils due to the

varying levels of chemical and electro-chemical activity that can exist in these

minerals. There are generally two definitions of what constitutes a clay.

Engineers generally define clay to be any particle with an equivalent diameter

smaller than 2pm, while soil scientists generally define clay based upon

mineralogy alone.

Clay minerals are phyllosilicates (layer silicates) and are composed of varying

combinations of tetrahedral and octahedral sheets (Mitchell, 1976). A silicon

tetrahedron has a pyramidal structure with four 02- atoms bonded to one Sia*

atom forming (s¡o4)4- as shown schematically in figure 2.1a. A silicon

tetrahedron molecule has a large positive charge deficit. This deficit is reduced

through the formation of tetrahedral sheets in which oxygen atoms are shared
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with neighboring tetrahedral molecules. The three 02' atoms at the base of

silicon tetrahedrons are shared as shown in figure 2.1b. These shared atoms

make up what is known as the basal plane of the tetrahedral sheet. Unshared

02- at the tops of the pyramidal structure make up the apical plane (Mitchell,

1e76).

An octahedron unit is composed of a cation (generally Al3* or Mg'*) bonded with

six OH- anions in what is known as an octahedral formation. The structure of this

molecule is shown in figure 2.2a. Octahedron molecules also tend to have a

negative charge deficit. This is reduced through the sharing of OH- anions

forming octahedral sheets. Depending on the cation present in tfre octahedron

the sheets will be either dioctahedral or trioctahedral. lf Al3* or another trivalent

cation is present, then dioctahedral sheets will form. Mg2* or another divalent

cation produces trioctahedral sheets. Figure 2.2b shows the structure of both

sheets. The difference between them is that trioctahedral sheets have an extra

cation present. Both types of sheets have a net neutral charge (Mitchell, 1976).

There are three sources of excess negative charge in clay minerals (Mitchell,

1976):

1) lsomorphous Substitution- During the formation of a tetrahedral or

octahedral sheet the cation present (Si4* in the tetrahedral sheet or

Al3*, Mg2* in the octahedral sheet) may be replaced by cations of lower

valence resulting in a permanent increase in net negative charge.
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Edge Charges- At the edges of both tetrahedral and octahedral sheets

there will be anions that are not shared with neighboring cations

resulting in increased negative charge along this edge.

pH Dependent charge- Negative charge will increase as a function of

pH, net negative charge increases as pH decreases. The octahedral

sheets have oH- anions along their edges. ln low pH environments

these anions tend to dissociate with the H* ion going into solution and

the 02-anion remaining bonded to the mineral surface. This results in

an increase in negative charge on the sheet.

2)

3)

The bentonite used for testing in this thesis project is chiefly composed of

montmorillonite. This is a 2:1 clay mineral, consisting of two silica tetrahedral

sheets bonded with one dioctahedral sheet as shown in Figure 2.3. lsomorphous

substitution occurs mainly in the octahedral sheet, causing a relatively weak

negative charge along the surfaces of the clay particle. This is due to the

increase in distance between the charge deficit and the mineral surface, again

shown in Figure 2.3.

Bonding between adjacent montmorillonite sheets is generally achieved by

hydrated cations, that is, cations and associated weaker molecules in the pore

water. Due to the weak negative charge in montmorillonite, water is able to get

between various particles or layers leading to this clay's pronounced shrinking

and swelling characteristics.



2.3 Advective Flow

Water travels through coarse-grained soils according to Darcy's Law:

where v is the average or discharge velocity of water flow through a specimen

(m/s), k is the hydraulic conductivity of the soil (m/s), and i is the hydraulic

gradient in the soil, the head difference across the soil divided by the distance

across which the potential is dissipated (m/m). This equation has been proven to

be accurate for clayey soils (for example Dixon et. al., 1995). The hydraulic

conductivity, k, is not actually a material parameter as it varies with both fluid

viscosity and unit weight of the permeant. The absolute or 'intrinsic' permeability,

K, is a more fundamental parameter and is a material property. Permeability in a

given soil is a function of pore size, pore geometry and tortuosity. Tortuosity in

pore channels can also be accounted for by dividing the Darcy velocity by the soil

porosity, and using this, the seepage velocity, v' (the average velocity of flow

through soil pores) can be determined.

V=ki

8

(2.1)

where v' is the seepage velocity, n is the soil porosity, k and i are as previously

defined.

.k¡V':-
n

(2.2)
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Lambe and Whitman (1969) note that the five following soil properties govern a

material's permeability: particle size, void ratio, composition, fabric, and degree

of saturation. Attempts have been made to estimate the value of k for a soil

based on these parameters, the most popular relationship is the Kozeny-Carman

equation:

where k is the hydraulic conductivity, ko is a factor that depends on pore shape

and ratio of length of actual flow path to soil bed thickness, S is the specific

surface area, y is the unit weight of the permeant, pr is the viscosity of the

permeant, and e is the void ratio of the soil. lt is apparent that this equation

requires some soil parameters (specifically ko and S) that are very difficult to

obtain. For this reason the hydraulic conductivity of a soil is generally

determined through testing.

k-
k.S2p(1+ e)

ye3

2.4 Soil Water Characteristic Curve

Unsaturated soils have received much attention in recent years. This section will

focus only on the soil water characteristic curve (SWCC). The SWCC describes

the relationship between matric suction and water content for a particular soil (an

example is included in Figure 2.4). Figure 2.4 also demonstrates hysterisis in the

curve between drying and wetting cycles. This hysterisis occurs due to capillarity

phenomena within the soil (Fredlund and Rahardjo, 1993). The easiest way of

(2.2)
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understanding this is to consider a soil channel as a system of tubes and vugs.

During drying some water will be held in larger pores due to the 'bottleneck'

effect shown in figure 2.5 (Ruth, 1993).

Water content in a soil is simple to determine whereas suction is much more

difficult. For this reason the SWCC is seen as an important tool in the

implementation of unsaturated soil theory into engineering practice.

As soil becomes unsaturated its hydraulic conductivity is reduced, water does not

flow through the pockets of air in unsaturated soil. Attempts have been made to

predict the permeability of a soil as a function of degree of saturation using the

soil water characteristic curve (for example Fredlund et. al., 1994). To date

researchers have found good agreement between the predicted permeability

curves and actual test results in coarse-grained soils. Predicting soil permeability

curves for unsaturated clay has, however, proven difficult.

2.5 Diffusion

Diffusion is a process by which ions travel in solution with water under a chemical

gradient. These ions travel according to Fick's law:

99 = Dv'c
at

D>0 (2 3)
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Where C is the concentration of ions in solution, D is the diffusion coeffícent and

v2c ¡s the differential of the concentration gradient (cheung, lgsg). The

process is analogous to Darcy's law for advective flow, a gradient driven

phenomena with a coefficient to adjust for material properties that calculates

travel velocity (Mitchell, 1976). Dixon (1995) pointed out that diffusion is a much

slower process than advection, except when the hydraulic gradients applied

across a soil are small. Mass transport in AECL's buffer concept is expected to

be diffusion driven-

2.6 Previous Research

This section provides a state-of-art summary of research pertaining to gas

breakthrough. Research at the University of Manitoba will be discussed in sub

section 2.6.1.

Research into this topic was initiated by Pusch and Forsberg (1983). They

adapted a swelling pressure oedometer to allow gas pressure differences to be

applied across a specimen. Three tests were performed on saturated MX-80

sodium bentonite specimens, two using Nitrogen gas and one using Hydrogen

gas. Tests were performed using incrementally increasing pressures. lt was

theorized that some minimum pressure based on capillarity must be exceeded

before gas would begin to flow through a specimen. As well, it was predicted

that flow would occur according to Darcy's Law. Samples showed little change in

water content during a breakthrough test, this led Pusch and Forsberg to the
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conclusion that gas flow occurs through only a small number of channels in a

specimen.

Pusch et. al. (1985) continued this work, performing an additional B tests on MX-

B0 Sodium bentonite saturated with brackish water. The method and apparatus

were the same as discussed in the previous paragraph. The time increments

between pressure increases ranged between 1 and 5 days. Only small changes

in water content were again observed. lt was theorized that the critical gas

pressure could be directly related to the swelling pressure of the clay. The

critical pressure of the specimen was said to be overcome once breakthrough

occurred in a specimen. The proposed mechanism for flow through the

specimen envisages gas entering initially through only a few larger pores. As

flow proceeds, this pore channel is enlarged due to the pressure exerted by the

gas. Following breakthrough of gas through a specimen pusch and his

colleagues concluded that gas would be able to flow rapidly through these

evacuated, enlarged channels.

Pusch et. al (1987) continued theorizing on the breakthrough process, though no

further testing was performed. Their report elaborated on theories previously

discussed (Pusch and Forsberg, 1983, Pusch et. al. 1985). The structure of the

soil was identified as one of the key parameters in the gas breakthrough process.

The existence of clay gels in the pore spaces of compacted bentonite specimens

was also theorized (these gels are essentially less dense bentonite particles
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which fill the pore spaces). The clay gels were described as reducing the speed

at which water can flow through the bentonite, and also increasing the critical

pressure at which breakthrough can occur.

Lineham (1989) performed gas breakthrough tests on intact samples of

Kimmeridge and London clays. The Kimmeridge clay was described as being

stiff to hard, slightly silty to silty clay. The London clay was described as being

firm to stiff silty, mainly illitic clay. Tests were performed by consolidating the

material one dimensionally to a pressure of 3.05 MPa: this modelled a burial

depth of 300 m. A low-pressure apparatus (a maximum of 1 MPa) and a high-

pressure apparatus (maximum 12.4 MPa) were constructed. Again,

incrementally increased pressures were used in testing. No mention of the time

permitted between increments was included in this report. Three low-pressure

tests were performed on London clay, resulting in the gradual formation of a gas

bubble on the outlet side of the specimen. The flow was attributed to diffusion

and not gas breakthrough. High-pressure tests were performed on six

specimens of London and two of Kimmeridge clay. Breakthrough was observed

to occur at an applied pressure difference between 3.45 and 6.21 MPa.

Volckaeft et. al. (1993) performed gas breakthrough tests and developed a

model to explain the breakthrough process. Experimentation was performed

using a modified oedometer that could apply gas pressure differences across a

specimen. One sample of Boom clay was tested three times with this apparatus.
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The specimen was saturated each time prior to breakthrough testing. Gas

pressure was incrementally increased, with each increment lasting one day. The

three tests that were performed suggested a breakthrough pressure of

approximately 1.2 MPa. Based on these tests the authors concluded that no

change in structure occurred due to gas flow. For example they observed no

enlargement of gas channels. Only a small decrease in water content was

observed during the test, reinforcing observations by Pusch (1983, 1985).

Further experimentation was performed using a triaxial cell which, again, allowed

for the application of gas pressure differences across the specimen. This

enabled the authors to study how effective stress affects the gas breakthrough

process. Gas pressures were applied using a constant rate of flow system while

the resulting pressure was measured This is analogous to a strain-controlled

oedometer test versus the more familiar stress-controlled test). There was no

discussion of the results from these kinds of tests. Discussion of radial flow

testing was also included in the report. Gas was injected into the specimen

through a syringe inserted into it. The tests were used to model a backfilled

nuclear fuel waste canister. Again, discussion of the test results was very

limited.

Volckaert et. al. (1993) also developed a model to explain the breakthrough

process. The model incorporates three distinct pressure boundaries:

1) lf Ps < P* - Y', gas will travel through the specimen by diffusion only.



15

2) lf P* - Ym < Pg . o, two phase flow through the specimen becomes

possible.

3) lf Ps - o, two phase flow with pore channel enlargement will occur.

Here Pn is the gas pressure, P* is the pore water pressure, yn. is the matric

suction, and o is the total stress applied to the soil.

Horseman and Harrington (1994) continued the research performed by Volckaert

et. al. (1993). They continued studying the effects of total stress on gas

breakthrough. Five constant rate of flow tests were performed on Boom clay

using the triaxial cell setup described previously. As Boom clay is a natural

material, the authors also studied the effects of bedding orientation on the

breakthrough process. The authors found that breakthrough resistance was

lower on tests performed parallel to the bedding planes than tests performed

normal to the bedding planes. lt was also concluded that a 'critical pressure' for

Boom clay occurs at a pressure slightly lower than the gas breakthrough

pressure.

Horseman et. al. (1997) continued their research into gas breakthrough by

performing controlled-flow rate tests on the MXBO Na bentonite buffer originally

studied by Pusch and Forsberg (1983). They found that a smaller breakthrough

pressure is observed during successive testing on one specimen. They

theorized that this occurred as a result of microcrack propagation and collapse.

They also concluded that gas breakthrough cannot occur if the gas pressure is
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less than the sum of the external water pressure and the swelling pressure of the

clay. These ideas were reinforced by Ortiz et. al. (2001) who provided a

summary of their current understanding of gas migration.

Hokari et. al. (1997) studied the effects of specimen size on gas breakthrough

pressures by varying both the diameter and the thickness of specimens. They

concluded that the critical pressure will decrease with increasing diameter.

Theoretically they described how the number of connected pore channels would

increase when the diameter of the specimen increased. ln contrast with Pusch,

Hokari et. al. also concluded that breakthrough occurs by pushing water out of

the specimen and not by pathway dilation.

Tanai et. al. (1997) performed incremental, increasing-pressure breakthrough

tests on Kunigel Vl bentonite. lt was found that breakthrough pressure increased

with increasing dry density. They also concluded that the breakthrough pressure

and the swelling pressure are related. Two tests were performed on each

specimen. Following the first test, the specimen was resaturated and retested.

No significant change in breakthrough pressure was observed in these tests.

Galle and Tanai (1998) performed additional incremental, increasing-pressure

breakthrough tests on Fo-Ca clay. They reiterated the idea that the breakthrough

pressure is slightly higher than the sum of the swelling pressure and external

water backpressure. The idea of pathway enlargement and propagation was
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also reconfirmed. Galle (2000) expanded on these ideas and introduced a new

idea to the gas breakthrough process. He identified a gas entry pressure where

gas flow was observed on the outlet side of the specimen and a higher gas

breakthrough pressure where rapid flow of gas through a specimen was

observed. The potential causes of these two mechanisms was not discussed.

Delahaye and Alonso (1998) developed a computer model for gas breakthrough

based upon a soil's permeability, porosity, water retention curve, and mechanical

behaviour. The program generated model soil samples through statistically

altering the structure of the soil about some mean. The authors used this

statistical variability to ensure that pores of different sizes were included

randomly throughout the sample. Modelling of a gas breakthrough test was then

initiated. The model used for the breakthrough process incorporated pathway

dilation and water flow through the specimen. Model results provided good

agreement with changes in degree of saturation during a breakthrough test but

predictions of time to breakthrough and gas flow rates were not accurate. The

model was then used to study the effects of various soil properties on the

breakthrough process through a sensitivity analysis. The authors argued that

though the results were wrong they can still be used for comparative purposes.

The sensitivity analysis concluded that the natural fluctuations in a clay's

structure will control the time to breakthrough. Reducing the mechanical strength

of a soil will decrease the time to breakthrough and increase gas flow rates.

Finally, rates of water output flow from a sample are largest when breakthrough
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occurs. Delahaye and Alonso (2001) provided addititional test data but did not

provide any additional insight into the breakthrough process.

2.6.1 Research at the University of Manitoba

Kirkham (1995) initiated research at the University of Manitoba. His apparatus

was designed so that the gas breakthrough process could be studied

experimentally. The apparatus developed by Kirkham was used for testing in the

research program for this thesis. lt is described in detail in chapter 4.

Kirkham performed 46 tests on compacted illite and 6 tests on compacted sand-

bentonite. All tests were performed using incrementally-increasing pressures.

This produced a significantly larger data base than was available from other

researchers. A pressure increment of 0.2 MPa was applied at five minute

intervals until breakthrough was observed in the specimen or the maximum

pressure capacity of the test equipment (10 MPa) was reached. 'Breakthrough'

was interpreted when a sudden rise was observed in gas pressure at the 'outlet'

side of the specimen. Breakthrough occurred in all 46 illite specimens but in only

one of the sand-bentonite specimens. Kirkham performed 29 tests on illite

specimens using saturated filter stones. The remaining tests on illite were

performed using dry filter stones.



19

Gas breakthrough had not yet been identified as a time dependent process.

Even so, Kirkham's results enabled him to identify the importance of specimen

dry density and degree of saturation on gas breakthrough. This is demonstrated

in Figure 2.6, taken from Kirkham (1995). Kirkham also observed that litfle

resistance to breakthrough was observed in specimens with a degree of

saturation less than about 80%. Because breakthrough proved difficult to

achieve in his apparatus using sand-bentonite specimens, he suggested that a

new apparatus was required that could provide higher pressures.

Halayko (1998) continued Kirkham's work and performed an additional 42

breakthrough tests on illite specimens and 56 tests using bentonite. The majority

of her tests were performed using incrementally-increasing pressures. The rate

was again a 0.2 MPa increase every five minutes. Relationships appeared

similar to those observed by Kirkham. Breakthrough was observed in some

bentonite specimens because the dry densities and degrees of saturation were

chosen to be lower than those used by Kirkham.

Halayko performed two additional tests on illite using a longer time increment

between pressure increases (a 0.2 MPa increase every hour). Lower

breakthrough pressures were observed in these tests than in the faster tests with

0.2 MPa increase every 5 minutes. Clearly the process was time-dependent, a

fact that had been neglected previously. Six additional tests were performed on

illite using constant pressure differences across the specimen. Breakthrough



20

was observed in all but one of these tests (at the lowest pressure differential) as

shown in table 2.1. Breakthrough occurred at much lower pressures than those

observed in incrementally-increasing pressure tests.

Dry Density

(Mg/m3)

2.04
2.04
2.04
2.04
2.06
2.06

Table 2.1. Summary of constant pressure tests performed on illite by
Halayko (f 998)

* Breakthrough was not observed

Degree of Saturation

(%)

Two tests using incrementally increasing pressures on illite and one test on

bentonite were performed using a non-polar pore fluid (paraffin oil). Use of this

type of fluid removes diffuse double layers from the clay minerals. lt was also

suggested by Halayko that the structure of the compacted clay would also

change. (Halayko observed that larger clay peds did not occur in the bentonite

specimen compacted with paraffin oil.) Table 2.2 summarizes the results

obtained for these tests. The breakthrough pressure observed in illite with non-

polar pore fluid was observed to be approximately half that obtained in tests with

water as the pore fluid. The reduction was much more pronounced in the

bentonite specimen. This was attributed to the higher'activity' of bentonite when

compared to illite.

97.2
96.9
96.9
97.2
94.1
94.1

Pb

(MPa)

tb

(hours)

0.8
1.8
2.8
2.8
1.8
0.8

>336*
22.7
0.3
0.2

0.64
0.5



Material Pore Fluid

ite
ite
ite
ite

onite
onite
onite

Ber
Ber
Ber

Water
Water

Paraffin oil
Paraffin oil

Water
Water

Paraffin oil

rt

rt

rt

Dry Density

Table 2.2 Breakthrough tests using different pore fluids (Halayko, 19g8)

(Mq/m

2.04
2.04
2.05
2.05
1.15
1.15
1.15

3

Hume (1999) used a breakthrough pressure testing apparatus similar to that

used by Kirkham but now capable of applying 50 MPa gas pressure difference

instead of the 10 MPa capacity of Kirkham's equipment. The apparatus was

designed to achieve breakthrough using incrementally increasing pressure tests

on bentonite at high dry densities and degrees of saturation.

)

Degree of Saturation

(%)

98.3
98.3
95.6
95.6
99.3
99.3
98.8
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Pb

(MPa)

Hume performed incrementally-increasing pressure tests on bentonite specimens

with dry densities varying between 0.6 and '1.5 Mg/m3 and degrees of saturation

ranging from 60% to 100%. Little resistance to gas breakthrough was observed

in specimens with degrees of saturation lower than about B0%. lt should be

pointed out that the majority of Hume's incremental-pressure test specimens

were compacted at low water contents. The specimens were then saturated in

the cell to the desired water content (about a 50% increase in water content).

The microstructure developed in these specimens can be expected to be

3.6
3.6
2

2.4
3.6
5.4
0.2
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somewhat different from those in specimens with more usual compaction

techniques, particularly with respect to the bimodal distribution of pore sizes in

initially hydrated compacted clays which comprise a series of peds (or

aggregates). These tests showed the same general dependency upon dry

density and degree of saturation as the previous test programs.

Hume (1999) performed an additional 21 breakthrough tests using constant

pressure differences across saturated specimens. Pressure differences ranged

from 0.3 MPa to 19.8 MPa. ln contrast with the earlier incremental tests, in which

breakthrough could not be attained, breakthrough was observed in all his

constant pressure tests. Hume observed that the time to breakthrough was

inversely proportional to the applied pressure gradient in samples with the same

dry density. This implies that a Darcian relationship for flow exists in the gas

breakthrough process.

Both Halayko (1998) and Hume (1999) looked at a number of numerical models

for predicting gas breakthrough. The models can be divided into two types:

1) Capillarity Models - to estimate the pressure at which breakthrough

should occur. These models do not focus on time dependent

aspects of the breakthrough process.

2) Advective Flow models - to estimate the time until breakthrough will

occur based upon Darcy's law. No attempt was made to incorporate
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unsaturated hydraulic conductivity or a critical pressure (what they

called the gas entry value or GEV) into the models.

The major contribution made by both Hume and Halayko was the identification of

gas breakthrough as a gradient driven phenomenon. This led to the research

pedormed by the author in the completion of this thesis.

2.7 Synthesis of Previous Research

For almost 15 years the gas breakthrough process has been researched around

the world. Researchers have been in agreement on several characteristics of

this process, these include.

1) Gas flow occurs through only a few pores in a soil sample. This is

indicated by the small change in water content observed following

testing.

2) There is a minimum gas pressure that must be achieved before

breakthrough can occur (for example a critical threshold pressure or a

Gas Entry Value).

3) Advective two-phase flow will occur through a specimen once the GEV

has been surpassed. There is argument about whether pathway

dilation occurs during breakthrough.

4) Dry Density, degree of saturation, and mineralogy all affect a soil's gas

breakthrough properties. The structure existing in a soil has been

identified as being a key parameter. All three of the properlies listed

above play a large role in development of structure in a clay.
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ln recent times the majority of research around the world has focused on gas

breakthrough resulting from fracturing of the clay (or pathway dilation). ln this

case gas breakthrough is seen as occurring rapidly at high pressures. ln

contrast, previous results from the University of Manitoba indicate that

breakthrough can also occur at lower pressures over a longer time period.

Results from the University of Manitoba have been, for the most part, discounted

by the international community in favor of fracture models that lead to higher

'bursting' or'fracturing' pressures. The capillarity-advection model developed at

the University of Manitoba leads to possible release of radioactive gases at lower

gas pressures but over longer time periods. ln the fracture rod"lr, gas

generation has to exceed a specific pressure prior to advective transfer of gas

through the clay, meaning that transfer by diffusion plays a more prominent role

during the earlier years of impoundment.

Although several of the international researchers have identified gas

breakthrough as an advective process (with or without pathway dilation), their

testing programs have not reflected this. With the exception of the work done by

Hume and Halayko at the University of Manitoba, testing has mostly been

performed using some type of increasing pressure increment. Test results report

the final breakthrough pressure without considering the time dependency

characteristics of the test.
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The need for studying the time dependency and advective transfer of gas

through the clay is apparent and justifies the work undertaken in this thesis

project.



3.0 GAS BREAKTHROUGH MODEL

3.1 Development

The model developed in this thesis document is based on the following

hypothesis. lt arises from the review of previous research in chapter 2.

Hypothesis:

Gas breakthrough is a process that depends upon both capillarity and

advective flow through the clay. This makes it a time dependent, gradient-

driven phenomenon. As a result, the major soil properties that affect gas

breakthrough are: the degree of saturation, the dry density and the clay

mineralogy.

A model containing three components is proposed that will provide a theoretical

framework for examining this hypothesis. The first step in developing the model

is to establish the limiting boundaries of the problem. The logical choices for

these boundaries are:
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1. the pressure at which advective flow will begin through a soil and,

2. the degree of saturation at which no resistance to advective flow is

observed.

These account for the first two components of the model. The final component of

the model requires a constitutive relationship linking the flow rate of gas to the

soil propedies mentioned in the hypothesis.



3.2 The Gas Entry Value

The term gas entry value (GEV) will be used to describe the pressure at which

gas can enter the pore spaces and advective flow will begin to occur in a

saturated soil. This was described previously by Graham et. al. (1998). The

GEV is largely governed by water capillarity in the soil. That is, in order for gas

to travel through a soil it must first overcome the surface tension of the pore

water between the soil pores. Equations for capillarity have been well known in

the literature for many years (See for example Lambe and whitman, 1969,

Mitchell, 1976). They relate the surface tension of a water surface to the size of

a pore radius. Equation 3.1 has been previously discussed by Graham et. al.

(1 ee8)

where GEV = Gas Entry Value (MPa), Ts = surface tension of water

(0.073N/m at 20oC), r = radius of pore (prm)
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Because soil typically contains a mixture of particle sizes and pore radii,

determining an appropriate pore size radius to use in equation 3.1 is a

complicated task involving judgement. Pore size distribution can be determined

through mercury intrusion porosimetry (MlP) testing. However thís type of testing

does have a number of drawbacks, stated by Diamond (1970) to be:

. the pores must be empty of water or any other fluid at the start of the

experiment,

GEV = 
2Ts

r

(3 1)
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. completely isolated pores inaccessible to the exterior of the sample

cannot be measured,

r pores accessible only through entryways of smaller diameter will not

be intruded until sufficient pressure is applied to intrude the entryways

or "necks'; hence, all of the volume of such pores will be allocated to

the diameter class of the most restricted part of the entryway.

. even if all of the pore space is accessible to the outside, the entire

volume of pores of a given sample may not be measured, depending

on whether the instrument has sufficient pressuring capacity to intrude

the finest pores present.

For purposes of estimating the GEV, the largest drawback to MIP testing is

having to study dried specimens. ln drying a clay, particularly a high plastic clay,

some shrinkage and structural disturbance is expected to occur in the specimen

due to the increase in matric suction through drying. Also by determining the

pore size in dried specimens, reductions in effective pore size due to adsorbed

water (the so-called 'diffuse double layer'or DDL) are not included.

Previous MIP testing at AECL has shown that sand-bentonite compacted to

Reference Buffer Material (RBM) standards has a trimodal pore size distribution

the three modes occur at approximately 20 ¡,rm, 2 prm, and 0.01 ¡,rm (wan, 1996).

Wan also showed that the trimodal pore size distribution varies with changes in

dry density or water content. The actual mode sizes of 20 ¡-rm and 2 pm remain

the same but the frequency with which these pore sizes occur decreases with
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increased compactive effort. The volume occupied by the larger pore spaces

reduces as dry density increases or as water content decreases.

These phenomena can be explained using the concepts of interped and intraped

pores. Figure 3.1 shows a scanning electron micrograph of a compacted clay

specimen. lt can be seen that many of the clay particles 'clump' together into

what are known as peds, the internal structure of which is known as the

microstructure of a compacted clay. These peds also interact with surrounding

peds to form the macrostructure of the clay. Voids inside the peds are described

as intraped pores (or micropores) and represent the smallest pore spaces in a

compacted clay specimen. Voids between peds are interped pores (or

macropores) and in the case of compacted sand-bentonite specimens represent

the larger two pore sizes of 20 prm and 2 pm. A more detailed description of the

structure of compacted clay specimens can be found in Delage and Graham

(1996). As it is likely that all connected macropore channels will 'neck down' to

the 2 pm mode size at some point, the author recommends that this pore size be

used to calculate the GEV for the buffer.

The Diffuse Double Layer (DDL) represents water that is adsorbed on to a clay

particle and thus reduces the pore volume that water can flow through. Güven

(1992) discussed the components of the DDL in detail. Essentially, he described

two major components of this adsorbed water layer. Closest to the clay mineral

is the Stern layer that represents water molecules strongly held to the mineral
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surface. The Stern layer is accompanied by a layer of hydrated cations strongly

bonded to these inner water molecules. Finally the outer Helmholtz layer (the

actual DDL) represents weaker bonding of hydrated cations to the mineral, the

concentration of these cations decreases exponentially as the distance from the

mineral increases. This structure is shown schematically in Figure 3.2. Dixon

(1995) suggested that in considering pore space available for flow (or the

effective porosity), only the Stern layer should be considered as unavailable for

flow as the viscosity of water in the outer Helmholtz layer is essentially the same

as that for unstructured water. Depending on the activity of the clay the

thickness of the Stern layer has been estimated to be between approximately 0.1

and 0.4 nm or 1 to 4 Angstroms (Yong and Warkentin, 1g7S).

It is apparent from this estimate that the actual thickness of the Stern layer will

not play a major role in the GEV for buffer as the actual interped pore sizes in the

clay are three to four orders of magnitude larger than the thickness of the Stern

layer. lt does have significant effect on the smaller intraped pores.

An alternative to determining the GEV numerically is by determining its value

experimentally through the soil - water characteristic curve (SWCC). Figure 2.4

shows an example of an SWCC for a plastic clay. The suction at which water

begins to leave the sample is known as the air entry value this may be equivalent

to the more general GEV.
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The breakthrough equipment used for experiments in the current research is ill-

suited to determine the gas entry value. No experimentation was completed to

verify the proposed calculations shown above.

3.3 Continuous Gas Phase

Very low resistance to gas breakthrough will be observed in a soil when there

exists a series of connected pores that contain no water along the entire length of

the flow path. The resistance will be controlled by the permeability of the soil

structure and the viscosity of the gas which is, of course, much lower than that of

water. At this point the soil is said to have a continuous gas phase. Fredlund

and Rahardjo (1993) state that this will occur at a degree of saturation of about

85%. They give no indication that the continuous gas phase may depend on soil

type or the way the specimens are prepared. Graham et al. (1998) stated that for

statically compacted sand-bentonite this will occur at a degree of saturation of

about 93o/o. They also point out that while the gas phase will be continuous

through the interped pores, water will remain in the intraped pores through

capillarity.

lnterped pore sizes in compacted clays depend upon density and the degree of

saturation during compaction (Wan, 1996). Following the proposition that the

gas phase will first become continuous in interped pores, it appears likely that the

degree of saturation at which this occurs should also vary with density. At lower

dry densities there will be more large interped pores and therefore a greater
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likelihood that a continuous gas channel can form through a specimen. ln denser

specimens there is a smaller pore volume and the frequency of connected

interped pore channels becomes reduced. The proportion of water in the

specimen that needs to be removed before one of these channels is dry will then

be higher than in less dense specimens. Following this reasoning, the degree of

saturation at which this occurs should be expected to be higher in less dense

specimens where the interped pores occupy greater volume.

It should also be noted the degree of saturation at which the gas phase becomes

continuous in a soil will not be a specific value but will vary slightly due to

variations in the structure of the soil in different specimens. That is to say that in

two specimens with the same dry density, the gas phase may become

continuous at two slightly different degrees of saturation due to variations in the

pore geometries of the two specimens.

Mineralogy should also be expected to play a role in the degree of saturation at

which the gas phase becomes continuous. The proportion of water present in

intraped pores compared with interped pores varies depending upon the activity

of the clay. High-plastic clays such as bentonite have a higher proportion of their

water in intraped pores. The degree of saturation at which the gas phase

becomes continuous should be more greatly affected in clays of low activity as a

lower proportion of the pore water will be present in intraped pores.
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Because the spatial distribution of pores in a sample can not be accurately

predicted, difficulty can be expected in developing equations based on

fundamental principles. For this reason information regarding the degree of

saturation at which continuous gas phases are present should be determined

through testing.

3.4 Constitutive Relationship

As mentioned in section 3.1 the constitutive relationship in the gas breakthrough

process should link the flow of gas to the dry density, degree of saturation and

mineralogy of the soil being tested. The development of this constitutive

relationship has been separated into two areas: gas flow in saturated and

unsaturated soils.

3.4.1 Saturated Relationship

Under saturated conditions, gas breakthrough will only occur after gas has

entered the pores and water has been expelled from a continuous channel of

pores. This process has been discussed by previous researchers at the

University of Manitoba (Graham et al, 1998, Halayko, 1998, Hume 1ggg,).

Provided the GEV has been exceeded, when a constant gas pressure difference

has been applied across a specimen, water will slowly be displaced according to

Darcian flow. The gradient along this channel will increase continuously as the

pore is emptied and the water channel length is consequently reduced. A

schematic representation of this process is shown in figure 3.3. The equation
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proposed to describe this process uses Darcy's law with a continuously changing

length of pore channel as gas forces water through the specimen. The specimen

is subjected to a constant pressure difference. Graham et. al. (1998) derived the

following equation previously. Equation 3.2 displays Darcy's Law for seepage

velocity, v':

where v' = the seepage velocity (m/s), k = the hydraulic conductivity of the soil

(m/s), i = the hydraulic gradient (m/m), and n = the porosity of the soil. ln a gas

breakthrough test on a saturated specimen the gas flow velocity before

breakthrough must equal the water flow velocity for continuity to exist (the gas

pushes the water through the soil). For this reason the water flow velocity can

also be expressed as:

v'= kin

where Z = the length of the pore channel that has been penetrated by gas in a

time, t. The hydraulic gradient across the water channel in a constant pressure

breakthrough test at any time t can be expressed as.

(3.2)

v' = dZdt

1=
y,,(L - Z)

Pb

(3 3)

(3 4)
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where Po = the applied breakthrough pressure or pressure difference

(P¡nrut - Pouuet) in kPa, y* = the unit weight of water (kNim3), and L = the length of

the specimen (m). Substituting equation 3.4 for the hydraulic gradient and

combining equations 3.2 and 3.3 produces:

Equation 3.5 can be rearranged to:

dZ _ kPon

dt y,,(L-Z)

At the beginning of a constant pressure breakthrough test t= 0 and Z = O. At the

point where breakthrough occurs t = to and Z = L. lntegrating equation 3.6

between these two bounds yields equation 3.7:

(L - z)dz= 
kPon 

d,
I."

where: to = The time to breakthrough (s), L = Specimen Length (m), y* = The unit

weight of water (kN/m3), k = hydraulic conductivity of the soil (m/s), po = the

breakthrough pressure applied to the specimen (kPa)

(3 5)

to =
L'y*n

(3 6)

2kPb (3 7)
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Note that density and mineralogy are both accounted for through the hydraulic

conductivity, k, of the soil.

3.4.2 U nsaturated Relationship

3.4.2.1 Breakthrough Mechanism

As discussed in Chapter 2 of this document, hydraulic conductivity decreases as

the degree of saturation decreases. This is a result of pore channels becoming

'blocked' by surface tension effects at the ends of gas bubbles. These gas

bubbles become barriers that water has to travel around. The distance that

water has to travel and the tortuosity are thereby increased, while the available

porosity decreases. This means that the intinsic permeability is decreased thus

increasing the travel time of water.

When gas pushes water from an unsaturated soil, the gas bubbles in the soil no

longer act as barriers. The mechanism for gas breakthrough actually remains

the same as that observed in saturated soils, namely a gas pressure forcing

water out of soil pores. However, the rate at which the gas 'front' can move

through unsaturated soil is faster than in saturated soil. The effective channel

length of unsaturated specimens is explained in Figure 3.4. ln time step i) of

Figure 3.4, the gas pressure Ps has just begun to act on the 'neck' of water at A.

ln time step ii) gas begins to push water bound by capillarity into a larger

unsaturated soil pore. As this water is pushed into the pore it will be attracted to

neighboring channels due to the surface tension of the water in them (surface
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tension varies inversely with pore-opening radius). Once the channel has been

entirely emptied of water, gas will flow rapidly into the larger unsaturated pore

(time step iii). The gas pressure will then once again begin to slowly displace

held water in the new pore and begin to affect the water'neck' at B. This

process will continue until breakthrough is observed in the specimen (providing a

continuous gas channel for flow). lt should be noted that gas will tend to displace

water in the pores with larger diameter as these pores will provide the least

resistance to flow. Because this process requires movement of smaller volumes

of water and gas pressure can quickly charge successive voids, the

breakthrough time for a given pressure will be smaller than for saturated

specimens. Alternatively for a given time the breakthrough pressure will be

lower.

3.4.2.2 lmplications of Unsaturated Breakthrough process

When considering the gradient acting across an unsaturated specimen the

method used to calculate the gradient becomes important. Figure 3.5a) displays

an idealized unsaturated pore channel of constant hydraulic conductivity, k.

Figure 3.5b) demonstrates a simple way of calculating the gradient based upon

combining all of the saturated lengths of the pore channel into one saturated pore

channel. Equation 3.7 can then be used to estimate the time to breakthrough for

this reduced channel length (defined as the effective channel length):



Where L"¡ is the effective channel length. This likely represents a simplistic form

of estimation and does not completely represent the way in which gas can be

expected to travel through an unsaturated specimen. As described in the

previous paragraph, breakthrough in unsaturated soils is essentially composed of

a series of successive small 'microbreakthroughs' within the specimen. This

implies that each length of saturated pore space must be considered

independently, this is shown schematically in Figure 3.5c). A solution for the

process shown in Figure 3.5c) would be to use equation 3.7 for each

'microbreakthrough' independently. These discrete breakthroughs would then be

added together in order to estimate a time to breakthrough for the specimen:

-2, L"n Y.u
'b 

2kPb

3B

(3.8)

This assumes that the time to pressurize successive pore openings with gas

pressure is negligible compared with the time needed to remove water from the

intervening necks. Equation 3.9 can be expressed more generally for any

number of saturated soil pores as:

tr, =
(L,'*Lr'*L-,t)y,u

2kPb

, - $ L,tT'u
,,, _ L 2kPh

(3.e)

(3.10)



where N = the number of saturated pores within a pore channel and L¡ = the

length of each section of saturated pore channel. The porosity term has been

removed from equations 3.8 to 3.10 as the length used here is an estimation of

the actual saturated pore length and not the length of the specimen.

ln considering flow through partially saturated pore channels, the saturated

hydraulic conductivity for an entire specimen will no longer be appropriate.

Water will only be present in sections where it is held by capillarity, this occurs

only at locations where pore channels 'neck' down. Tubes with smaller diameter

provide greater resistance to flow due to frictional resistance along the surface of

the tube. For this reason the hydraulic conductivity of these pores will have to be

adjusted. Estimations of this new hydraulic conductivity could be made using the

Poiseulle equation:

39

Where R = the average radius of the saturated soil pore (m) and F = the viscosity

of water (Mitchell, 1976).

The gas entry value for unsaturated specimens also takes on a slightly different

meaning. Provided the gas phase is not continuous through a specimen the

surface tension of water can stop the breakthrough process if the radius of a

neck is small enough. However, some gas may still enter the specimen through

k _ Y,uR2

8pr

(3.1 1)
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neighboring unsaturated pores. This flow will continue through a pore channel

until eventually the channel will 'neck down' resulting in saturated smaller pores.

Provided that the capillarity force is greater than the force applied to the

meniscus by the applied gas pressure, flow will stop, and gas will migrate

through the specimen by diffusion alone. Because gas can still enter a specimen

under these conditions, the term gas entry value is not entirely appropriate.

A qualitative model for the prediction of time to breakthrough in unsaturated soils

has been provided in the previous paragraphs. A number of difficulties remain

particularly in obtaining the parameters required in order to properly estimate

time to breakthrough. These include estimating:

. the length of saturated pore spaces within a specimen and how this

water is distributed - this will be a function of degree of saturation, dry

density, molding water content, and mineralogy.

. the hydraulic conductivity of the smaller pore spaces which retain the

water inside an unsaturated specimen - the Poiseulle equation can

estimate hydraulic conductivity but it requires an average pore radius

and this is a difficult parameter to obtain.

Although the mechanism and properlies affecting unsaturated gas breakthrough

have been identified; the difficulties in obtaining detailed material properties at

microscopic scale mean that an empirical model based upon breakthrough

testing will likely be a more effective method of predicting the time to

breakthrough for unsaturated specimens. Following chapters describe an

experimental program that develops such an empirical model.



4.0 TESTING PROGRAM

4.1 Apparatus

As this program was a continuation of previous research the test equipment and

procedures have already been described in detail by earlier researchers

(particularly by Kirkham, 1995). For this reason only a brief description of the

apparatus will be included here. More focus will be placed upon test procedures

developed specifically for this research program.

A schematic of the apparatus is shown in Figure 4.1. The equipment allows a

gas pressure difference of up 10 MPa to be placed across a specimen. A small

backpressure is placed upon one side of the specimen (referred to as the outlet

side of the specimen) while a larger pressure is applied to the other side (the inlet

side of the specimen). This creates a gas pressure gradient across the

specimen.
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ln this program, in contrast with earlier programs, the pressure difference was

maintained constant until breakthrough occurred. Breakthrough was defined by

previous researchers at the University of Manitoba as the point at which a

pressure increase was observed on the outlet side of the specimen. This

definition was retained in the present project. Pressures were monitored

continuously on both the inlet and outlet sides of the specimen using pressure

transducers.
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Specimens are compacted directly into the test cell, producíng a specimen height

of 24 mm and a diameter of 50.7 mm.

4.2 Materials

The material chosen for testing was the 50/50 sand bentonite mixture proposed

for use as a buffer by AECL in the Canadian nuclear fuel waste disposal concept

(AECL, 1994). This material has been extensively studied at the University of

Manitoba (Lignau, 1993, Dixon, 1996, wan, 1996, wiebe 1996, Tang, lggg).

Prior knowledge developed through previous research on this material was

useful for creating a model for gas breakthrough.

ln more detail, 'buffer' is a mixture of 50 percent silica sand and 50 percent Na-

bentonite clay by mass. The silica sand is a well graded, angular material. A

plot demonstrating the gradation specifications is included in figure 4.2.

Following preparation of a new batch of silica sand from commercially available

uniform grain sizes, a sieve analysis was always performed in order to ensure

that the sand had proper gradation.

Na-bentonite supplied from Avonlea Minerals lndustries, Saskatchewan was

used for the clay. The clay was supplied in 10 kg bags. ln order to ensure that

the material being tested remained consistent, classification tests were

performed prior to using each new bag. The plasticity index of the clay is

approximately 200% while the liquid limit is approximately 230%-2500/0 (Dixon
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and Gray, 1985). Hydrometer tests were also performed to ensure that gradation

did not vary extensively between batches.

Argon gas was used in all experiments for this testing program. Argon was

chosen for testing as it is inert and has a low solubility in water (Kirkham, 1995).

Hydrogen would be the primary gas developed in a nuclear repository and as

such would be more appropriate for testing. lt was not used in the laboratory

because of safety concerns. Hydrogen gas is flammable and explosive.

4.3 Sample Preparation

ln order to obtain repeatable and accurate results throughout the testing program

strict procedures were used for preparing specimens. Both the bentonite and

silica sand were stored in an oven at 110 oC for a minimum of 24 hours prior to

mixing. This ensured that the initial water content in the clay and sand was

consistent. One hour prior to mixing the clay and sand were removed from the

oven and permitted to cool in a sealed environment. Proper proportions of clay,

sand and distilled de-aired water (DDW) were then measured and transported

into a room maintained at 4 oC where mixing was performed. This minimized

water loss through evaporation. Samples were thoroughly mixed for 15 minutes

and then sealed and left in the 4 oC cooler for at least three days. This allowed

the moisture in the specimens further time to equilibrate.

Following the curing period, samples were removed from the cooler and allowed

to warm to room temperature for approximately 15 minutes. ln order to minimize
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the loss of moisture due to evaporation during compaction, steps were taken to

ensure that samples were compacted as rapidly as possible.

Compaction was performed statically in 4 lifts of equal height. The material was

compacted directly into the testing cell in order to ensure that a good seal was

developed along the interface between the specimen and the cell. At the

completion of each lift, the piston continued to apply pressure to the specimen for

an additional 30 seconds. The top surface of each lift was scarified prior to the

addition of a new lift in order to promote bonding between the layers (with the

exception of the final lift which was left undisturbed).

The top of the testing chamber was then bolted into place and the mold was

connected to the breakthrough apparatus shown schematically in figure 4.1. The

specimen was then left to equilibrate inside the mold for a period of one hour.

lmmediately following this period gas breakthrough testing was begun.

The following sections discuss the procedures for the two different types of

breakthrough tests that were performed.

4.4 Continuous Gas Phase Tests

Tests were developed to determine the degree of saturation at which the gas

phase became continuous for a given dry density. lnformation from these tests

provided information on one of the bounds to the breakthrough process and also



45

aided in developing the testing regiment for conducting constant pressure tests

(discussed in Section 4.5). A back pressure of 200 kPa was applied to the ou¡et

side of the specimen and a 400 kPa pressure was applied to the inlet side. This

provided a significantly smaller pressure difference across the specimen than

those described in the following section (4.5) for the constant pressure tests.

This minimizes the effects of pressure differences on the specimens.

Tests were performed on specimens at constant dry density with the water

content being steadily increased in successive specimens, thus producing higher

degrees of saturation. Following the application of the constant gas pressures,

tests were monitored to determine the time needed for breakthrough to occur. A

specimen was said to have a continuous gas phase if breakthrough was

immediately observed upon applying the gas pressures. An example of

instantaneous breakthrough during a continuous gas phase test is shown in

Figure 4.3 (Specimen CG13). lf gas breakthrough did not occur almost

immediately, the test was continued as a constant pressure test.

4.5 Constant Pressure Tests

As the name implies, this series of tests was performed without altering the

applied pressures at any point during testing. The tests consisted of applying a

constant pressure difference across the specimen and waiting until breakthrough

was observed. The tests were developed in order to test the hypothesis that gas

breakthrough is an advective process. The degree of saturation, the dry density,
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and the applied pressure difference applied across the specimen were originally

proposed to be varied according to the matrix displayed in Table 4.1.

Dry Density

(Mg/m3)

1.6

1.7

1.85

Notes: -Numbers in italics indicate the pressure in MPa at which the
specimens were tested.

-n/a = not applicable

Table 4.1 Design of testinE prograrn for constant pressure tests

80

n/a

n/a

2,4, 6,9

Degree of Saturation (%)

85

n/a

n/a

2,4,6,9

The minimum degree of saturation to be used for each dry density was

determined from information obtained from the continuous gas phase tests

outlined in Section 4.4.

90

n/a

n/a

2, 4, 6,8

95

A total of 39 constant pressure tests and 19 continuous gas phase tests was

performed. Test durations ranged from t hour to more than 200 hours. A

summary of testing results is included in Chapter 5 of this thesis document.

2,4, 6, I
2, 4, 6,8
2.4.6.8

100

2,4, 6, g

2,4, 6, I
2,4,6, I



5.0 Results

5.1 Overview

This chapter provides a summary of the results of the testing program. After this

introductory section, Section 5.2 summarizes results from tests to determine the

water content and saturation at which the gas phase in the specimens become

continuous. Section 5.3 presents the results of constant pressure testing.

lnterpretation and discussion of these results will be given in Chapter 6 along

with comparisons between results from the model developed in Chapter 3 and

the testing results presented in this chapter.

5.2 Results From Continuous Gas Phase Tests

A total of nineteen tests was performed at 3 target dry densities (target values of

dry density p¿ = 1.6, 1.7 and 1.85 Mg/m3, or voids ratio e = 0.7,0.6, and 0.47).

Table 5.1 summarizes the results of these tests. The controlled variable in these

tests was the degree of saturation, with its corresponding implication for the

target initial water content when specimens were being prepared. Degrees of

saturation increase systematically in each section of Table 5.1 for the three

different target dry densities that were used. For example, for the target dry

density po = 1.60 Mg/m3; degrees of saturation range from 87.4o/o to g4.2o/o, with

corresponding water contents after compaction varying from 22.5% to 233%.

Table 5.1 also shows excellent agreement and consistency between the desired

target dry densities and the values achieved in the specimens after compaction.

47
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The table also shows average final water contents after the tests were

completed. As expected, the specimens lost moisture as gas was pushed

through them during testing under constant gas pressure differences across the

specimens. The distributions of water content in the specimens will be discussed

in Chapter 6.

The "Result" column in Table 5.1 shows the stages in the program at which the

gas phase became discontinuous and began to offer resistance to gas flow. For

example, with po = 1.6 Mg/m3, the transition from instantaneous transmission of

gas (continuous gas phase) to a condition requiring time for advection to permit

gas flow (discontinuous gas phase) took place at g0% s S s g1%. water

contents reduced by an average of 0.59% during testing

The results presented in tabular format in Table 5.1 have been plotted in

graphical form in Figure 5.1. The figure shows the transition between

instantaneous breakthrough (continuous gas phase) and not instantaneous

breakthrough (discontinuous gas phase). Note that this point was determined by

visually inspecting the plotted data. Dry density has been plotted against both

degree of saturation (Figure 5.1a) and initial water content (Figure 5.1b).

Although the number of data points is limited, it appears that for the range of

variables in Figure 5.1b, there may be a linear relationship between dry density

and water content at which the gas phase becomes continuous for this 50:50

sand-bentonite mixture. The relationship between degree of saturation and dry
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density appears to be non-linear. Additional data would help in confirming these

relationships.

Target p¡
(Mg/m')

P¿

(Mg/m')

1.60

1.61
1.60
1.61
1.61
1.61
1.61
1.61
1.61

1.609Mean Values

e

0.689
0.700
0.689
0.689
0.689
0.689
0.689
0.689
0.691

Saturation
(%l

1.70

Mean Values

1.71
1.70
1.70
1.70
1.70
1.70
1.70

88.9
89.4
90.1
90.4
90.4
90.7
93.8
94.2

1.85

Mean Values

winit¡ul

(%t

0.591
0.600
0.600
0.600
0.600
0.600
0.598

22.65
22.86
22.77
22.91
22.91
23.06
23.86
23.88

Wfinat

(%l

1.85
1.85
1.85
1.86
1.86

1.854

21.82
22.35
22.29
22.66
22.34
22.50
22.55

83.0
89.2
90.5
93.0
93.5
95.0

Table 5.1 Summary of Results for continuous Gas phase Tests
lnst. = Instantaneous breakthrough observed
Not lnst. = lnstantaneous breakthrough not observed

Result

0.470
0.470
0.470
0.462
0.462
0.467

5.3 Results from Constant Pressure Test

lnst.
lnst.

Not lnst
lnst.
lnst.
lnst.

Not lnst
Not lnst

18.02
19.53
19.87
20.51
20.71
20.96

Earlier, it was pointed out that the principal contribution of this project was to

develop a new test protocol which applied constant pressure differences across

the specimens instead of incrementing the pressure differences until failure

occurred. A total of 39 sand-bentonite clay specimens were tested under

constant pressure differences in this new program. lnstead of using just a single

74.9
77.0
77.8
78.2
82.3

17.45
19.08
19.27
20.00
20.41

12.83
13.37
13.42
13.32
13.99

lnst.
lnst.
lnst.

Not lnst
Not lnst
Not lnst

12.43
12.83
12.54
12.69

lnst.
Not lnst.
Not lnst.
Not lnst.
Not lnst.
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pressure difference (and hence a single pressure gradient), the test program was

designed to use a series of different pressures on different specimens while

attempting to maintain constant degrees of saturation. For example at a target

dry density of 1.6 Mg/m3 and degree of saturation of g5% different specimens

were tested at pressure differences of 2,4,6, and I Mpa. This allowed

examination of 'time to gas breakthrough' as a function of pressure gradient, and

therefore further explored the'capillarity-advective' model outlined in Chapter 3.

For each target dry density varying degrees of saturation were targeted. For

example at a dry density of 1. 6 Mg/m3 degrees of saturation of g5% and 1OO%

were target.

Table 5.2 summarizes the results obtained for the three target dry densities.

Target dry densities and actual compacted dry densities are compared in

columns 2 and 3 of Table 5.2. For the most part there is good agreement

between the two values. This again indicates the high level of consistency and

accuracy in preparing the specimens. Columns 4 and S of Table 5.2 show 'as

compacted' water contents and associated degrees of saturation. Subsequent

columns show moisture test results (water contents) measured after completion

of the gas breakthrough testing. Moisture losses ranged from 0.07o/o to 1.42%

with an average 0.67% as a result of gas being pushed through the specimens

and water being extruded. No discernable pattern or trend was observed when

comparing post-test inlet and outlet water contents. This is in contradiction to the
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results of previous research at the University of Manitoba (Halayko 1998, Hume

l eee).

The applied gas pressure differences (Pe) are shown in column 6 of Table 5.2

while column 7 shows the time required for breakthrough to occur under the

applied pressure. The final two columns of Table 5.2 compare pre-test and post-

test water contents and compare the water content distribution of samples

following completion of breakthrough testing. A more detailed discussion on the

implications of these comparisons will be given in Chapter 6.



T
able 5.2 sum
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esults for constant pressure T
ests

1--- D
enotes that data w

ere not recorded
2 G

reater than sign denotes that breakthrough w
as not observed
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Specimens with po = 1 .85 Mg/m3 and a degree of saturation less than abou t 95%

produced results where gas breakthrough was observed to be instantaneous.

That is, the gas phase was continuous. This was surprising as the previous

sequence of tests for determining the water content where the gas phase

becomes continuous gas phase showed resistance to flow at a degree of

saturation of about 760/o. The difference may be due to the higher gas pressure

gradient used in the constant pressure tests. lt is perhaps possible that a few

pores were blocked with water but were driven out quickly to make breakthrough

appear essentially instantaneous.

It should also be noted that only a 3.5o/o change in water content occurs between

a degree of saturation of 76% and 95% due to the high dry density of these

specimens. As a result of these findings some of the tests that were initially

proposed at degrees of saturation from B0% and g0% were not in fact performed.

Figures 5.2 and 5.3 show plots of time to breakthrough vs. the applied

breakthrough pressure for similar degrees of saturation (95 and 100%

respectively). Based on these plots it appears that a more defined relationship

exists for the saturated specimens in Figure 5.3. lt should be remembered that

there is an intimate relationship between dry density, water content and degree

of saturation. For example, at a low dry density (compared with a high dry

density), a higher water content is required to get a high degree of saturation.

Further discussion on these relationships will follow in Chapter 6.



6.0 DISCUSSION OF TEST RESULTS AND COMPARISON TO MODEL

6.1 Overview

A detailed discussion of test results and interpretation of the results are provided

below. The continuous gas phase tests indicated that in lower density

specimens, a lower degree of saturation (or water content) is required for the gas

phase to become continuous, as predicted in Chapter 3. ln general, constant

pressure tests performed on saturated specimens exhibited a similar trend to the

relationship proposed by the model. Results of constant pressure tests on

unsaturated specimens were much more variable, perhaps due to local

differences in structure.

6.2 Water Loss During Testing (All Tests)

soil samples were taken on leftover material after specimens had been

compacted and, following completion of a test, on the specimens themselves.

Average water losses of 0.6% were observed on completion of testing. Figures

6.1 a) and b) summarize water losses observed in specimens during constant

pressure testing for all three of the target dry densities. Results from the

continuous gas phase tests are not included in Figure 6.1 as the majority of these

tests had very low times to breakthrough. Figure 6.1 a) plots water loss during

testing against the time required for breakthrough to occur. Figure 6.1 b) plots

water loss against the applied pressure difference. Although the data are quite

scattered, it appears that slightly larger water losses were generally observed in

54
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less dense specimens. lt also appears that the amount of water lost increased

with increasing time to breakthrough or for decreased pressure difference. lt

should be noted that these too parameters are linked. Generally, lower times to

breakthrough are observed with higher applied pressure differences.

Figure 6.2 plots water loss as a function of initial degree of saturation for all three

target dry densities. Similar to Figure 6.1, larger water losses are observed in

less dense specimens. Figure 6.2 also displays a general trend of increasing

water losses with increased degree of saturation.

Figures 6.1 and 6.2 both agree with the advective flow model described in

Chapter 3. Reasons for this are described below.

Because the model postulates that water is advectively pushed out of the

clay it should be anticipated that more water will be pushed out of a more

porous (or less dense) specimen than a less porous (more dense)

specimen prior to breakthrough. More porous clay contains more water

than less porous clay before the application of a gas pressure difference.

The idea of several "microbreakthroughs" (or "channeling") occurring in

unsaturated specimens, as described in chapter 3, is also supported by

the results. Less overall water loss was observed with decreasing initial

degree of saturation. ln a saturated specimen, water from an entire

continuous void needs to be expelled prior to breakthrough occurring,
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while in an unsaturated specimen water does not necessarily have to be

expelled from the specimen to initiate breakthrough.

. Larger water losses would also be anticipated in tests where a longer time

to breakthrough occurred, or where a lower pressure difference was

applied. Lower pressure differences result in longer times to

breakthrough. ln longer tests while advective transfer is expelling water

from a single continuous pore channel, gas pressure is also acting on

other voids in the specimen and expelling water from them as well. The

longer a test runs, the more time there is for water to expel from these

"secondary" voids.

6.3 Water Distribution in Test Specimens

Work completed by previous researchers (Hume, 1998 and Halayko, 1998) at the

University of Manitoba indicated that the inlet end of specimen was wetter than

the outlet end on completion of breakthrough tests, often by several percent

water content. This might be seen as in conflict with the advective model

described in Chapter 3 in which a wetter outlet would be anticipated. Hume

explained this phenomenon by examining the effective stress state within the test

specimens. He reasoned that very low effective stresses at the inlet end,

together with the swelling nature of the clay, would result in water transfer to the

inlet.
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With this in mind, the results of Hume and Halayko's work were reviewed in detail

by the author. During the earlier testing programs, several specimens were

compacted at low water contents and then wetted-up in the test cell. The

author's examination of these data indicates that the majority of these wetted

specimens were in fact wetter at the inlet by several percent water content. The

author believes that the wetter inlet conditions can be explained by the addition

of water from the filter stone at the inlet side of the specimen. This filter stone

was saturated during the wetting-up process. Water would be pushed from the

stone into the specimen once the gas pressure was applied. This reasoning led

to all tests performed in the current test program being compacted at the target

water content and not being wetted in the test cell. ln this way, the inlet filter

stone was dry (or at least unsaturated) during the constant pressure test.

Hume and Halayko's unwetted test data were then explored further. Fígure 6.3

plots the difference between the inlet and outlet water contents against the

applied gas pressure difference. Data from the current test program are also

included on this plot although it should be noted that test conditions were not

entirely similar. lt was found that outlet and inlet water contents were very similar

in these specimens, with the differences being generally less than +0.6% and

approximately evenly distributed about zero percent change. This value is

probably close to the ability to measure water contents, which is thought of as

being about :0.2% to +0.5o/o. There appears to be a slight trend in the author's

tests to drier inlet conditions in tests where higher gas pressure differences were
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applied. The majority of Hume and Halayko's tests were completed using

stepped pressure increments, while the author's tests used constant pressure

differences. Another possibility is that the scatter in Figure 6.3 likely represents

natural variations arising from the static compaction process.

This trend towards drier inlet conditions in the author's results is further explored

in Figure 6.4, which is similar to Fig 6.3 except that it contains only data from the

current program and specimens are separated by initial dry density. The trend

between the water content difference and the applied pressure difference

becomes more obvious. The author believes that at higher pressures the inlet

end of a specimen becomes drier than the outlet (w¡nrut - wouuet is negative) as a

result of advective water flow towards the outlet. ln the tests at lower pressures,

less advective transfer of water is observed. lt is also possible that the process

of static compaction may result in slightly wetter water contents in the inlet side of

the specimen (the bottom of the specimen during compaction). As a result, all

specimens start with wetter inlet conditions. However more water is pushed from

the inlet side of the specimen when higher pressure differences are applied.

6.4 Continuous Gas Phase Test Results

Section 3.3 of Chapter 3 provided a detailed discussion of the anticipated

impacts of dry density on the degree of saturation at which the gas phase

becomes continuous. lt was anticipated that the gas phase would become
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cont¡nuous at lower degrees of saturation in higher density specimens. The test

results (provided in Figure 5.1 a) and b)) showed that the gas phase appeared to

be continuous at degrees of saturation of about g1o/o to 92o/o for dry densities of

1.6 and 1.7 Mglm3. The gas phase was observed to be continuous at aboutT60/o

degree of saturation for specimens with a dry density of 1.85 Mg/m3.

when these results were plotted as in Fig. 5.1 a), it appeared that the

relationship between degree of saturation and dry density is non-linear. Results

were re-plotted in Fig. 5.1 b) with water content vs. dry density and a more linear

relationship was observed.

Because testing was only completed on a limited number of specimens at only

three target dry densities, a final conclusive statement cannot be made about this

relationship. Additional testing at additional dry densities would be required.

It will be remembered that the capillarity-advective model is only applicable at

degrees of saturation above which the air voids become discontinuous. The

main purpose of this testing was to establish the lower bound of target degrees of

saturation for the current test program using constant pressures. As a result,

additional testing was not performed. The tentative linear trend between water

content and dry density seen in the author's results is however interesting and

warrants further examination.



6.5 Constant Pressure Test Results

6.5.1 Saturated Specimens

The author's testing of saturated specimens further reinforces the results

observed by Hume (1998) and Halayko (1998) that an inverse relationship exists

between the pressure difference applied to a specimen and the time observed to

breakthrough.

To illustrate this point, the data in Figure 5.3 have been replotted in Figure 6.5 to

show time to breakthrough vs. 1/(Applied pressure difference) for the three target

dry densities. ln this plot, the coefficient of determination, R2, for a linear best fit

line for fhe 1.7 and 1.85 Mg/m3 densities was in excess of 0.95. lt should be

noted that breakthrough was not observed after 190 hours on both samples

compacted to 1.85 Mg/m3 when a pressure difference of 2 \APawas applied

(1/(Applied Pressure Difference) = 0.5). Correlation for the 1.6 Mg/m3 specimens

was significantly lower (R' = 0.2225). Visually the overall scatter of the data in

this case is similar to those for the other two target dry densities; however the R2

value becomes much more sensitive as the slope of the line becomes very flat,

as it is for the 1.6 Mg/m3 specimens. lt would appear that these data support the

advective flow model proposed in Chapter 3.

60



6.5.2 Unsaturated Specimens

No discernable trend could be observed in specimens tested below a degree of a

saturation of about g5% as shown in Figure 5.2 of Chapter 5. To further analyze

the data, observed times to breakthrough were plotted against the initial degree

of saturation in Figure 6.6 a). These results indicate that there may be a roughly

linear trend (with some scatter) between degree of saturation and time to

breakthrough above about 96.5% saturation. lt should be noted that this plot

does not account for the pressure differences applied to the specimens. ln an

attempt to normalize these data with respect to the applied pressure difference,

the time to breakthrough divided by applied breakthrough pressure is plotted in

Figure 6.6 b). once normalized, the trend seen in Figure 6.6a) no longer was

observed.

It appears that the relationship between the initial degree of saturation and the

time to breakthrough may be bounded over given applied pressure differences

and initial specimen density ranges. Figure 6.6 a) and b) show possible bounds

for the Author's test data. The upper bound represents a maximum possible time

to breakthrough for a given dry density. Times to breakthrough above the upper

bound should not be possible without varying the applied pressure difference or

the initial dry density of the specimen. The lower bound represents the minimum

possible time to breakthrough which should be anticipated for a given degree of

saturation. Times to breakthrough below the lower bound should not be possible
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without varying the applíed pressure difference or the initial dry density of the

specimen.

The variable results seen in these figures in Chapter 6 (Figs G.1 to 6.6) may be

attributable to the increased complexity of the particle structure and solid-water-

gas relationships in unsaturated specimens. Because water stored in the

macrostructure of the unsaturated specimens is more prone to being present in

the smaller pore spaces (micropores), the distribution of water within the

macropores of the sample becomes highly dependent on the clay structure.

Exact replication of the structure of the clay from test to test is not possible. The

author considers that these variations in structure are responsible for the

variability of the test results in the unsaturated specimens.

6.6 Comparison to Advective Flow Equation

Test results on the saturated specimens have been compared to equivalent

calculated values using Equation 3.7. Recallthat Equation 3.7 relates the time to

breakthrough to a specimen's length, porosity, and hydraulic conductivity and the

pressure difference applied across the specimen. Hydraulic conductivities for the

sand-bentonite mixtures were taken from Dixon, 1995 as repofted in Dixon et. al.

1998. Dixon's research primarily focused on hydraulic conductivity tests on pure

bentonite samples (without sand). As a result, values of hydraulic conductivity

for this study were selected on the basis of effective clay dry density (Gray et. al.

1984,1985). The effective clay dry densitV, y" is defined in Equation 6.1.
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Here m" is the initial dry mass of bentonite, V1 is the total volume of the

specimen, m, is the dry mass of the sand component and G. is the specific

gravity of the sand.

The effective clay dry density was then compared to best fit values of hydraulic

conductivity vs. density established by Dixon.

Tc= tTrcl(V1-mr/G.)

Results comparing the estimated time to breakthrough to actualtest results are

summarized in Figures 6.7, 6.8, and 6.9 for each of the three target dry densities

(1.6, 1 .7 and 1.85 Mg/m3). ln each case the time to breakthrough was

considerably overestimated by Equation 3.7, usually by a bit less than a factor of

10. When dealing with modeling involving hydraulic conductivity, Dixon (1995)

and Dixon et al. (1998), among others, showed that numerical simulations of

various rate processes are prone to this range of error.
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(6 1)

To help evaluate the validity of Equation 3.7, the value of hydraulic conductivity

required to match the test data was calculated for each of the test results. These

values of calculated hydraulic conductivity were then averaged for each dry

density, this averaged value was denoted the "back calculated hydraulic

conductivity". As should be expected from this circular process, when this back

calculated value is used in equation 3.7 the curves fit much more accurately.



These curves are shown as dashed lines in Figures 6.7 to 6.g. values of

hydraulic conductivity taken from Dixon are compared to the back calculated

values in Table 6.1.

Dry Density

(Mg/m3)

1.6

1.7

Hydraulic Conductivity
after Dixon

(m/s)

1.85

Table 6.1 Comparison of Hydraulic Conductivity for Each Target Dry Density

ln examining the results shown in Table 6.1 several items should be considered:

1) The likely values of hydraulic conductivity derived from Dixon (1995)

and the back calculated values in Table 6.1 differ by a bit less than one

order of magnitude, understandably the same differences as seen in

the times to breakthrough shown in Figures 6.7 to 6.9.

2) Results of hydraulic conductivity tests are often considered to be only

accurate to about one order of magnitude. When comparing the above

values they are all within one order of magnitude.

3) Hydraulic conductivity testing involves water flow through all pore

channels in saturated specimens, while it is theorized that gas

breakthrough occurs only through the largest pore channels.

1.16 x 10-12

7 .82 x 10'13
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4.15 x 10-13

Back Calculated
Hydraulic Conductivity

(m/s)

1.21 x 10-11

6.00 x 10-12

2.66 x 10-12
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Considering this, it is likely that using the hydraulic conductivity value

in calculating Equation 3.7 will overestimate the times to breakthrough.

Based on the above, it would appear that Equation 3.7 could be applicable to

calculating times to breakthrough in saturated specimens provided an

appropriate value of hydraulic conductivity could be selected. ln this case

hydraulic conductivity would no longer be the appropriate term, and should be

renamed (for example as breakthrough constant). It may be that the type of

testing performed in this thesis, though labour intensive, could be used to

generate to back calculate appropriate values of this constant.



7.0 CONCLUSIONS AND RECOMMENDATIONS

7.1 Overview

This chapter provides conclusions made from the research performed in this

thesis document. All findings in this document support the hypothesis stated in

Chapter 3.

7.2 Conclusions

The following conclusions can be made from this report:

Below a certain degree of saturation, sand-bentonite specimens show

little resistance to gas flow. This likely occurs as a result of the gas

phase being continuous. lt has also been shown that the degree of

saturation or water content at which the gas phase becomes

continuous depends on the specimen's dry density.

When the gas phase is discontinuous, gas pressures higher than the

gas entry value cause water to travel advectively through the clay

towards the low pressure end of the specimen. This is shown by

constant pressure tests performed on saturated specimens. As

discussed in Chapter 5 and chapter 6 of this thesis document, the loss

of water during breakthrough tests and the relationship between time

to breakthrough and applied pressured difference in saturated

specimens supports this conclusion.

The applied pressure difference appears to be inversely proportionalto

the observed time to breakthrough in saturated specimens
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The dry density of the clay affects the time required for breakthrough to

occur. More dense specimens have longer times to breakthrough for a

given gas pressure difference.

Results of constant pressure testing on unsaturated specimens are

much more variable, likely due to the presence of complicated sample

micro- and macro-structures in the compacted specimens.

Degree of saturation affects the time to breakthrough. The higher the

degree of saturation in a specimen the longer it will take for

breakthrough to occur.

o Gas travels advectively through only a small number of larger pores in

a sand-bentonite specimen (pore size distributions are bimodal). This

is demonstrated by the small changes in water content observed over

the course of gas breakthrough tests.

A model to describe gas breakthrough was also introduced. This model provides

reasonable predictions for the time to breakthrough in saturated specimens

provided an appropriate constant factor can be determined. The factor

represents a modification of the measured hydraulic conductivity.



7.3 Recommendations

It is realized that the research discussed in thís document does not solve all of

the questions relating to gas breakthrough in clays. The author points out the

following areas that still require more work:

o Further study of gradient effects should be completed on saturated

specimens. These experiments should involve specimens of different

length or tests using different back pressures.

o A method for studying gas flow rates into and out of a specimen should

be incorporated. This could help to determine the Gas Entry Value

described in Chapter 3.

c Further experiments that study the degree of saturation at which the

gas phase becomes continuous would help to identify when this occurs

as a relationship between water content and dry density.

. Different gases should be used in testing to ensure that they have no

effect on the time to breakthrough.

c From a modeling perspective, more work should be included on

unsaturated gas flow through soil. This will likely prove difficult given

the complicated flow regime outlined qualitatively in this thesis.
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Figure 2.5 Tube and Vug Model (From Ruth, 1993)
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APPENDIX A
Laboratory Test Results

Results included in attached CD
ln Microsoft Excel (Office XP)
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