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ABSTRACT 

This thesis presents the development of a new laboratory testing apparatus for the 

measurement of the coefficient of air permeability of soil specimens using steady state 

methods. The apparatus was designed to measure coefficients of air permeability with in a 

range of 1*10-5 to 1 * 10-9 cm/s at a standard pressure and temperature of 101.3 kPa and 

20°C respectively. The apparatus design allows for duplicate, independent measurements 

of air volume flow rates and the air pressure differential. The apparatus features the use of 

a large lucite testing cell which can accommodate specimens up to four inches in diameter 

and eight inches in height. The apparatus was originally developed to determine the 

coefficient of air permeability of undisturbed specimens of a highly plastic, fractured clay 

(i.e., Regina clay). 

A laboratory testing program was conducted on specimens of a sandy till (i.e., Floral till) 

to verify the performance of the new air permeability testing apparatus. The apparatus 

was confirmed to be capable of measuring the coefficient of air permeability of soil 

specimens with in a range of 8.7*10-6 to 2.6*10-8 cm/s; nearly three orders of magnitude 

(at standard atmospheric pressure and a temperature of 20°C). The coefficient of air 

permeability of Floral till was shown to be highly dependent on the degree of saturation of 

the soil specimens, and dependent to a lesser degree on the void ratio (i.e., density) of the 

soil. 

A second laboratory testing program was conducted on undisturbed specimens of Regina 

clay. The results of the laboratory testing program indicate that the coefficient of air 

permeability of Regina clay is relatively low; approximately 1*1 0 -7 cm/s near the surface of 

the deposit and decreases rapidly with depth. The soil matrix of Regina clay is essentially 

saturated through out the entire depth of the in-situ deposit and is relatively impermeable 

to the advective flow of air. The advective flow of air through the bulk soil deposit is 

therefore controlled by the characteristics of the unsaturated fracture network. The 



fracture network was shown to significantly increase the bulk coefficient of air 

permeability of Regina clay in the upper two to three meters of the deposit. The influence 

of the fractures is not as significant at greater depths. This is attributed to the decrease in 

fracture density and the increase in confining pressure which occurs with increasing depth 

in the deposit. 
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CHAPTER 1 

INTRODUCTION 



1.1 The Importance of Air Permeability Measurement 

The determination of the coefficient of air permeability of a soil deposit can be of great 

importance to many geotechnical and geoenvironmental applications. Many aggressive 

remediation strategies for unsaturated, contaminated soils, such as the soil vapor 

extraction (SVE) technique, require air flow to volatize and remove contaminants. Other 

remediation strategies, such as bioremediative methods, require a steady supply of oxygen 

to support the aerobic activities of microbes beneath the surface. If the coefficient of air 

permeability of the contaminated soil is not high enough to transmit the required air flow 

for the selected in-situ remediation strategy, the strategy will not perform satisfactorily, 

resulting in both economic and environmental loss. 

The determination of the coefficient of air permeability is also of importance to 

geotechnical applications such as tunneling. Compressed air is often used to hold back 

seepage waters in tunneling operations (Fuchsberger and Semprich, 1995). If the air 

permeability of the soil(s) involved in the tunneling operation is high, then the compressed 

air requirement will be high to compensate for the loss of air through the surrounding 

soil(s). Failure to obtain a reliable estimate of the coefficient of air permeability of the soil 

could result in under-estimating air compressor requirements, leading to excess seepage 

into the tunneling operation. 

The previous statements are examples of direct applications for coefficient of air 

permeability measurements. There are also indirect applications. 

A measurement of the coefficient of air permeability can be used to infer related soil 

properties which are difficult to measure directly. For example, the relationship between 

the coefficient of water permeability and the degree of saturation of a soil can be difficult 

to measure directly. However, it is possible that the relationship can be determined 

indirectly with the aid of a measured relationship between the degree of saturation and the 

coefficient of air permeability. Figure 1.1 shows the results of research performed by 
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Corey (1957) for the relative permeability of air and water versus degree of saturation for 

a deposit of loamy sand. The relationship between the relative coefficient of air 

permeability and the degree of saturation appears to be a mirror image of the relationship 

between the relative coefficient of water permeability and the degree of saturation. This 

aspect of the relative permeability versus degree of saturation functions is common to 

nearly all gas-liquid systems in porous media (Corey, 1957). Therefore, it is possible to 

estimate one relationship (i.e., kv,{ S}) with the aid of the other (i.e., ka{S}). 
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Figure 1.1 Relative permeability as a function of saturation for a deposit of loamy 

sand (from Corey, 1957). 

A measurement of the coefficient of air permeability of a fractured porous media can be 

used to infer the fracture characteristics of the bulk deposit. Snow (1968) developed a 

method for relating the fracture density and aperture width of a non-porous fractured rock 

mass to bulk permeability measurements. The method is applicable to fractured soils 

providing the matrix of the soil is impermeable and non-reactive to the fluid used in the 

permeability testing of the bulk soil deposit. The soil matrices of many clay-rich glacial 

deposits existing in nature are saturated and impermeable to air flow. Therefore the 
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coefficient of air permeability of such clay-rich, fractured deposits can be related to the 

fracture density and aperture width of the soil using the method proposed by Snow 

(1968). 

1.2 The Need for a New Air Permeability Testing Apparatus 

Previous research on the coefficient of air permeability of soils has led to the development 

of several air permeability testing apparatuses (Matyas, 1967; Barden and Pavlakis, 1971; 

Fuchsberger and Semprich, 1995). These apparatuses have proven to be capable of 

measuring the coefficient of air permeability of soil specimens with a relatively high 

coefficient of air permeability. However, many soils found in nature possess a relatively 

low coefficient of air permeability (i.e., less than 1*10-5 cm/s); for example, soils with a 

high percentage of fines and soils which possess a high natural water content. A new air 

permeability testing apparatus is required to obtain a reliable measurement of the 

coefficient of air permeability for these soils. 

The new air permeability testing apparatus must be designed to address the inaccuracies 

inherent in the measurement of small air volume flow rates. The new air permeability 

testing apparatus must allow for the measurement of both air inflow and air outflow 

volumes. The two volumes can then be compared to ensure that they are approximately 

equal. The apparatus should be designed to minimize the leakage of air from valves and 

connections. The apparatus must be designed to allow for the determination of the 

coefficient of air permeability of a soil specimen at different air pressure differentials. This 

feature will allow for multiple measurement of the coefficient of air permeability for the 

same specimen and will provide a means to ensure a direct relationship exists between air 

flow volumes and air pressure differentials (i.e., flow is laminar and Darcy's law written 

for the air phase is valid). 
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1.3 The Characteristics of Regina Clay 

Of special interest to this thesis is the coefficient of air permeability of an in-situ deposit of 

Regina clay. Regina clay is a highly plastic lake basin clay deposited during the most 

recent glacial retreat. It has been highly fractured by desiccation and possibly 

environmental and chemical loadings. The fractured nature of Regina clay has a strong 

influence on the bulk permeability of the soil to air and water. 

Several instances where fractured Regina clay has been contaminated by hydrocarbon and 

other industrial spills have been reported (Haug et al., 1984; Kent et al., 1995; Barbour 

1995). As a result of the fractured nature of the clay, remediation is extremely difficult 

and economical technologies for the treatment of Regina clay are not currently available 

(Barbour, 1995). Possible strategies for in-situ remediation may involve vapour 

extraction, pumping and treatment, thermal desorption, flushing, and bioremediation. In 

order to develop effective in-situ remediation strategies for Regina clay, a knowledge of 

the bulk permeability of the soil to air and water is essential. 

A suitable air permeability measuring device is required to obtain a measurement of the 

coefficient of air permeability of undisturbed, fractured Regina clay specimens. The 

device must be capable of applying a confining pressure to the specimens to simulate 

overburden soil pressures; must be large enough to hold specimens of the fractured clay 

which are large enough to contain a representative distribution of fractures; and must 

possess an air flow volume measuring system capable of measuring the relatively low 

coefficients of air permeability which are expected. The air permeability testing apparatus 

presented in this thesis was developed with these criteria in mind. 
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1.4 Objectives 

The primary objectives of the research are: 

(1) to develop an apparatus capable of measuring a wide range of coefficients of 

air permeability with an emphasis on the lower range of values (i.e., l *10-5 to 

I *I 0-9 cm/s), and 

(2) to verify the performance of the apparatus with a laboratory testing program 

conducted on soil specimens with a relatively stable structure. The soil 

specimens selected for this verification laboratory testing program were 

compacted specimens of a sandy clay till (i.e., Floral till). 

The secondary objectives of the research are: 

(1) to measure the coefficient of air permeability of undisturbed specimens of 

fractured Regina clay taken from various depths in the soil deposit, 

(2) to evaluate the influence of fracturing on the bulk coefficient of air permeability 

of Regina clay at various depths in the soil deposit, and 

(3) to use the coefficient of air permeability data to evaluate the possibility of 

remediating a contaminated deposit of Regina clay with in-situ soil remediation 

technology. 

A lesser objective of the research is to extend the knowledge base on the relationship 

between the coefficient of air permeability and the volume-mass properties of soil. This 

objective will be accomplished indirectly through the achievement of the primary and 

secondary objectives. 
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1.5 Scope 

The focus of the research presented in this thesis is on the development and verification of 

an air permeability testing apparatus capable of measuring relatively low coefficients of air 

permeability (i.e., in the range of l *1 0-5 to l*l 0-9 cm/s at a standard temperature and 

pressure). The measurement of the coefficient of air permeability of undisturbed 

specimens of fractured Regina clay is included as an example of an application of the 

apparatus. The air permeability testing program for Regina clay was not extensive, as it 

was not intended to be the primary focus of the study. 
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CHAPTER 2 

LITERATURE REVIEW 



2.0 Introduction 

This chapter presents the findings of a literature review conducted on topics related to the 

objectives of the research. 

Section 21 presents a discussion for the coefficient of air permeability. The factors which 

affect the coefficient of air permeability of soil are examined. Laboratory testing methods 

commonly employed to measure the coefficient of air permeability of soil specimens are 

reviewed. A summary of previous attempts found in the literature to measure the 

coefficient of air permeability of various soils is also included. 

Section 2.2 presents a discussion on the characteristics of Regina clay. A summary of the 

geotechnical properties of Regina clay is included. Problems arising from the nature of 

Regina clay are discussed from both geotechnical and geoenvironmental perspectives. 

Special emphasis is placed on the secondary structure (i.e., fracture network) of Regina 

clay and its effect on the bulk permeability of the soil to air and water. 
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2.1 The Coefficient of Air Permeability 

The coefficient of air permeability, often referred to as the pneumatic permeability, is a 

variable used to relate the volume flow rate of air through a soil to the driving potential 

creating that flow. In other words, the coefficient of air permeability is a measure of the 

ability of a soil to conduct air. The flow of air through soils has been investigated mainly 

by the oil industry in the past (Corey, 1957). In more recent years, various laboratory and 

field research programs have been conducted to improve knowledge on the flow of air 

through soils for civil engineering applications (Deaver and Mowder, 1994; Deaver and 

Tworkowski, 1994; Fuchsberger and Semprich, 1995). 

2.1.1 Factors Affecting the Coefficient of Air Permeability 

The coefficient of air permeability of a soil is affected by a number of factors. These 

factors are related to the structure of the soil, both primary and secondary, and to the 

availability of air in potential flow paths. The factors affecting the coefficient of air 

permeability of a soil include: 

(1) the degree of saturation, 

(2) void ratio (i.e., density), 

(3) interconnectivity of the flow paths, 

(4) grain size distribution, 

(5) the shape of the soil particles, and 

(6) secondary structure (i.e., fracturing). 

The factor which has the greatest influence on the coefficient of air permeability of a soil is 

the degree of saturation (Fredlund, 1993). The degree of saturation is an indicator of the 

percentage of pore space in the soil which is conductive to air flow. A completely dry soil 
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(i.e., a degree of saturation equal to 0%) will be most conductive to air flow, while a 

completely saturated soil (i.e., a degree of saturation equal to 100%) will be least 

conductive. The degree of saturation, for the most part, also controls the interconnectivity 

of the flow paths for air. At a degree of saturation above approximately 85%, the flow 

paths for air become discontinuous, and the movement of air through the soil can only 

occur as diffusion through the pore water (Corey, 1957). 

The remaining factors which affect the coefficient of air permeability (i.e., void ratio, 

interconnectivity of the flow paths, grain size distribution, shape of the soil particles, 

secondary structure) are related to the physical structure of the soil. These properties 

affect the coefficient of air permeability to a lesser extent than the degree of saturation 

(Fredlund, 1993). The air permeability will be generally lower for soils which are dense, 

well graded, and have a high percentage of fines. 

The presence of a secondary structure can significantly increase the permeability of a soil 

with respect to a given fluid (Keller et al., 1986; Haug et al., 1990; Rowe et al., 1990; 

McKay et al., 1993; McKay et al., 1995). A fracture must be filled with air (as opposed to 

water) in order for it to be conductive to air flow in the same way that a soil void must be 

filled with air in order for it to be conductive to air flow. In general, fractures are of 

greater aperture than the voids of the soil, and therefore will be filled with air (i.e., drained 

of water) at lower values of matric suction (Childs, 1940). At values of matric suction 

below the air entry value of the soil matrix but above the air entry value of the fractures, 

the fractures of the soil will be drained of their water while the pores of the soil will 

remain filled with water. The size and interconnectivity of the fracture network will 

dictate the bulk air permeability of the soil in this scenario. 

9 



2.1.2 Measurement of the Coefficient of Air Permeability 

There are several methods which can be used to obtain an estimate of the coefficient of air 

permeability of a soil. These include both direct and indirect methods (Fredlund, 1993). 

Direct methods for measuring the coefficient of air permeability generally involve relating 

an applied air pressure gradient to a measured rate of air flow through a soil specimen or 

relating an applied air flow rate to a measured air pressure gradient. Indirect methods for 

determining the coefficient of air permeability of a soil usually involve semi-empirical 

estimations based on the moisture retention characteristics of the soil. 

Direct methods for determining the coefficient of air permeability of a soil can be further 

divided into steady state and non-steady state methods (Fredlund, 1993). The term 

"steady state method" implies that the rate of air flow through the specimen is constant 

with time when measurements are taken. The term "non-steady state method" is used to 

describe methods where transient conditions still exist when measurements are taken. The 

majority of the direct methods discovered in the literature to determine the coefficient of 

air permeability of a soil used steady state methods (Matyas, 1967; Barden and Pavlakis, 

1971; Fleureau and Taibi, 1994). However, both methods have their advantages and 

disadvantages. The steady state method offers a more direct measurement of the 

coefficient of air permeability, therefore not as much data analysis and estimation is 

required. In this respect, steady state methods are considered to be more accurate 

(Fredlund, 1993). However, when the coefficient of air permeability of the specimen is 

quite low, the time required to achieve a steady state flow may be too great and non-

steady state methods may offer some advantage. 

Most direct methods for measuring the coefficient of air permeability in the laboratory use 

a triaxial cell permeameter system (Eischens and Swanson, 1996). Two different types of 

permeameter cells are found in the literature: rigid wall and flexible wall. The flexible wall 

permeameter is the preferred means for confining the test specimen. Flexible wall 

permeameters allow for the variation of the cell confining pressure, a3, throughout the 
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test. In addition, there is a risk when using a rigid wall permeameter that the soil specimen 

will shrink and pull away from the edges of the confining cell creating a preferential flow 

path down the sides of the cell. A similar problem can develop when using a flexible wall 

permeameter if the inlet air pressure is allowed to exceed the specimen confinement 

pressure, 03. In this case, the flexible membrane will pull away from the specimen, 

providing a preferential flow path and creating a false pressure drop. This situation can be 

easily avoided when using a flexible wall permeameter by ensuring the cell confining 

pressure, O3, is greater than the inlet pressure of the apparatus at all times. 

Two types of air flow regulation are found in the literature: mass flow control and air 

pressure control (Eischens and Swanson, 1996). In the mass flow control method of air 

flow regulation, the flow across the specimen is controlled and the resulting pressure drop 

across two or more points in the specimen is measured. In the pressure control method of 

air flow regulation, the pressure gradient across the ends of the specimen is controlled and 

the resulting flow of air through the specimen is measured. The mass flow control method 

of air flow regulation is the preferred method of testing for high permeability specimens 

while the pressure control method is preferred for testing low permeability specimens. 

2.1.3 Air Permeability Measuring Devices and Results for Previous Researchers 

Several attempts to measure the coefficient of air permeability of soils can be found in the 

literature (Matyas, 1967; Barden and Pavlakis, 1971; Fleureau and Taibi, 1994; 

Fuchsberger and Semprich, 1995). All of methods used to measure the coefficient of air 

permeability found in the literature assume the validity of Darcy's law for the process of 

air flow (refer to Chapter 3). Most of the laboratory methods use a triaxial cell 

permeameter system to directly measure the coefficient of air permeability using steady 

state methods (Matyas, 1967; Barden et al., 1969; Barden and Pavlakis, 1971). Some of 

the apparatuses discovered in the literature were constructed to simultaneously measure 

the permeability to air and water of the same soil specimen (Barden and Pavlakis, 1971; 
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Fleureau and Taibi, 1994). In general, past research on the measurement of air 

permeability has focused on soils of low deformability. 

A triaxial permeameter cell for the measurement of the coefficient of air permeability was 

developed by Matyas (1967). The apparatus is shown in Figure 2.1. The soil specimen is 

placed between two dry coarse porous stones and subjected to an isotropic confining 

pressure. A constant air pressure, applied to the base of the specimen, creates the driving 

potential for air flow which is collected at the top of the specimen. The volume of outflow 

air is measured in a graduated burette using an air-oil interface. Once steady state air flow 

has been achieved, the volume of air collected in a given time is recorded, along with the 

air pressure gradient and cross sectional area of the specimen. The measured data is used 

to calculate the coefficient of air permeability assuming the validity of Darcy's law for air 

flow. 

Figure 2.1 

Li 
Light 

oil 

Constant 
air pressure 

Triaxial permeameter cell used by Matyas (1967) for measuring the 

coefficient of air permeability. 
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Matyas (1967) conducted air permeability tests on samples of Sasumua clay using the 

apparatus previously described. The coefficient of air permeability was measured at 

various confining pressures. The results of the testing are shown in Figure 2.2. The 

results indicate that as the normal stress acting on the specimen is increased, the 

coefficient of air permeability decreases. This is due to the fact that the degree of 

saturation of the soil increases as the soil structure is compressed without allowing 

drainage of the pore water. As the degree of saturation increases, the amount of conduits 

available for the flow of air decreases. The coefficient of air permeability values measured 

by Matyas range from approximately 1*10-3 to 1*10-8 cm/s. 

1O-6 

Figure 2.2 
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Fleureau and Taibi (1994) developed a device capable of measuring the polyphasic 

permeability (i.e., the permeability with respect to air and water) of an unsaturated soil. 

The device incorporated the axis translation technique to avoid the cavitation of pore 

waters. The procedure for permeability measurement with the device involved injection of 

air and water at both ends of the sample in such a way that the stress state of the specimen 

was not modified by the flow. The coefficients of air and water permeability were 

calculated simultaneously once steady state conditions had been achieved. A diagram of 

the device is given in Figure 2.3. 

Sintered bronze filters 

Water

outlet 

Air outlet 

Semipermeable 
membranes 
(air) 

/ 

Sample 
35 x 50 

Semipermeable 
membranes 
(water) 

Air inlet 

Water

inlet 

Figure 2.3 Permeameter designed by Fleureau and Taibi (1994) for the measurement 

of the polyphasic permeability (i.e., air and water) of a soil. 

The experimental device consisted of a cylindrical mold with a diameter of 35 mm and a 

height of 50 mm. The ends of the mold could be outfitted to provide permeability 

measurement or to apply compaction to the sample. Tests could be performed on 

undisturbed samples or on remolded samples which were compacted inside the mold. 



The experimental device incorporated the use of semi-permeable membranes to separate 
the air and water phases. Cellulosic semi-permeable membranes, which prevented the 
passage of air into the pore water, were placed at the ends of the sample to be used in the 

measurement of the coefficient of water permeability. The air inlet and outlet, which were 

placed laterally near the ends of the sample, were equipped with semi-permeable 

membranes which were permeable to air, but not water. 

The specimen was initially allowed to come to equilibrium at a given matric suction which 

was created by applying an air pressure, uaa, and a water pressure, uwo, such that ua. > uwo. 

The equilibration time was several days to several weeks, depending on the soils involved. 

After equilibrium had been obtained, pressures u„, and uai were applied at the base of the 

sample, and pressures uw2 and ua2 where applied at the top with the following conditions: 

(Lla i - 1.61) = (Ua2 - Uw2) — (Uao - Uwo) > 0 

and: Ua 1 > Ua2 , Uwl > Uw2 

By imposing these conditions, flow of both water and air was induced by pressure 

gradients in their respective phases, while the original matric suction stress state variable 

which the sample was brought to equilibrium under was maintained. The volume mass 

properties of the soil (i.e., water content, degree of saturation) remained constant through 

out permeability testing since there was no change in the stress state of the soil. 

The device developed by Fleureau et al. (1994) is suited to measure the coefficients of air 

and water permeability of soils of low deformability. The device was used by Fleureau et 

al. to conduct air and water permeability tests on silty and sandy soil specimens. The 

device would not be appropriate for measuring the air and water permeability of a soil of 

high deformability, such as a highly plastic clay. Such a soil would tend to pull away from 

the semi-permeable membranes, creating discontinuities in the water and air phases, and 

destroy the integrity of the test. 
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Similar triaxial permeameter cells (i.e., capable of polyphasic permeability measurements) 
were developed by Barden et al. (1969) and Barden and Pavlakis (1971). The operating 

principal of these cells is much the same as that of the cell designed by Fleureau and Taibi 

(1994) The soil specimen is confined by an isotropic confining pressure. There is 

independent control of the total stress, 6, pore air pressure, ua, and pore water pressure, 

u„. The flow of water and air are induced by creating head gradients in the respective 

phases without inducing changes in the overall stress state of the soil. 

The main difference between the device developed by Fleureau and Taibi (1994) and the 

device developed by Barden and Pavlakis (1971) lies in design of the semi-permeable 

membranes. Fleureau and Taibi (1994) used two types of semi-permeable membranes: 

one type at the water inlet and outlet to keep the air from infiltrating into the water, and 

another at the air inlet and outlet to keep water from entering the air flow lines. The 

device by Barden and Pavlakis (1971) used one type of semi-permeable membrane, a 

customized ceramic disk, which fulfills both of these tasks. The ceramic disk has a 

coefficient of water permeability of 2.3*10-1 cm/s under saturated conditions and an air 

entry value of 200 kPa. Air is applied to the soil surface through a circular groove cut 

into the high air entry disk. Air can flow through the channels without interfering with the 

flow of water since the applied air pressure is always greater than the applied water 

pressure. On the other hand, air can not flow through the high air entry disks as long as 

the matric suction of the soil is less than the air entry value of the ceramic disk. 

Barden and Pavlakis (1971) conducted air permeability tests on specimens of Backwater 

boulder clay. The results are given in Figure 2.4. The results show decreasing air 

permeability values and increasing water permeability values as the soil specimen is 

compressed, increasing the degree of saturation. Values for the 
coefficient of air 

Permeability range from a value of 5*10-3 to 3*10-5 cm/s. 
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Figure 2.4 Results of permeability testing conducted by Barden and Pavlakis (1971) 
for Backwater boulder clay. 

Fuchsberger and Semprich (1995) developed an air permeability measuring device to study 
the influence of various soil parameters on the air permeability of uniform soil. The 
apparatus was used to measure water permeability and air permeability at various relative 
densities and degrees of saturation over the height of the soil column. The results revealed 
that the coefficient of air permeability is sensitive to a variation in the sample density, but 

insensitive to a change in air pressure gradient (which is necessary for Darcy's law to 

apply to the air flow process) as can be seen in Figure 2.5 (a). The results also show that 

the air permeability is highly dependent on the degree of saturation. The coefficient of air 

Permeability of the soil decreased rapidly with increasing degree of water saturation as can 

be seen in Figure 2.5 (b). The coefficient of air permeability values measured by 

Fuchsberger and Semprich ranged from approximately 6*10+ ` to 7*10-2 cm/s. 
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Figure 2.5 Air permeability testing results from Fuchsberger and Semprich (1995) 

showing (a) the relationship between the coefficient of air permeability and 

air pressure for glass spherules at different densities, and (b) the 

relationship between the coefficient of air permeability and the degree of 

saturation. 
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2.2 Characteristics of Regina Clay 

One of the objectives of the research is to determine the coefficient of air permeability of 

Regina clay at various depths in an in-situ deposit. This information will be used to assess 
the applicability of in-situ soil remediation technology for the treatment of a contaminated 

deposit of Regina clay. This section of the report provides information on the 

geotechnical properties and secondary structure (i.e., fracture network) of Regina clay. 

The influence of the secondary structure on the bulk permeability of the in-situ soil to air 

and water is examined. 

2.2.1 Geotechnical Properties of Regina Clay 

The City of Regina, Saskatchewan is located in the western interior basin of North 

America. Large areas of the city are constructed on a surficial deposit of clay 

approximately 10 m in thickness known as Regina clay. Regina clay is a weathered, highly 

plastic clay which was formed in a large glacial lake during the recession of the most 

recent ice age (Chistiansen, 1979). A summary of the geotechnical properties of Regina 

clay is given in Table 2.1. Additional information on fractured, clay-rich glacial deposits is 

given in Appendix A. 

An examination of the properties given in Table 2.1 reveals that Regina clay has a high 

potential for swelling due to the presence of a high montmorillonite clay fraction. The 

swelling nature of Regina clay has resulted in great economic loss to the City of Regina in 

the form of damage to surface and near surface buildings and infrastructure (Barbour, 

1995). The high deformability of the clay makes it susceptible to fracturing from repeated 

cycles of shrinking and swelling. 
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Table 2.1: Summary of Classification, Mineralogy, 
and Physico-Chemical Properties of Regina Clay 
(after Fredlund, 1994) 

Test Result 
Ipecific Gravity 2.83 
Atterberg Limits 

Liquid Limit 75.5
Plastic Limit 24.9 % 
Shrinkage Limit 13.1 % 
Plasticity Index 50.6 % 

Grain Size Distribution 
Sand Sizes 8 % 
Silt Sizes 41 % 
Clay Sizes 51 % 

Mineralogical Composition of 
the Clay Fraction 

Montmorillonite 77 % 
IIlite 15 % 
Kaolinite 8 % 

Cation Analysis 
Cation Exchange Capacity 31.7 meq/100 gm 
Exchangeable Cations 

Magnesium 15.3 meq/100 gm 
Calcium 54.4 meq/100 gm 
Potassium 0.59 meq/100 gm 
Sodium 1.77 meq/100 gm 

Total Exchangable Bases 72.06 meq/100 gm 
Salt Content 40.4 meq/100 gm 

* Sample from a depth of 15.6 feet at College Ave. 

and Albert Street in Regina, Saskatchewan 
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2.2.2 Fracture Characteristics of Regina Clay 

Regina clay is highly fractured through out its entire depth as the result of desiccation due 

to prolonged periods of drying (Haug et al., 1990). A complete discussion on the causes 

of fracturing in Regina clay is included in Appendix B. The fractured nature of the clay 

plays a pivotal role in groundwater flow and contaminant transport. The fractured nature 

of the clay is also expected to dramatically increase the air permeability of the bulk soil 

deposit relative to the air permeability of the soil matrix. 

Kent et al. (1995) reported that the fracture density near the surface of the deposit 

approaches 300 to 400 fractures per meter (i.e., a fracture spacing of 2.5 mm) and reduces 

to a density of 20 fractures per meter (i.e., a fracture spacing of 5 cm) near the base of the 

deposit. Iron and manganese oxides and selenite crystals are present on the fracture 

surfaces. Some of the fractures exhibit slickensided surfaces. The fractures are present on 

three orthogonal planes with the fractures in the vertical plane predominant. 

Kent et. al (1995) used the cubic law method (Snow, 1969) to determine the aperture 

width of the fractures in a Regina clay deposit. The cubic law is formulated under the 

assumption that all flow through the bulk soil deposit occurs through the fractures and is 

governed by the theory of laminar flow between two parallel plates. The cubic law can be 

used to calculate a single fracture aperture width for a fractured porous media from a 

measured value for the bulk hydraulic conductivity and an estimate for the fracture 

spacing. The calculated fracture aperture size is the hydraulic equivalent of the 

distribution of fractures which make up the fracture network. Kent et al. (1995) 

calculated the fracture aperture size of Regina clay to be 4 to 8 um using this method. A 

summary of the fracture properties with depth in the in-situ Regina clay deposit 

determined by Kent et al. (1995) is given in Table 2.2. 
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TABLE 2.2 Estimated fracture properties of Regina clay (after Kent et al., 1995) 

Depth Fracture Fracture Aperture 

Density Porosity Width 

(meters) (1/m) (x104) (urn) 

1.7 300 60 6.7 

2.0 300 35 3.9 

3.8 200 23 3.9 

5.0 100 23 7.8 

6.0 60 14 7.7 

2.2.3 Effect of Fractures in Regina Clay 

The fractured nature of Regina clay is of great significance to its geotechnical behavior, 

particularly its permeability to air and water. Previous research has shown that the 

presence of a fracture network can increase the bulk hydraulic conductivity of a glacial 

clay-rich deposit with respect to water by several orders of magnitude when compared to 

the unfractured clay matrix [Grisak and Cherry (1975), Grisak et al. (1976), Keller et al. 

(1986), McKay et al. (1993)]. The presence of a fracture network is expected to have a 

similar effect on the bulk coefficient of air permeability of Regina clay. 

Kent et al. (1995) reported the results of hydraulic conductivity tests conducted in an in-

situ deposit of Regina clay. The hydraulic conductivity was determined using the falling 

head response test method conducted on piezometers in the unsaturated zone. The 

response tests were interpreted by Hvorslev's method using data from the later stages of 

the test after saturation of the immediate area around the piezometer tip was complete. 

The values measured where therefore saturated hydraulic conductivity values (kat). The 

measured hydraulic conductivity of bulk soil deposit ranged from 10-7 to 10-8 m/s These 
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values are three to four orders of magnitude greater than that achieved in recompacted, 
unfractured specimens of similar density. A summary of the hydraulic conductivity 
measurements of Regina clay performed by Kent et al. (1995) is given in Figure 2.6. 
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Figure 2.6 Summary of hydraulic conductivity measurements performed in Regina clay 

(after Kent et al., 1995) 

The presence of a fracture network is expected to have a similar impact on the 

permeability of the bulk soil deposit with respect to air. The air entry value of the Regina 

clay matrix is relatively high, in the order of 1500 kPa (Fredlund, 1964). It is likely that 

the soil matrix of Regina clay remains saturated through out much of the depth of the 

deposit, and is therefore relatively impermeable to the flow of air. The aperture size of the 

fractures of Regina clay are considerably larger than the average pore size of the clay 

matrix. Therefore the fractures become unsaturated at a much lower value of matric 

suction than the clay matrix. When a fracture is drained it becomes a conduit for air flow. 

If enough fractures drain to create a continuous network of air conduits through out the 

soil, the coefficient of air permeability of the bulk soil deposit will be significantly higher 

than that of the soil matrix. 
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The presence of a secondary structure must be considered when developing strategies for 

the remediation of contaminated deposits of Regina clay. Research on contaminant spills 

in Regina clay have shown that interfacial energy can prevent liquid phase invasion of 

certain contaminants into the clay matrix so that the liquid contaminant remains primarily 

within the fracture system (Kent et al., 1995). Therefore, in-situ remediation strategies 

must address the properties and characteristics of the fracture network in addition to those 

of the soil itself. Since the fracture porosity of Regina clay is relatively small (in the order 

of 10-s), large volumes of Regina clay can be affected by even a small volume of 

contaminant. Economical methods for the remediation of contaminated Regina clay are 

not currently available. 
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CHAPTER 3 

THEORY 



3.1 Theory of Air Flow in Unsaturated Soils 

This section presents theory related to the flow of air in unsaturated soils. The driving 
potential for the flow of fluids in unsaturated soils is discussed. A modified form of Fick's 
law which describes the process of air flow through unsaturated soils is derived. A 
method to convert the coefficient of air permeability, which is the value measured in the 
laboratory, to the coefficient of air diffusion, Da, is presented. The dependence of the 

coefficient of air permeability on the degree of saturation is explained in detail. Semi-

empirical methods which can be used to obtain the coefficient of air permeability versus 

degree of saturation function and the coefficient of diffusion versus degree of saturation 

function are presented. 

3.1.1 Driving Potential for Fluids in Unsaturated Soils 

An unsaturated soil is comprised of three phases: a solid phase, a water phase, and an air 

phase. Two of these three phases can be classified as fluids (i.e., water and air) and are 

subject to movement through the soil. The driving potential for flow in a specific fluid 

phase is the total energy gradient in that phase. In other words, the flow of water will 

occur due to a total energy gradient in the water phase, while the flow of air will occur

due to a total energy gradient in the air phase. The flow of air and water are separate 

processes which are driven by independent energy gradients. 

The total energy gradient in the water phase is the sum of the pressure head gradient and 

the elevation head gradient. The total energy gradient in the air phase is simply the 

concentration or pressure gradient (Fredlund, 1993). Elevation has a negligible effect on 

the energy gradient in the air phase due to the fact that air has a relatively low density. 

The flow of a fluid will always occur from a point of higher total energy to a point of 

lower total energy in that fluid phase regardless of other gradients which may exist (i.e., 
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water content gradients, matric suction gradients, energy gradients in other phases). This 

concept is illustrated in Figure 3. 1 . The soil specimen shown in Figure 3.1 is 1 meter in 

height. It is subjected to water pressure, um , and air pressure, u„,, at its top, and water 

pressure, u„..), and air pressure u„,, at its base. The flow of water, depicted by the black 

arrow, is from the top of the specimen to the base in response to the energy gradient in the 

water phase, which is also known as the hydraulic head gradient. The flow of air, depicted 

by the white arrow, is from the base of the specimen to the top in response to the energy 

gradient in the air phase, which is the air pressure gradient. The flow of water and air 

actually occur in different directions in response to the energy gradients in their respective 

phases. Calculations of the energy gradients in the water and air phases for the specimen 

shown in Figure 3.1 are given in Appendix F. 

Figure 3.1 

u 1 = 10 kPa 

Flow of Air 

u„.1 =5 kPa 

Flow of Water 

Datum = 15 kPa = 10 kPal 

Z - 1 m 

Z = 0 m 

Diagram of soil specimen 1 m in height subject to water pressure, uwi , and 

air pressure, ual , at its top and water pressure, uw2, and air pressure, ua,, at 

its base. The direction of air and water movement is indicated by the 

arrows. 
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It should be noted that the two fluid phases which are present in an unsaturated soil are 

not necessarily water and air. A more correct terminology to describe the two fluid phases 

would be the "liquid phase" and the "gas phase". However, the terms "water phase" and 

"air phase" will be used throughout this thesis for simplicity and to remain consistent with 

most of the literature. 

3.1.2 Fick's and Darcy's Laws for Air Flow 

Both Fick's and Darcy's laws have been used to describe the flow of air through 

unsaturated porous media. Both methods use an appropriate coefficient to relate the 

movement of air through the air filled pore space of a soil to the driving potential for air 

movement. Fick's law describes the process of air flow using a mass basis, while the 

Darcy approach describes the process using a volume basis. The use of a mass basis is the 

more fundamental of the two since air is a compressible fluid and air volumes are 

temperature and pressure dependent. Therefore Fick's law is used as the starting point to 

develop formulations to describe the process of air flow through an unsaturated soil 

(Fredlund, 1993). 

Fick's law is commonly used to describe the diffusion of gases through liquids. A 

modified form of Fick's law can be applied to the air flow process. Fick's first law states 

that the rate of mass transfer of the diffusing substance across a unit area is proportional 

to the concentration gradient of the diffusing substance. Fick's first law is written as 

where 

J 3 =--Da
ces 

63' 

Ja = mass rate of air flowing across a unit area of the soil, 

Da = transmission constant for air flow through a soil (i.e., 

[3.1] 
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the coefficient of air diffusion), 

C = concentration of the air expressed in terms of the mass of air 

per unit volume of the soil, and 

aC/ay = concentration gradient in the y-direction. 

The negative sign in Equation 3.1 indicates that air flows in the direction of decreasing 

concentration gradient. Equation 3.1 can also be written for the x- and z-directions. 

The concentration of air with respect to a unit volume of the soil can be written as 

where 

C = 
Ma

Va 1 (1—S)n 

Ma = mass of air in the soil, 

Va = volume of air in the soil, 

S = degree of saturation, and 

n = porosity of the soil. 

Substituting the density of air, pa, for (Ma/Va) in Equation 3.2 gives 

C = pa (1— S)n 

[3.2] 

[3.3] 

Air density is related to the absolute air pressure in accordance with the ideal gas law. 

Therefore the concentration gradient in Equation 3.1 can be expressed with respect to a 

pressure gradient in the air. The ideal gas law can be expressed as 

co art a 
aP = RT [3.4] 
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where 

pa = density of air (kg/m), 

ua = absolute air pressure (kPa), 

coa= molecular mass of air [i.e., 28.966 kg/lcmol], 

R = universal (molar) gas constant [i.e., 8.31432 J/(mol•K)], and 

T = absolute temperature (°K). 

and Equation 3.1 can be expressed as 

where 

cr dua
J o = —Da 

ela O} 

U. = pore-air pressure, and 

aua/ay = pore-air pressure gradient in the y-direction 

(or similarly for the x- and z-directions). 

[3.5] 

The gauge air pressure is used in the reformulation of Equation 3.1 since only the air 

pressure gradient is of importance for this study. 

A modified form of Fick's law is obtained by defining the coefficient of transmission for 

air flow through soils, Da*, as 

D: = Da
X 

ala

and substituting Equation 3.6 into Equation 3.5 gives 

[3.6] 
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[3.7] 

This modified form of Fick's law has been used by previous researchers (Blight, 1971) to 

describe the flow of air through soils. 

Equation 3.7 can be rewritten on a volume basis assuming the air flow is measured at a 

constant air density. 

Or 

where 

- a ,*dua
pma —= —L./a

a (3) 

1 dua
va =—Dc: prna 03,

13.81 

[3.9] 

pr., = constant air density corresponding to the pressure used in the 

measurement of the mass rate (i.e., at the exit point of flow), and 

avdat = volume rate of the air flow across a unit area of the soil at the exit 

point of flow; designated as flow rate va. 

The pore-air pressure, ua, can also be expressed in terms of the pore-air pressure head, ha,

using a constant air density, pma 

va =—D,:g cla [3.10] 

30 



where 

ha = pore-air pressure head (i.e., ua/prna g), and 

Ohah--)y = pore-air pressure head gradient in the y-direction. 

Equation 3. 10 has the same form as Darcy's equation for the air phase 

v = --k 
dh 

a (3.11] 

where the relationship between the air coefficient of transmission, Da., and the coefficient 
of air permeability, ka, is given by 

ka = D:g [3.12] 

3.1.3 Converting the Coefficient of Air Permeability to the Coefficient of Air 

Diffusion 

The coefficient of air permeability is the value commonly measured in the laboratory. The 

coefficient of air permeability is calculated from air flow volume and air pressure gradient 

measurements using Darcy's equation for the air phase (Equation 3.11). Air flow volume 

measurements are dependent on the temperature and pressure at which the measurement is 

taken because air is a compressible fluid. Therefore, there is often a desire to express the 

coefficient of air permeability as a coefficient of diffusion. The coefficient of diffusion is 

defined on a mass flow basis and is independent of pressure and temperature. 

A laboratory measurement of the coefficient of air permeability can be converted to a 

coefficient of diffusion by converting the measured volume flow rate of air to a mass flow 
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rate and by converting the measured pressure gradient in the air phase to an air 
concentration gradient. The coefficient of diffusion can then be calculated directly using 
Equation 3.1. 

Converting air volume to mass can be accomplished using the following equation 

where 

Ma VaP, [3.13] 

Ma = mass of air (kg), 

Va = volume of air (converted to a standard pressure and temperature), 
and 

pa = density of air (at the standard pressure and temperature). 

Air pressures may be converted to air concentrations using the following equation 

where 

CO 
C— 

U 
a a
RT 

C = concentration of air (kg/m3), 

ua = air pressure (N/m2), 

(pa= molecular mass of air [i.e., 28.966 kg/kmol], 

R = universal gas constant [i.e., 8.31432 J/mol•K], and 

T = temperature (°K). 

[3.14] 
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3.1.4 Relationship Between the Coefficient of Air Permeability and 

the Degree of Saturation 

In an unsaturated soil, the coefficient of air permeability is not a constant, but rather it is a 

function of the degree of saturation of a soil. Other factors may effect the coefficient of 

air permeability of a soil, such as the void ratio, but these factors are considered secondary 

to the degree of saturation. As a result, the coefficient of air permeability, ka, is often 

described as a singular function of the degree of saturation, S (Fredlund, 1993). 

It is common in the literature to express the coefficient of air permeability as a function of 

matric suction (i.e., ka{ua-uv„)) or as a function of the water content of the soil (i.e., 

ka { w/c}) However, the ka { S function is the most fundamental in basis of the 

relationships. Changes in the air permeability of a soil occur due to changes in the 

availability air in the voids of the soil. The availability of air in the soil voids is measured 

directly by the degree of saturation. 

The degree of saturation of a soil is defined as the ratio between the volume of water 

found in the soil to the total volume of void space present in the soil. The degree of 

saturation is expressed as 

where 

v s =  w-v

S = degree of saturation (%), 

V,, = volume of water in the soil [L3], and 

Vv = volume of voids in the soil [L3]. 

[3.15] 
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The degree of saturation is a measure of the composition of the soil pores. That is, it is a 

measure of the percentage of pore space which is filled with water as opposed to air. At a 

degree of saturation of 100%, the pores of the soil are completely filled with water and the 

soil is said to be saturated. At a degree of saturation of 0%, the pores of the soil are 

completely filled with air. Soils in nature generally exist at a degree of saturation 

somewhere between these two extremes. The presence of air in the voids of a soil renders 

it unsaturated. 

The relative permeability of a soil with respect to the water and air phases is dependent on 

the content of the soil pores. The flow of water can only occur through the water filled 

pore space of the soil. Similarly, the flow of air can only occur through the air filled pore 

space of the soil. Therefore, changes to the degree of saturation of a soil will have a 

significant effect on the relative permeability of the soil to air and water. 

The degree of saturation of a soil may be changed in one of two ways; by altering the 

matric suction, (ua-u,), stress state variable, or by altering the net normal stress, (a—ua), 

stress state variable. A change in matric suction can produce a more significant change in 

the degree of saturation than can be produced by a change in net normal stress. Therefore 

the degree of saturation is often described as a function of matric suction (Fredlund, 

1993). 

When a soil first becomes unsaturated due to a change in the matric suction acting on the 

soil, air replaces the water held in the largest pores of the soil. With further increases in 

matric suction, the water in progressively smaller pores of the soil will be replaced by air. 

Gradually, the air/water interface of the soil will retreat into the smaller cavities of the soil. 

This process is depicted in Figure 3.2. 
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Figure 3.2 Development of an unsaturated soil by the withdrawal of the air-water 
interface at different stages of matric suction or degree of saturation (i.e., 

stages 1-5) (from Childs, 1969). 

As the water in the soil is replaced by air (i.e., the degree of saturation is decreased), the 

availability of flow paths for air flow is increased and the coefficient of air permeability 

increases. The air phase of an unsaturated soil generally becomes continuous as the

degree of saturation reduces to approximately 85% or lower (Corey, 1957). It is at this

point that the advective flow of air through the soil commences. At higher degrees of 

saturation, the air phase is occluded and air movement occurs through the process of 

diffusion only. Advective air flow is not to be confused with the diffusion, the former 

being the flow of air through the air phase of a porous media, the latter being the 

movement of air through the water phase due to a concentration gradient. 

The typical shape of the relation between the log of the coefficient of air permeability 

versus degree of saturation function is depicted in Figure 3.3. Note the dramatic decrease 

in the coefficient of air permeability as the degree of saturation is increased to 

approximately 85% and the air phase becomes discontinuous. The change inthe 

coefficient of air permeability is less dramatic at lower values of saturation once a

continuous air phase is established. 
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3.1.5 Semi-Empirical Estimations of Coefficient of Air Permeability versus Degree 

of Saturation Function 

Air permeability measurements can be performed directly at different degrees of saturation 

to obtain the functional relationship ka { S } . The function can also be obtained through 

indirect methods. Semi-empirical equations to obtain the coefficient of air permeability 

versus degree of saturation function have been proposed. These semi-empirical equations 

are based on the pore size distribution and the matric suction versus degree of saturation 

curve. 

The following equation was proposed by Brooks and Corey (1964) to describe the ka { Se} 

function 

where 

ka = 0.0 
for (lea — us.) (11. — uw)b 

ka ka(1— 
Se)2(1—Se(2+" )) for (Na — NH,)> (u„ — )b [3.16] 

= coefficient of air 
permeability at a given effective degree of saturation, 

ka

kd = coefficient of air permeability with respect to the air phase 

for a so" at a degree of saturation of zero, 

(ua-uw) = matric suction, 

= the matric suction at which air 
fir enters the soil pores 

(ua-uv,)b 
(also known 

as the air entry value
st 
, AEV), 

-= pore size distribution index, 

Se = the effective degree of saturation, 

and 
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= S— S' 

1 —Sr

where 

S = degree of saturation, and 

Sr = residual degree of saturation. 

The advective flow of air through a porous medium can be described by either Darcy's 
equation for the air phase or Fick's first law, as previously stated in Section 3.1.2. 

Empirical methods also exist to determine indirectly the relationship between the 

coefficient of diffusion and the degree of saturation. The relationship between the 

coefficient of air diffusion and the degree of saturation has been approximated by several 

researchers. A comparison of the various existing gas diffusivity models performed by 

Collin and Rasmuson (1988) found that the method proposed by Millington and Shearer 

(1971) gave the best prediction of the diffusivity coefficient. 

Millington and Shearer (1971) estimated the effective gas diffusivity for the gas filled pore 

space from: 

where "x" is given by 

Da — (1 — (n(1 — S))2x
Dao 

(n(1 - S))2x + (1 - n(1 - S))x = 

and where 

Da ---- coefficient of air diffusion 

at a given degree of saturation (m2/s), 

Dao = maximum coefficient of air diffusion 

(i.e., when the soil is completely dry) (m2/s), 

S = degree of saturation (%), and 

n = porosity (%). 

[3.17] 
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3.2 Fluid Flow in Fractured Media 

Many soils which exist in nature are fractured. The presence of a fracture network can 
strongly influence the bulk permeability of a soil deposit to air and water. Appropriate 
theories which consider the effect of the fractures on the permeability of the soil are 
required in order to predict the flow of fluids through a fractured media. 

Two important questions must be answered when selecting an appropriate theory to 
describe the flow of fluids through a fractured media. These are: 

(1) Is the fractured media porous or non-porous? 

(2) Can the fractured media be modeled using a continuum approach, 

or is a non-continuum approach required? 

The primary assumption when modeling flow through a fractured, non-porous medium is 

that the flow of the fluid through the bulk soil deposit occurs primarily due to advective 

flow in the fracture network. Advective flow through or diffusion into the matrix of the 

fractured medium is not considered to be a significant mechanism of transport. Modeling 

the flow of a fluid through a fractured, porous medium is more complex, as flow of the 

fluid may occur through the matrix of the soil in addition to the fracture network. 

A continuum or non-continuum approach may be used to model flow through fractured 

media. The continuum approach is the simpler of the two methods and should be used 

whenever possible. The continuum approach involves replacing the fractured media with 

to which hydraulic properties can be assigned. The
an equivalent porous medium (EPM)

fracture spacing must be sufficiently dense so that the fractured media acts in a 

hydraulically similar fashion to a granular porous media in order for the continuum 
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approach to be valid (Freeze and Cherry, 1979). If the fracture density is relatively low 

then a non-continuum approach is warranted. 

The discussion of fluid flow theory for fractured media presented in this section is limited 

to theories which are relevant to a fractured deposit of Regina clay. Regina clay has been 

modeled as a non-porous, fractured medium by previous researchers (Kent et al., 1995). 

The specimens of Regina clay which will be used in this research program are large 

enough to possess a characteristic distribution of fractures and may be modeled using a 

continuum approach. Therefore only fluid flow theories for a fractured, non-porous 

continuum will be discussed here. 

3.2.1 Snow's Formulation for Fluid Flow in a Fractured, Non-Porous Continuum 

Snow (1968) proposed a continuum method to relate the fracture properties of a non-

porous rock to bulk hydraulic conductivity measurements performed in drill holes. The 

method is also applicable to fractured soils which have a negligible matrix permeability 

(i.e., non-porous). Snow related the fracture density, aperture size, and bulk permeability 

for a non-porous fractured media with a parallel array of planar joints with the following 

formulation: 

where 

K = PgIV133
12,u 

N = number of fractures per unit length 

(i e , fracture density) [U'], 

b = fracture aperture [1.], 

K = bulk permeability of the soil mass [LT"'], 

fluid density [MIA, 

[3.18] 
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µ = dynamic viscosity of fluid [FTL-2], and 

g = acceleration due to gravity [LT-2]. 

Equation 3.18 is commonly used in fracture mechanics to calculate a single fracture 

aperture width for a fractured, non-porous deposit given the bulk hydraulic conductivity 

and fracture density of the deposit. The single fracture aperture width calculated by 

Equation 3.18 is the hydraulic equivalent of the variety of fracture apertures which may 

occur in the bulk deposit. The relationship between the fracture density, fracture aperture 

size, and hydraulic conductivity is shown graphically in Figure 3.4. 
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The relationship between the fracture density, aperture width, and hydraulic conductivity 

given in Equation 3.18 can be reformulated for a cubic system of like fractures. The 

resulting formulation, which is commonly known as the cubic law, is as follows: 

pgNb 3
K = 

6,u [3.19] 

The difference between a planar system of like fractures and a cubic system of like 

fractures is depicted in Figure 3.5. 

Figure 3.5 (a) planar set of like fractures [Eq. 3.18], and 

(b) cubic set of like fracture [Eq. 3.19]. 

•X• 

(b) 
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The preceding formulations (i.e., Equations 3.18 and 3.19) were derived with the aid of 
several simplifying assumptions to reduce the complex geometry of the fractured media to 
a simplified mathematical model. These assumptions must be met in order for the use of 
the formulations to be valid. The assumptions are as follows: 

(1) all fluid flow in the bulk soil deposit is along open fractures. The permeability of 
the soil matrix to the permeating fluid is negligible, 

(2) flow in the essentially parallel walled fractures is laminar, and Darcy's law is valid, 

(3) the fractures were saturated with the permeating fluid at the time the permeability 

measurements were taken, 

(4) the soil is rigid and inert to the permeating fluid, 

(5) the permeability can be computed as if the rock/soil were infinite and continuous 

(i.e., a continuum approach is applicable), 

(6) the fracture permeability is isotropic, and 

(7) the number of open fractures obeys a Poisson distribution. 

3.2.2 The Applicability of Snow's Formulation to the Flow of Air Through 

Fractured Regina Clay 

The formulations proposed by Snow (1968) may be used to relate the fracture properties 

of Regina clay to bulk coefficient of air permeability measurements. An in-situ deposit of 

Regina clay is known to possess a cubic system of like fractures (Kent et al., 1995). 
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Therefore the cubic law method may be used to relate the fracture properties of Regina 
clay to the bulk coefficient of air permeability, providing the formulation assumptions of 
the cubic law are met. The following points summarize the assumptions which must be 
made in order for the application of the cubic law to the flow of air through fractured 
Regina clay to be valid: 

(1) The saturated matrix of Regina clay is assumed to be relatively impermeable to air 

flow, 

(2) the air permeability of fractured Regina clay is assumed to be low enough that the 

flow of air through the fracture network is laminar and Darcy's law applies, 

(3) the fractures are assumed to be drained of water and are therefore "saturated" with 

air (i.e., the permeating fluid) at the time of the permeability test, 

(4) the matrix of Regina clay is assumed to be relatively inert to the flow of air, 

(5) The volume of the Regina clay specimen tested is assumed to be large enough to 

contain a representative distribution of fractures so that a continuum approach is 

valid, 

(6) the fracture permeability to air is assumed to be isotropic, and 

(7) the number of open fractures in Regina clay is assumed to obey a Poisson 

distribution. 

It should be noted that the assumption that the soil possesses an isotropic permeability is 

only partially valid. Fractures are present on three orthogonal planes. However, the 

vertical sets of fractures are predominant (Kent et al., 1995). 
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CHAPTER 4 

DEVELOPMENT OF 
THE NEW AIR PEMEABILITY TESTING APPARATUS 



4.0 Introduction 

This chapter presents the design, construction, and operational procedure of a new air 
permeability testing apparatus. The apparatus was originally developed to determine the 
coefficient of air permeability of undisturbed specimens of a highly plastic, fractured clay. 
The apparatus determines the coefficient of air permeability of soil specimens using the 

principles of Darcy's law along with direct, steady state testing methods. The apparatus 

was designed to measure coefficients of air permeability with in a range of approximately 

1* 10-5 to I * VT' cm/s. This range is lower than that of previously developed air 

permeability testing apparatuses (Matyas, 1967; Barden and Pavlakis, 1971; Fuchsberger 

and Semprich, 1995). 

The air permeability testing apparatus consists of three main components: a testing cell, 

digital pressure-volume controllers, and a U-tube manometer. The testing cell is used to 

provide confinement for the soil specimens. The confining pressure is required to simulate 

overburden soil pressures on the specimens and to channel air flow through the specimens 

during permeability tests. The digital pressure-volume controllers are required to create 

an air pressure gradient across the soil specimen and measure the resulting volume rate of 

air flow through the specimen. The U-tube manometer is used to obtain an accurate 

measurement of the differential air pressure across the ends of the soil specimen. A 

schematic diagram of the air permeability testing apparatus is given in Figure 4.1. The 

components of the air permeability testing apparatus are discussed in Section 4.1. 

A testing procedure was developed for the air permeability testing apparatus. This 

procedure is presented in section 4.2. The procedure describes how to properly assemble 

the air permeability testing apparatus and how to conduct an air permeability test with the 

apparatus. Several safeguards are inherent in the testing procedure which ensure the 

equipment and the reliability of air permeability test results.
proper operation of the testing
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Figure 4.1 
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CELL 

OUTFLOW GDS CONTROLLER 

ER 

Schematic diagram of air permeability testing apparatus showing the three 

main components of the apparatus: testing cell, GDS pressure-volume 

controllers, and U-tube manometer. 
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4.1 Components of the Air Permeability Testing Apparatus 

This section describes the three main components of the new air permeability testing 
apparatus; the testing cell, the digital pressure-volume controllers, and the U-tube 
manometer. 

4.1.1 Testing Cell 

The testing cell component of the air permeability testing apparatus is used to provide 

confinement for soil specimens. Confining pressures of 0 to 200 kPa were required to 

simulate approximately 0 to 10 meters of overburden pressures on the soil specimens. In 

addition, the confining pressure is required to channel air flow through the soil specimens 

during air permeability testing. 

A diagram of the testing cell is given in Figure 4.2. Pressurized air from the inflow 

pressure-volume controller enters the base of the cell through the air inflow port. The air 

travels through the base of the cell and enters the interior of the cell. The air travels 

through the interior of the cell to a lucite cap at the top of the soil specimen via a flexible 

rubber tube. A coarse porous stone which is placed at the top of the soil specimen 

distributes the flow of air evenly across the specimen face. Air flows from the top of the 

soil specimen to the bottom where it is collected by a second coarse porous stone. The 

second porous stone channels the air to the air outflow line which originates at the top of 

a lucite pedestal and exits through the air outflow port which, like the air inflow port, is 

located in the cell base. The pressurized air leaves the testing cell and is transported to the 

outflow pressure-volume controller where the outflow volume of air can be recorded. 

The air is prevented from escaping through the sides of the specimen by a flexible rubber 

membrane which surrounds the specimen. The rubber membrane is sealed to the lucite 

cap and edestal using rubber O-rings. A 
confining pressure is applied to the soil 

P 
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specimen through a port at the top of the cell to prevent the pressurized air flowing 
through the specimen from pushing the rubber membrane away from the sides of the 
specimen, thus creating a preferential path for flow. 

The testing cell was constructed from lucite and consists of three sections: a base section, 
a hollow cylindrical center section, and a top section. The three sections of the testing cell 
are discussed in detail below: 

Base Section 

A diagram of the base section is given in Figure 4.3. The base section of the testing cell 

houses three ports: the air inflow port, the air outflow port, and a third port which is used 

to fill the testing cell with confining fluid. The three ports are equipped with Quick-

connect fittings. This allows for easy connection/disconnection of the cell form the other 

components of the air permeability testing apparatus. 

A lucite pedestal is fixed to the center of the base section, directly above the interior 

opening of the air outflow line. The pedestal is required to provide a lip at the base of the 

specimen over which a rubber membrane can be placed and sealed with O-rings. 

Interchangeable lucite pedestals of 2 I/2", 3", or 4" may be used depending on the size of 

the soil specimen to be tested. 

A rubber tube connects the air inflow line to a lucite cap. The lucite cap is required to 

provide a lip at the top of the soil specimen over which a rubber membrane can be placed 

and sealed with O-rings. The rubber tube is attached to the lucite cap and the interior 

opening of the air inflow line through the use of barbed fittings which provide an air tight 

seal with the rubber tubing. 
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The soil specimens are surrounded by a flexible rubber membrane which is not shown in 
any of the diagrams. The rubber membrane is needed to prevent invasion of the confining 
fluid (i.e., water) into the soil specimen. 

The base section contains a circular groove into which the tapered edge of the hollow 
cylindrical section fits. The circular groove contains a rubber O-ring to provide a tight 
seal with the hollow cylindrical section. 

Hollow Cylindrical Section 

The hollow cylindrical section of the testing cell houses the soil specimen, along with 

coarse porous stones, rubber membrane, lucite cap and pedestal, the interior tygone tubing 

portion of the air inflow line, and the cell confining fluid. A diagram of the hollow 

cylindrical section appears in Figure 4.4. 

The hollow cylindrical section is made of lucite and is tapered at both ends to fit into 

circular grooves cut into the base and top sections of the testing cell. The dimensions of 

the hollow cylindrical section were chosen to accommodate soil specimens which were 8" 

in height and 4" in diameter. The majority of soil specimens tested were extracted from 4" 

diameter Shelby tubes or compacted in a 4" diameter proctor mold. However, the height 

of most of the specimens tested was much less than 8". In retrospect, the hollow 

cylindrical section of the testing cell could have been designed with a smaller height. This 

would have modestly reduced material costs and increased the safety of the cell when 

operating under high pressures. 
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Top Section 

The top section is constructed of lucite and houses the port to which the cell confining 
pressure line is connected. A diagram of the top section appears in Figure 4.5. 

The cell confining pressure port employs a Quick-Connect fitting (manufactured by 

Swagelock®) to allow for easy connection/disconnection of the confining pressure supply 

to the cell. The Quick-Connect fitting can be opened to the atmosphere at the conclusion 

of a test to release the cell confining pressure, or during the apparatus assembly to aid in 

filling of the cell with the confining fluid. 

The top section contains a circular groove into which the tapered edge of the hollow 

cylindrical section fits. The circular groove contains a rubber O-ring to provide a tight 

seal with the hollow cylindrical section. 

A pressure release valve was attached to the top section of the test cell as a safety feature. 

The pressure release valve is set to open and release the cell pressure if the pressure in the 

cell exceeds 210 kPa (30 p.s.i.). 

4.1.2 Digital Pressure-Volume Controllers 

The second component of the air permeability testing apparatus is the digital pressure-

volume controllers. The controllers were used to apply an air pressure gradient across the 

ends of the soil specimens and to measure the volume rate of air flow through the 

specimens. The first controller regulates the pressure at the inflow port of the testing cell 

and measures the volume of air inflow to the soil specimen. The second controller 

regulates the pressure at the outflow port of the testing cell and measures the volume of 

air outflow from the soil specimen. 
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The digital pressure-volume controllers used in the apparatus are manufactured by GDS. 

The controllers are designed for the precise measurement of liquid volume and pressure 

changes. However, the controller has been proven to be suitable for the measurement of 

air volume changes (Adams et al., 1994). 

The GDS controller regulates and measures pressure and volume changes through a 

microprocessor-controlled hydraulic actuator. The actuator piston is driven through a 200 

cc steel cylinder which can withstand pressures from -100 kPa to a maximum 2000 kPa. 

The resolution of the GDS controller for pressure and volume measurements is 0.2 kPa 

and I mm3 respectively. 

The controller can be programmed to keep a confined fluid at either a constant volume or 

a constant pressure. The new air permeability apparatus uses the controller to achieve the 

latter. Pressure change is sensed and measured by the controller using a pressure 

transducer. The feedback mechanism activates the stepper motor which repositions the 

piston (i.e., changes the volume of the fluid in the cylinder) in an attempt to restore the 

original pre-specified pressure. A picture of a GDS digital pressure volume controller is 

given in figure 4.6 (a). A diagrammatic layout of a GDS digital pressure-volume 

controller is given in Figure 4.6 (b). 
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Figure 46(a A GDS digital pressure-volume controller.. ) 
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The following is a brief explanation of how the GDS digital pressure-volume controllers 

operate in the context of an air permeability testing experiment: 

Target pressures are specified for the two GDS controllers. The specified target pressure 

for the inflow controller is higher than the specified target pressure for the outflow 

controller. The flow of air occurs from the inflow controller, through the soil specimen, to 

the outflow controller in response to the air pressure gradient created by the controllers. 

As a result of the movement of air molecules from the inflow to the outflow controller, the 

pressure in the inflow controller decreases while the pressure in the outflow controller 

increases. 

The pressure transducer of the inflow controller senses the decrease in pressure and 

activates the stepper motor to move the piston inward (i.e., decreases the volume of fluid 

in the cylinder) in an attempt to maintain the original specified target pressure. Likewise, 
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the outflow controller repositions its piston outward (i.e., increases the volume of the 
cylinder chamber) in order to accommodate the inflow of air while maintaining the original 
specified target pressure. If the air permeability apparatus is operating correctly, the 
change in the volume of the controllers per unit time should be equal, provided the 
volumes of air are converted to a standard pressure and temperature. 

4.1.3 The U-Tube Manometer 

Measurement of the head gradient in the air phase was made with a U-tube manometer. 

The manometer was constructed from a 1/4" section of plastic tubing secured to a board 

marked with 1 cm gradations from a height of 0 to 100 cm. Swagelock fittings were 

fastened to both ends of the plastic tubing. The Swagelock fittings provided an air-tight 

seal with flow lines leading to the manometer. This air-tight seal was essential due to the 

small amounts of air involved in the air permeability tests. The fluid contained in the 

manometer was water with a trace of potassium chromanganate to improve visibility of 

the water through the plastic tubing. With water as the manometer fluid, the manometer is 

capable of reading pressure differential of 0.1 kPa to 10 kPa, ± 0.1 kPa. 

Measurement of the head gradient in the air phase with the new air permeability testing 

apparatus was initially made using the pressure read-outs of the digital pressure-volume 

controllers. However, this method of measurement proved to be inadequate. The 

pressure read-out of the controllers has a gradation of 1 kPa. Most of the air permeability 

tests for the laboratory testing program were conducted at pressure differentials of less 

than 5 kPa, with some of the tests conducted at pressure differentials of less than 1 kPa. 

The pressure read-out of the GDS controllers was therefore inadequate for measuring the 

air pressure differential across the soil specimens. 

The flow lines leading to the U-tube manometer were connected to the inflow and outflow 

lines of the air permeability testing apparatus. Previous researchers suggest that 
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differential pressure lines should not be directly connected to dynamic flow lines due to the 
fact that venturi effects and pressure drops in the connecting tubing could create false 
readings (Eischens and Swanson, 1996). However, because the need for differential 
pressure measurement using a U-tube manometer was discovered after the air permeability 
testing apparatus had been constructed, connecting the U-tube manometer to the inflow 
and outflow lines was the only practical option. It is assumed that due to the low flow 

rates involved in the laboratory testing program, venturi effects and pressure drops in the 

connecting tubing should be minimal. 

4.2 Testing Procedure 

A procedure was developed for conducting air permeability tests on soil specimens with 

the new air permeability testing apparatus. The procedure is presented in this section. 

Section 4.2.1 presents the procedure for assembling the apparatus prior to conducting an 

air permeability test. Section 4.2.2 presents the procedure for conducting an air 

permeability test with the apparatus. 

4.2.1 Assembly Procedure 

This section presents the procedure which was used for assembling the air permeability 

testing apparatus prior to the conduction of an air permeability test for the laboratory 

testing program. The procedure incorporated several checks to ensure the components of 

the apparatus were functioning properly. The assembly procedure is outlined below: 

(1) The lucite pedestal was attached to the base section. The pedestal/base seal was 

inspected for leaks. This was accomplished by submerging the base section in

water and running pressurized air through the outflow line, then plugging the 
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outflow line opening in the lucite pedestal with a finger. If the seal between the 
lucite pedestal and base section was not adequate, then air bubbles would 
emanate from the pedestal/base interface and rise to the water surface. 

(2) Pressurized air was blown through the flow lines of the base section to remove 

any entrapped water. 

(3) The soil specimen was placed on the pedestal with coarse porous stones at the 

top and base. The soil specimen and coarse stones were then wrapped in a 

rubber membrane. The rubber membrane folded over the lucite pedestal and was 

sealed using two rubber O-rings. The lucite cap was placed on the top coarse 

porous stone. The rubber membrane was pulled up around the lucite cap, and 

sealed using two rubber O-rings. 

(4) The interior rubber air inflow tube was attached. One end of the tube was placed 

over the barbed fitting at the interior outlet of the air inflow line of the cell base. 

The other end was placed over the barbed fitting of the lucite cap. 

(5) The three sections of the testing cell (i.e., the base section, hollow cylindrical 

section, and top section) were assembled and fastened together using four long 

stainless steel bolts and large plastic wing nuts (refer to Figure 4.2). Care was 

taken to ensure the O-rings in the circular grooves of the top and base sections 

were free of debris which might prevent a proper seal with the hollow cylindrical 

section. 

(6) The Quick-connect valve in the top section of the cell was opened to atmosphere 

and the cell was filled with distilled water (i.e., the confining fluid) from the base 

of the cell.
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It should be noted that the cell was initially designed to use air as the confining 
fluid. However, it was discovered that when the confining pressure was applied 
to the air in the cell, the pressurized air leaked through the rubber membrane and 
into the inflow and outflow lines of the apparatus. In a matter of a few minutes, 
the pressures recorded by the pressure-volume controllers, situated at both the 
inflow and outflow ports, were the same as the applied confining pressure. The 
leakage of cell confining pressure to the inflow and outflow lines was not a 
problem when water was used as the confining fluid. This can be attributed to 

the fact that water is approximately a thousand times more dense than air, and is 

therefore less likely to pass through the rubber membrane surrounding the soil 

specimen and into the inflow and outflow lines. 

In addition to leakage problems, the use of air as the confining is quite 

dangerous. If the lucite cell were to rupture under a high cell pressure while air 

was being used as the confining fluid in the cell, the result would be a 

catastrophic failure, especially considering the relatively large size of the cell. 

However, if the same lucite cell were to fail under a high cell pressure with water 

as the confining fluid in the cell, the consequences would be far less serious. 

Therefore, for both practical and safety reasons, water was used as the confining 

fluid in the testing cell. 

(7) A confining pressure was applied to the cell via the confining pressure port 

located in the top section of the cell. The confining pressure was controlled by 

an air pressure regulator which regulated pressure from a compressor operated 

by the soils laboratory at the University of Saskatchewan. The cell was visibly 

inspected for confining fluid leakage. 

(8) The piston/cylinder chamber of the digital pressure-volume controller supplying

the inflow air was set to approximately three quarters full. The piston/cylinder 

chamber of the controller accepting the outflow air was set to approximately on 
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quarter full. The controllers were opened to atmosphere, and the pressure of 
both controllers was calibrated to read 0 kPa. 

(9) The inflow and outflow lines from the digital pressure-volume controllers to the 
testing cell were checked for leaks. This was accomplished by specifying target 
pressures on the controllers while keeping the flow lines closed. If the flow lines 
were free of leaks, the pistons of the controllers would move a distance inward 
to create the specified target pressure, then come to a dead stop. If there were 

leaks in lines connecting the pressure-volume controllers with the cell, the 

controllers would continue to move their pistons inward in a futile attempt to 

create the specified pressure. Once the flow lines were checked for leaks, the 

pressure in the lines was released so that both pressure-volume controllers were 

once again recording a pressure of 0 kPa. 

(10) The rubber membrane was checked for leakage. This was accomplished by 

connecting the inflow and outflow lines from the digital pressure-volume 

controllers to the base section of the testing cell. The pressure readouts of the 

controllers were monitored for pressure increases. If there was leakage of the 

cell confining pressure through the rubber membrane into the inflow and outflow 

lines, the pressure-volume controllers would register a pressure increase. If 

there was no leakage through the rubber membrane, the pressure display on both 

controllers would continue to read 0 kPa. 

(11) The differential pressure lines, which branch off from the inflow and outflow 

pressure lines, were connected to the U-tube manometer. The valves connecting 

the U-tube manometer to the inflow and outflow lines were opened. At this 

point there should be no differential pressure detected by the manometer. 

61 



4.2.2 Air Permeability Measurement Procedure 

An air permeability test was conducted on the soil specimen once the testing cell was 

assembled, the inflow and outflow lines and rubber membrane were checked for leaks, 

and all the connections were made. This section presents the procedure which was used 

in the laboratory testing program for conducting air permeability tests with the new air 

permeability testing apparatus. The procedure incorporates checks to ensure the air 

permeability testing apparatus is producing reliable results. The air permeability testing 

procedure is outlined below: 

(1) Target pressures were specified for the digital pressure-volume controllers. The 

specified target pressure for the inflow controller was 1 to 4 kPa higher than the 

specified target pressure for the outflow controller in order to create an air 

pressure gradient across the soil specimen. The target pressures specified for 

the controllers were typically in the range of 5 to 10 kPa gauge. The low air 

pressures used in the permeability testing minimized the effect of air pressure on 

air volume measurements. 

(2) The digital pressure-volume controllers were engaged and the air permeability 

testing apparatus was allowed to achieve steady state conditions. Steady state 

conditions were assumed to have been achieved when the flow rate of air 

exiting the inflow controller was the same as the flow rate of air entering the 

outflow controller, and when the pressure differential, measured by the U-tube 

manometer, was constant. The air permeability testing apparatus required 

approximately five minutes to achieve steady state conditions for most tests. 

Once steady-state conditions had been achieved, the pressure differential 

measured by the U-tube manometer was recorded, and air flow measurements 

could commence. 
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(3) The volumes of air contained in the digital pressure-volume controllers were 
recorded every 60 seconds. The difference in air volumes between successive 

readings divided by the time between successive readings produced the air flow 

rate. The volume reading of the inflow controller would decrease as its piston 

extruded air from the cylinder chamber and into the soil specimen in an attempt 

to attain its pre-specified target pressure. The volume reading of the outflow 

controller would increase as its piston cylinder attempted to accommodate air 

flow from the soil specimen (via the inflow controller) while at the same time 

restore its original specified target pressure. Measurements of the air inflow 

and outflow volume rates were typically taken for approximately 10 minutes 

once steady state conditions had been achieved. The air flow rate, differential 

pressure, and cross-sectional area of the specimen were used to calculate the 

coefficient of air permeability of the soil specimen. Sample calculations are 

given in Appendix F. 

(4) The inflow and outflow lines to the testing cell and the U-tube manometer were 

disconnected from the controllers and the controllers were reset to their original 

positions (i.e., the inflow and outflow controllers were set so their 

piston/cylinder chambers were approximately three-quarters full and one quarter 

full respectively). 

(5) New target pressures were selected for the inflow and outflow controllers. The 

new outflow target pressure was typically selected to be the same as the old 

outflow target pressure. However, the new inflow target pressure selected was 

1 to 2 kPa higher than the previous inflow target pressure. Therefore the air 

pressure differential created for the impending air permeability test was slightly 

greater than the differential used in the previous test. 

It should be noted that when the pressure of the air in the inflow and outflow 

lines of the testing cell is increased, the effective confining stress on the soil 
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specimen is reduced. The confining pressure on the soil specimen must be 
increased to accommodate the increase in the inflow pressure if the same 
effective confining stress is to be maintained on the soil specimen. However, 

the increases in the inflow pressure were generally small enough that the 

decreases in the effective confining pressure were insignificant. 

(6) Steps (2) through (4) were repeated with the new target pressures (i.e., new air 

pressure differential). Steps (2) through (4) were repeated between three and 

five times for each soil specimen, each time with a different air pressure 

gradient, to obtain a plot of the air flow volume rate, Qa, versus the head 

gradient in the air phase, ia . If the air permeability testing apparatus is 

functioning properly, the plot of the air flow versus head gradient plot (i.e., Qa

vs. Ia) should be a straight line. The air permeability, k.., is the slope of this line. 

(7) Once the plot of air flow versus head gradient in the air phase was obtained for 

a soil specimen, the inflow and outflow lines and U-tube manometer were 

disconnected from the testing cell, and the cell confining fluid was drained. The 

testing cell was disassembled and the soil specimen was removed from the 

rubber membrane. The soil specimen was visually inspected for damage which 

may have influenced the air permeability testing results (i.e., large surficial 

cracks, wet areas were the rubber membrane may have leaked). The volume, 

mass, and water content of the soil specimen were determined so that the 

volume-mass properties such as the wet and dry density and degree of 

saturation could be calculated. 
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4.3 Range of the Air Permeability Testing Apparatus 

The new air permeability testing apparatus was designed to measure coefficients of air 

permeability with in a range of approximately 1*10-5 to 1*10-9 cm/s. The calculation of 

these upper and lower limits of measurement for the air permeability testing apparatus are 

presented in this section. 

4.3.1 Upper Limit of Measurement 

The upper limit of measurement for the new air permeability testing apparatus is 

approximately 1*10-5 cm/s. The upper limit is calculated as follows: 

The maximum volume flow rate of air, Q., which the digital pressure-volume controllers 

are capable of measuring is 13 ml/min (0.217 cm3/s). 

The minimum differential pressure head, dh, which the U-tube manometer is capable of 

measuring is approximately 3 cm of water (0.294 kPa). This converts to approximately 

2300 cm of air. 

The height of the soil specimens used in the testing, dl, was approximately 10 cm. 

The head gradient in the air phase, Ia, is obtained by dividing the pressure head gradient, 

dh, by the height of specimen, dl. 

dh 2300cm 
230 

dl 10cm 

The minimum soil specimen area, A, which the apparatus is capable of holding is 

approximately 30.7 cm2. 
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Darcy's equation written for the air phase (Equation 3.11) can be expressed as 

2,= ka 

Rearranging the terms of Equation 4.1 to solve for ka gives 

k a .1,7,4 

[4.1] 

[4.2] 

Substituting the maximum value possible for the term in the numerator (i.e., Qa) and 
substituting the minimum values possible for the terms in the denominator (i.e., Ia and A) 
gives the maximum possible coefficient of air permeability which can be measured with the 
air permeability testing apparatus. 

0.217 cm3 Is 
k = 

(230)(30.7cm2) 

ka = 3.07* 10-5 cm/s 

4.3.2 Lower Limit of Measurement 

The lower limit of measurement for the new air permeability testing apparatus is 

approximately 1*10-9 cm/s. The lower limit is calculated as follows: 

The minimum volume flow rate of air, Qa, which the digital pressure-volume controllers 

are capable of measuring is approximately 1*10-3 cm3/s. 
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The maximum differential pressure head, dh, which the U-tube manometer is capable of 

measuring is 100 cm of water (9.81 kPa). This converts to approximately 76,900 cm of 

air. 

The height of the soil specimens used in the testing, dl, was approximately 10 cm. 

The head gradient in the air phase, Ia, is obtained by dividing the pressure head gradient, 

dh, by the height of specimen, dl. 

, dh 76900cm
ja . — . 

dl 10cm 
= 7690 

The maximum soil specimen area, A, which the apparatus is capable of holding is 

approximately 80.9 cm2. 

Substituting the above values into Equation 4.2 gives the lower limit of measurement for 

the new air permeability testing apparatus. 

1 *10-3CM3 Is 

ka _ (7690)(80.9cm2 ) 

ka = 1.61*10-9 cm/s 
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4.4 Reliability of the Apparatus 

The new air permeability testing apparatus is expected to provide an accurate measure of 

the coefficient of air permeability of undisturbed soil specimens. Several safeguards are 

inherent in both the apparatus design and testing procedure which increase confidence in 

the results obtained with the apparatus. 

The apparatus design includes the duplication of all measurements required to obtain the 

coefficient of air permeability. Both the inflow and outflow volumes of air are recorded 

by the digital pressure-volume controllers and can be compared to ensure they are 

approximately equal. This is not a common feature with most air permeability testing 

apparatuses which measure either the inflow or outflow volume of air, but never both. In 

addition, the value of the air pressure head gradient measured with the U-tube manometer 

can be cross-checked with the pressure read-outs of the digital pressure-volume 

controllers to ensure reasonable agreement. 

The testing procedure involves several precautions to increase the reliability of test results. 

The assembly procedure contains several checks to ensure the proper functioning of the 

components of the apparatus. The air permeability measurement procedure involves 

determining the coefficient of air permeability of each soil specimen several times at 

various air pressure gradients. The results of the tests conducted on individual soil 

specimens can be compared to ensure the coefficients of air permeability obtained are 

approximately equal. 

Although there are several safeguards inherent in the apparatus design and testing 

procedure, it was deemed necessary that the performance of the apparatus be verified with 

a laboratory testing program. This laboratory testing program is presented in Chapter 5. 
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CHAPTER 5 

VERIFICATION OF 

THE AIR PERMEABILITY 
TESTING APPARATUS 



5.1 Introduction 

This chapter presents the results of a laboratory testing program which was undertaken to 
verify the performance of the new air permeability testing apparatus. More specifically, 
the objectives of the verification laboratory testing program were: 

(1) to determine if the air permeability testing apparatus could measure the inverse 

relationship which is known to exist between the coefficient of air permeability 

and degree of saturation of a soil, 

(2) to determine if the air permeability testing apparatus was capable of measuring the 

wide range of coefficients of air permeability which it was designed to measure 

(i.e., from 1*10-5 to 1*10-9 cm/s), and 

(3) to evaluate and refine the testing procedure for the air permeability testing 

apparatus which was outlined in Section 4.2. 

Eight compacted specimens of Floral till were prepared in a standard proctor mold using a 

standard proctor compactive effort. Each specimen was compacted at a different molding 

water content ranging from 5% dry of optimum to 4% wet of optimum. The specimens 

were extruded from the proctor mold and transferred to the new air permeability 

apparatus for testing. 

Results from the verification laboratory testing program show an increase in the coefficient 

of air permeability as the degree of saturation of the compacted Floral till specimens is 

reduced. The results indicate that the new air permeability apparatus is capable of 

measuring a wide range of coefficients of air permeability. The coefficients of air 

permeability measured in the verification laboratory testing program range from a high of 

8 7*liy6 cm/s to a low of 2.6*10-8 cm/s, nearly three orders of magnitude. In addition, the 
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laboratory testing program has confirmed that the testing procedure outlined in Section 
4.2 provides an efficient methodology for determining accurately the coefficient of air 
permeability of soil specimens with the new air permeability testing apparatus. 

5.2 Specimen Preparation 

Compacted specimens of Floral till were used for the laboratory testing program. Floral 

till was selected for the testing program for the following reasons: 

(1) Floral till is a sandy till, which possesses a relatively stable structure. In addition, 

the air permeability of some of the drier compacted floral till specimens should be 

high enough to test the upper measuring limits of the air permeability testing 

apparatus, 

(2) Floral till contains sufficient fines so that the compacted specimens will not 

crumble after extrusion from the proctor mold, 

(3) Floral till has been frequently used in laboratory testing programs at the University 

of Saskatchewan, therefore information on its properties, such as the optimum 

molding water content, are readily available, and 

(4) a supply of crushed, air-dried Floral till was readily available in the soils laboratory 

at the University of Saskatchewan. 

Prior to the laboratory tests outlined in this Chapter, all preliminary testing with the new 

air permeability apparatus had been performed on fractured specimens of Regina clay. 

ghly plastic, swelling soil which possesses a secondary structure. The Regina clay is a hi 

contribution of the secondary structure to the overall behavior of the soil is not clear. It 

was believed that in order to properly assess the 
performance of the new air permeability 
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testing apparatus, the apparatus should first be used to test a soil with a simple structure, 
such as compacted Floral till, before it is used to test a soil with a complex structure, such 
as fractured Regina clay. 

The Floral till was air dried, crushed with a mortar and pedestal, and screened to remove 

large diameter particles. Compaction took place in a standard four inch proctor mold 

using a standard proctor compactive effort. Each specimen of Floral till was compacted at 

a different molding water content. Molding water contents of 8.7%, 10.1%, 10.7%, 

11.9%, 12.1%, 13.5%, 15.0%, and 17.5% were used. A plot of the dry density versus 

molding water content (i.e., a proctor curve) for the Floral till specimens is given in Figure 

5.1. Examination of Figure 5.1 indicates an optimum molding water content of 14.0% for 

the Floral till specimens when using a standard compactive effort. 

The compacted specimens of Floral till were extruded from the proctor mold. The 

molding water content of all specimens was high enough so that the specimens remained 

intact following extrusion. The extruded specimens of compacted Floral till had a 

diameter of 10. 15 cm and a height of 11.54 cm, the dimensions of the proctor mold. The 

specimens were transferred to the air permeability testing apparatus for air permeability 

testing. 
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5.3 Air Permeability Testing Results 

Air permeability testing was conducted on the specimens of compacted Floral till with the 
new air permeability testing apparatus using the testing procedure outlined in Section 4.2. 
Air permeability testing for all of the eight Floral till specimens took place at a confining 

pressure of 40 kPa. This confining pressure simulated approximately 2 meters of 

overburden soil pressure on the soil specimens. 

A summary of the air permeability testing results for the compacted specimens of Floral till 

is given in Table 5.1. Table 5.1 reports the molding water content, wet density, dry 

density, void ratio, degree of saturation, effective degree of saturation, measured

coefficient of air permeability, lc, calculated coefficient of diffusion, Da, and calculated 

coefficient of transmission, D:, for each of the eight specimens. The coefficients of air 

permeability, diffusion, and transmission reported for each specimen in Table 5.1 are the 

average of several trials performed at different air pressure gradients on the same 

specimen. A more detailed account of the laboratory testing data, revealing the results of 

the individual testing trials, appears in Table 5.2. Air inflow and outflow versus time data 

for each trial is presented in Appendix D. Sample calculations for the coefficient of air 

permeability, coefficient of diffusion, and coefficient of transmission are given in 

Appendix F. 

The duration of each air permeability testing trial was approximately 10 minutes. The 

development of steady-state air flow conditions was relatively quick. Steady state 

conditions were typically established within the first minute of testing. Air flow

measurements were taken manually once a minute; therefore, the air flow versus time data 

given in Appendix D generally does not show the gradual development of steady-state 

conditions. However, the air flow versus time data given in Appendix D does show that 

steady conditions existed during testing. 
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TABLE 5.1: Summary of air permeability testing on compacted specimens 
of Floral till with the new air permeability testing apparatus 

\
Specimen Wet Density wIc Dry Density Void I S I Se* I k a I D a D a* 

No. (g/cc) (%) (g/cc) Ratio I (%) I (%) I (cm/s) (m2/s) 
1 2.18 15.0% 1.89 0.42 95% 94% 2.60E-08 2.25E-06 
2 2.08 12.1% 1.86 0.46 72% 67% 1.06E-06 9.11E-05 
3 2.16 13.5% 1.90 0.42 87% 85% 3.93E-08 3.40E-06 
4 1.99 10.1% 1.80 0.50 55% 47% 6.98E-06 6.03E-04 
5 2.03 10.7% 1.83 0.48 61% 54% 5.22E-06 4.50E-04 
6 1.92 8.7% 1.76 0.53 44% 34% 8.70E-06 7.51E-04 
7 2.09 17.5% 1.78 0.52 92% 91% <1.00E-09 n/a 
8 2.12 11.9% 1.90 0.42 76% 72% 4.44E-07 3.83E-05 

(s) 
2.65E-11 
1.08E-09 
4.01E-11 
7.12E-09 
5.32E-09 
8.87E-09 

n/a 
4.52E-10 

* effective degree of saturation based on a residual degree of saturation of Sr =15% 
Other Note: specific gravity of solids assumed to be 2.7. 



Table 5.2: Verification Air Permeability Testing Program Laboratory Results 

Specimen I Trial I Q in I P in I P baro I P s I dP I I air I Q adjust I L I A I k a k a D a 
(cm31s) (kPa) (kPa) (kPa) (kPa) (cm/cm) (cm3/s) (cm) (cm2) (darcy's) (cm/s) (m2/s) 

1 1 4.40E-03 7 101.3 101.3 2.89 1966 4.71E-03 11.54 80.87 2.57E-02 2.96E-08 2.56E-061
1 2 6.25E-03 9 101.3 101.3 4.66 3166 6.81E-03 11.54 80.87 2.31E-02 2.66E-08 2.29E-06 
1 3 6.17E-03 10 101.3 101.3 5.64 3833 6.78E-03 11.54 80.87 1.90E-02 2.19E-08 1.89E-06 
2 1 5.59E-02 7 101.3 101.3 1.03 700 5.98E-02 11.54 80.87 9.18E-01 1.06E-06 9.11E-05 
2 2 1.35E-01 9 101.3 101.3 2.50 1700 1.47E-01 11.54 80.87 9.31E-01 1.07E-06 9.24E-05 
2 3 1.73E-01 10 101.3 101.3 3.34 2266 1.90E-01 11.54 80.87 9.03E-01 1.04E-06 8.97E-05 

D a* 
(s) 

3.02E-11 
2.71E-11 
2.23E-11 

LA

1.08E-09 
1.09E-09 
1.06E-09 

3 1 5.20E-03 7 101.3 101.3 2.65 1800 5.56E-03 11.54 80.87 3.32E-02 3.82E-08 3.3E-06 
3 2 7.65E-03 9 101.3 101.3 3.73 2533 8.33E-03 11.4 80.87 3.54E-02 4.07E-08 3.51E-06 
3 3 8.55E-03 10 101.3 101.3 4.37 2966 9.39E-03 11.54 80.87 3.40E-02 3.92E-08 3.38E-06 

3.89E-11 
4.14E-11 
3.99E-11 

4 1 1.09E-01 7 101.3 101.3 0.29 200 1.16E-01 11.54 80.87 6.25E+00 7.18E-06 6.20E-04 
4 2 2.02E-01 9 101.3 101.3 0.59 400 2.20E-01 11.54 80.87 5.90E+00 6.79E-06 5.86E-04 
4 3 2.14E-01 8 101.3 101.3 0.59 400 2.31E-01 11.54 80.87 6.21E+00 7.14E-06 6.16E-04 
4 4 1.39E-01 6 101.3 101.3 0.39 267 1.47E-01 11.54 80.87 5.94E+00 6.83E-06 5.89E-04 

7.32E-09 
6.92E-09 
7.28E-09 
6.96E-09 

5 1 6.78E-02 7 101.3 101.3 0.29 200 7.25E-02 11.54 80.87 3.90E+00 4.48E-06 3.87E-04 
5 2 2.01E-01 9 101.3 101.3 0.74 500 2.19E-01 11.54 80.87 4.71E+00 5.42E-06 4.68E-04 
5 3 2.13E-01 8 101.3 101.3 0.78 533 2.30E-01 11.54 80.87 4.64E+00 5.34E-06 4.61E-04 
5 4 8.60E-02 6 101.3 101.3 0.29 200 9.11E-02 11.54 80.87 4.90E+00 5.63E-06 4.86E-04 

4.57E-09 
5.52E-09 
5.44E-09 
5.74E-09 

6 1 1.45E-01 6 101.3 1013 0.29 200 1.54E-01 11.54 80.87 8.28E+00 .52E-06 8.22E-04 
6 1 2 2.01E-01 I 6 1 101.3 1 101. 3 0.49 I 333 2.13E-01 I 11.54 I 80.87 6.86E+00I 9 7.89E-06 6.81E-04 
7 I 1 10.00E+00I 10 I 101.3 I 101.3 I 5.84 I 3966 10.00E+00I 11.54 I 80.87 10.00E+00I <1.00E-09 n/a 
8 1 5.43E-02 9 101.3 101.3 2.40 1633 5.92E-02 11.54 80.87 3.89E-01 4.48E-07 3.87E-05 
8 2 7.44E-02 10 101.3 101.3 3.38 2300 8.18E-02 11.54 80.87 3.82E-01 4.4E-07 3.8E-05 
8 I 3 1.15E-01 I 12 I 101.3 101.3 I 5.30 I 3600 I 1.29E-01 I 11.54 I 80.87 3.85E-01 4.43E-07 3.82E-05 

9.70E-09 
8.04E-09 

n/a 
4.57E-10 
4.48E-10 
4.52E-10 

Legend 

Q in : volume rate of air inflow 
P in : pressure of inflow air 

P baro : barometric pressure in the laboratory at the time of the air permeability test 
P s : standardized pressure at which the digital pressure-volume controller was calibrated 
dP : pressure differential across the ends of the soil specimen 

I air : head gradient in the air phase 
Q adjust : volume rate of air inflow adjusted to the standardized air pressure, P s 

L : length of the soil specimen 
A : cross sectional area of the soil specimen 

k a : coefficient of air permeability of the soil specimen 
D a : coefficient of air diffusion of the soil specimen 

D a* : coefficient of air transmission (i.e., ka/g) 



5.4 Analysis of Results 

An examination of the data presented in Table 5.1 indicates that the coefficient of air 
permeability, ka, of the compacted Floral till specimens may be dependent on both the 
degree of saturation, S, and the void ratio, e, of the specimens. A three-dimensional plot 
was prepared to determine the relative influence of both variables (i.e., S and e) on the 
coefficient of air permeability of the compacted Floral till specimens. This plot is given in 
Figure 5.2. 

An analysis of Figure 5.2 indicates that the coefficient of air permeability of the Floral till 

specimens is primarily a function of the degree of saturation. The influence of the void 

ratio is secondary. This conclusion was made from the following observations: 

(1) the largest change in the coefficient of air permeability of the compacted Floral 

till specimens occurred as the degree of saturation moved from 76% to 87%. 

The void ratio was constant over this range, and therefore was not a factor in 

the change of the coefficient of air permeability, 

(2) the largest change in the void ratio of the compacted specimens occurred over 

a range where the coefficient of air permeability was relatively constant. The 

coefficient of air permeability changed by less than an order of magnitude as 

the void ratio of the soil specimens decreased from 0.53 to 0.46, and 

(3) the specimen with lowest coefficient of air permeability (i.e., specimen #7) 

was nearly completely saturated (i.e., a degree of saturation of 92%). The 

same specimen had one of the highest void ratios of all the specimens tested 

(i.e., a void ratio of 0.52). 
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Figure 5.2 Three dimensional plot showing the relationship between the log of the coefficient of air permeability, ka, the degree 
of saturation, S, and void ratio, e, for compacted specimens of Floral till. 



A plot of the relationship between the coefficient of air permeability and the degree of 
saturation for compacted Floral till specimens is given in Figure 5.3. There is a dramatic 
change in the coefficient of air permeability at a degree of saturation of approximately 
65%. Specimens of compacted Floral till which have a degree of saturation of less than 
65% are believed to possess a continuous air phase, while specimens at a degree of 

saturation above 65% are believed to possess a discontinuous air phase. There is little 

difference in the coefficient of air permeability of compacted Floral till specimens which 

possess a degree of saturation between 0 and 65%. This can be attributed to the fact that 

once a continuous air phase has been established, further increases in the coefficient of air 

permeability with decreases in the degree of saturation are marginal . There appears to be 

an anomaly in the data between Specimens #1 and #7. Specimen #7 has a degree of 

saturation of 92%, yet has a coefficient of air permeability which is lower than Specimen 

#1, which has a degree of saturation of 95%. However, this anomaly can be attributed to 

inaccuracies in the submerged volume technique used to obtain the degree of saturation of 

the compacted Floral till specimens. 

5.5 Comparison of Measured Results to Theoretical Predictions 

The measured relationship between the coefficient of air permeability and the degree of 

saturation for compacted specimens of Floral till can be compared to a semi-empirical 

prediction of the coefficient of air permeability versus effective degree of saturation 

function for unsaturated soils proposed by Brooks and Corey (1964). The semi-empirical 

prediction proposed by Brooks and Corey was presented in Section 3.1.5 (i.e., Equation 

3.16). 

Equation 3.16 was proposed by Brooks and Corey (1964) to 
describe the ka(Se) function

of a single soil specimen with a constant void ratio. The measured relationship between 

the coefficient of air permeability and the effective degree of saturation for compacted

specimens of Floral till was obtained using multiple soil 
specimens, each with a different
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Figure 5.3 Log coefficient of air permeability versus degree of saturation for compacted Floral till specimens. 



void ratio. However, it is believed there is still merit in comparing the measured Floral till 
data to the Brooks and Corey (1964) prediction. 

( 

The Brooks and Corey (1964) prediction of the ka(Se) function is plotted in Figure 5.4 

1 
comparison The semi-empirical prediction proposed by Brooks and Corey (1964) 

generally approximates the measured laboratory data. 

along with the measured data points from the verification laboratory testing program for 

The effective degree of saturation for the Floral till specimens was calculated assuming a 

residual degree of saturation, Sr, for Floral till of 15%. The pore size distribution index, A., 

for Floral till was assumed to be 3. The maximum coefficient of air permeability for Floral 

till, or the coefficient of air permeability when the soil is at a degree of saturation of 0%, 

kd, was taken to be 3 *10-5 cm/s. This value was extrapolated from the coefficient of air 

permeability versus degree of saturation plot given in Figure 5.3. The results of a trial and 

error study with the parameters of the Brooks and Corey function revealed that the 

relationship between the coefficient of air permeability versus effective degree of 

saturation relationship is insensitive to changes in the residual degree of saturation and 

pore size distribution index, but very sensitive to changes in the maximum coefficient of 

air permeability. 

Millington and Shearer (1971) proposed a relationship between the coefficient of diffusion 

and the degree of saturation for unsaturated soils. This relationship was given in Section 

3.1.5 (i.e., Equation 3.17). A plot comparing the Millington and Shearer theoretical 

prediction and the diffusion coefficients for compacted specimens of Floral till appears in 

Figure 5.5. The maximum coefficient of diffusion, or the coefficient of diffusion when the 

soil is at a degree of saturation of 0%, Dao, was taken to be 2.3 *10-3 m2/s. This value was 

extrapolated from the coefficient of diffusion versus degree of saturation data. 
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An examination of Figure 5.5 reveals that the Millington and Shearer function does not 
compare well with the measured data. However, when the second term of the Millington 
and Shearer function is discarded (i.e., the (n(1-S))' term), leaving only the first term 
which describes the coefficient of diffusion of an unsaturated soil as a function of the 
degree of saturation and the maximum coefficient of diffusion (i.e., Da = Da.(1-S)2), the 
result shows a fairly close fit with the measured data. 

5.6 Summary 

The objectives of the verification laboratory testing program have been met. The results 

obtained with the new air permeability testing apparatus clearly show an inverse 

relationship between the coefficient of air permeability and the degree of saturation of 

compacted specimens of Floral till. In addition, the measured relationship between the 

coefficient of air permeability and the relative degree of saturation for the compacted 

Floral till specimens obtained with the air permeability testing apparatus is in close 

agreement with a widely accepted theoretical relationship between the two variables 

proposed by Brooks and Corey (1964). 

The results of the verification laboratory testing program indicate that the new air 

permeability testing apparatus is capable of accurately measuring a wide range of air 

permeability coefficients. The air permeability testing apparatus successfully measured 

coefficients of air permeability ranging from a high of 8.7*10.6 cm/s to a low of 2.64,10-8 

cm/s- nearly three orders of magnitude. 

The air permeability testing apparatus and corresponding testing procedure which were

outlined in Chapter 4 have proven to be an adequate means for measuring the coefficient 

of air permeability of soil specimens. The new air permeability testing apparatus can 

therefore be used to measure the coefficient of air permeability of undisturbed specimens 

of fractured Regina clay, which is the focus of Chapter 6. 
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CHAPTER 6 

MEASUREMENT OF THE 
COEFFICIENT OF AIR PERMEABILITY 

OF FRACTURED REGINA CLAY 



6.1 Introduction 

This chapter presents the results of an air permeability testing program conducted on 
undisturbed specimens of Regina clay. The objectives of the testing were: 

(1) to obtain a reliable estimate of the bulk coefficient of air permeability of an in-
situ Regina clay deposit, 

(2) to assess the influence of the secondary structure (i.e., fracture network) of 
Regina clay on the bulk coefficient of air permeability of the soil, and 

(3) to use the coefficient of air permeability data to evaluate the possibility of 
remediating a contaminated deposit of Regina clay with in-situ soil 
remediation technologies. 

Four specimens of undisturbed Regina clay were tested using the air permeability testing 

aPParatus and testing procedure outlined in Chapter 4. The specimens originated from 

various sampling depths of an in-situ deposit of Regina clay. Each specimen was tested 

under an appropriate confining pressure to simulate the overburden soil pressure which 

existed on that specimen prior to sampling. 

The results of the air permeability testing program revealed that the coefficient of air 

permeability of an in-situ Regina clay deposit is relatively low- in the order of 1*10-7 cm/s 

near the surface and decreasing with depth. The relatively low coefficients of air 

permeability measured for the undisturbed specimens of Regina clay indicate that 

remediation of a contaminated deposit of Regina clay with in-situ techniques that require 

an ample supply of air flow would be limited. 

A further analysis of the air permeability testing results revealed that the bulk coefficient of 

air permeability of an in-situ Regina clay deposit is controlled by the secondary structure 
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(i.e., fracture network) of the soil. The soil matrix of Regina clay is for the most part 
saturated throughout the entire depth of the deposit and therefore impermeable to air flow. 
The bulk coefficient of air permeability of fractured Regina clay specimens originating 

near the surface of the deposit is significantly greater than that of soil specimens of similar 

density and degree of saturation. This can be attributed to the presence of a fracture 

network. The effect of fracturing on the bulk coefficient of air permeability of Regina clay 

diminishes with depth due to increased fracture spacing and confining pressure. 

6.2 Specimen Preparation 

The soil specimens used in the laboratory testing program were formed from continuous, 

undisturbed, four inch Shelby tube core samples of Regina clay which were donated by 

Clifton & Associates. The samples were obtained during a site investigation conducted at 

a service station located in Regina, Saskatchewan. An inventory of the samples, including 

the depth and test hole from which each sample was taken, is given in Table 6.1. 

Table 6.1 Inventory of Regina clay samples donated by Clifton and Associates 

(January, 1996) 

Sample 

Number 

Test Hole 

Number 

Depth 

from: 

Depth 

to: 

1 115 2.9 m 3.7 m 

2 116 4.3 m 5.0 m 

3 117 1.5 m 2.2 m 

4 117 2.9 m 3.6 m 

5 117 4.5 m 5.2 m 
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S. 
The soil samples were extruded from the Shelby tubes, then sealed with a plastic wrap, 
masking tape, and wax coating. The extruded samples were four-inches in diameter and 
approximately eighteen inches in length. The samples were stored in an environmental 
chamber until needed to changes in water content. 

A total of four specimens were formed from the test hole samples by cutting an 

appropriate length of specimen from the continuous sample. The four specimens 

originated from sampling depths of 1.7 m, 2.0 m, 3.2 m, and 5.2 m respectively. All of the 

soil specimens used in the air permeability testing program were formed from samples 

taken from the same test hole (i.e., test hole #117) to avoid the influence of localized 

anomalies in the soil deposit. 

The ends of each soil specimen were trimmed so that the specimens could stand on their 

own in the air permeability testing apparatus and be fitted with coarse porous stones. 

There was no need to trim the specimens in the longitudinal direction. The finished 

cylindrical Regina clay specimens were four inches in diameter and approximately three to 

six inches in length. The specimens were considered to be "undisturbed" as the original 

soil structure of the deposit, including the fracture network, was believed to be intact. 

6.3 Air Permeability Testing Results 

Air permeability testing of the Regina clay specimens was conducted using the air 

permeability testing apparatus and testing procedure outlined in Chapter 4. 

A confining pressure was applied to each specimen during testing to simulate the in situ 

stress state which existed on the soil (i.e., prior to sampling). The magnitude of the 

applied confining pressure was equal to the calculated total overburden soil pressure 

acting on the soil in-situ, assuming a bulk density for Regina clay of 2.0 Mg/m3
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It was assumed that the pore-water pressures which were present in the in situ soil were 

still present in the undisturbed soil specimens. Therefore, the use of a confining pressure 

equal to the total in situ overburden soil pressure was appropriate for approximating the 

in-situ stress state of the soil. This approach is commonly referred to in geotechnical 

engineering as a "total stress analysis." A total stress analysis was necessary as the air 

permeability testing apparatus which was developed for the research does not offer 

independent control of pore water pressures. 

Results of the Regina clay air permeability testing program are given in Table 6.2. Table 

6.2 reports the depth of origin, total applied confining pressure, in-situ water content, 

degree of saturation, measured coefficient of air permeability, ka, calculated coefficient of 

diffusion, Da, and calculated coefficient of transmission, Da*, for each of the four 

specimens. The coefficients of air permeability, diffusion, and transmission reported for 

each specimen in Table 6.2 are the average of several trials performed at different air 

pressure gradients on the same specimen. A more detailed account of the laboratory 

testing data, revealing the results of the individual testing trials, appears in Table 6.3. Air 

inflow and outflow versus time data for each trial is presented in Appendix E. Sample 

calculations for Regina clay specimen originating from a depth of 3.2 m appear in 

Appendix F. 
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TABLE 6.2 
Summary of air permeability testing on undisturbed specimens of Regina clay 

Specimen Depth of 
Number Origin (m) 

o3 
(kPa) 

Water 
Content 

Degree of 
Saturation 

k a 
(cm/s) 

D a 
(m2/s) 

D a*
(s) 

1 1.7 34 30.0% 96.8% 2.69E-07 2.32E-05 2.74E-10 
2 2.0 40 30.0% 96.3% 9.69E-08 8.37E-06 9.88E-11 
3 3.2 65 32.2% 95.2% 1.84E-07 1.58E-05 1.88E-10 
4 5.2 100 29.4% 93.8% <1.00E-09 n/a n/a 



Table 6.3 Regina Clay Air Permeability Testing Program Laboratory Results 

Specimen I Trial Q in I P in I P baro I P s I dP I I air I Q adjust I L I A I k a I k a 
(cm31s) l (kPa) l (kPa) l (kPa) (kPa) l (cm/cm) l (cm3/s) l (cm) (cm2) (darcy's) (cm/s) 

1 1 7.68E-03 5 101.3 101.3 0.64 394 
1 2 1.27E-02 8 101.3 101.3 1.17 724 
1 3 2.33E-02 10 101.3 101.3 2.13 1315 
1 4 3.25E-02 12 101.3 101.3 3.19 1969 
2 1 7.59E-03 
2 2 1.18E-02 
2 3 2.32E-02 
2 4 3.58E-02 
3 1 1.41E-02 
3 l 2 l 6.30E-02 

8.06E-03 12.7 71.90 2.48E-01 2.85E-07 
1.37E-02 12.7 71.90 2.29E-01 2.63E-07 
2.56E-02 12.7 71,90 2.35E-01 2.71E-07 
3.63E-02 12.7 71.90 2.23E-01 2.57E-07 

Da 
(m2/s) 

2.46E-05 
2.27E-05 
2.34E-05 
2.22E-05 

D a* 
(s) 

2.9E-10 
2.68E-10 
2.76E-10 
2.62E-10 

5 101.3 101.3 1.13 1179 
6 101.3 101.3 1.62 1692 
8 101.3 101.3 3.58 3744 
10 101.3 101.3 5.44 5692 

4 1 1.67E-05 
4 2 1 1.17E-04 

Legend 

5 101.3 101.3 
8 1 101.3 i 101.3 
5 101.3 101.3 
8 101.3 101.3 

7.96E-03 7.5 71.60 8.20E-02 9.43E-08 
1.25E-02 7.5 71.60 8.98E-02 1.03E-07 
2.51E-02 7.5 71.60 8.13E-02 9.35E-08 
3.94E-02 7.5 71.60 8.39E-02 9.66E-08 

8.14E-06 
8.92E-06 
8.07E-06 
8.33E-06 

9.61E-11 
1.05E-10 
9.53E-11 
9.84E-11 

0.88 1173 1.47E-02 5.9 71.60 1.53E-01 1 75E-07 
I 3.73 4954 16.80E-02 I 5.9 I 71.60 1.67E-01 1.92E-07 

1.51E-05 
1.65E-05 

1.79E-10 
1.95E-10 

2.70 2549 1.75E-05 8.3 73.37 n/a <1.00E-09 
I 6.13 I 5792 1.26E-04 8.3 I 73.37 I n/a <1.00E-09 

n/a 
n/a 

n/a 
n/a 

otz 
Q in :volume rate of air inflow 
P in pressure of inflow air 

P baro :barometric pressure in the laboratory at the time of the air permeability test 
P s : standardized pressure at which the digital pressure-volume controller was calibrated 
dP pressure differential across the ends of the soil specimen 
I air head gradient in the air phase 

Q adjust : volume rate of air inflow adjusted to the standardized air pressure, P s 
L : length of the soil specimen 
A cross sectional area of the soil specimen 

k a : coefficient of air permeability of the soil specimen 
a : coefficient of air diffusion of the soil specimen 

D a* : coefficient of air transmission (i.e., ka/g) 



6.4 Analysis of Results 

The following observations can immediately be made from an examination of the testing 
results presented in Table 6.2: 

(1) the soil matrix of Regina clay is for the most part saturated throughout the 
entire depth of the deposit, and 

(2) the bulk coefficient of air permeability of Regina clay is relatively low and 
generally decreases with increasing depth in the deposit. 

The high degree of saturation (i.e., S equal to approximately 100%) measured for all four 

Regina clay specimens tested was expected. The air entry value of Regina clay is 

relatively high; in the order of 1500 kPa (Fredlund, 1964). The clay matrix of the in-situ 

soil deposit is able to remain saturated under high values of matric suction as a result. It is 

quite possible that the air entry value of the Regina clay matrix has never been exceeded at 

the depths in the in-situ deposit from which the soil specimens originated. 

The saturated nature of the Regina clay matrix is largely responsible for the low coefficient 

of air permeability of the bulk soil deposit. The saturated clay matrix is impermeable to 

the advective flow of air. The movement of air through the saturated clay matrix is 

therefore limited to the diffusion of air through the pore water of the soil. However, 

advective air flow may still occur through the bulk soil deposit due to the presence of an 

unsaturated fracture network. The bulk coefficient of air permeability of Regina clay is 

therefore controlled by the characteristics of the fracture network. 

The effect of fracturing on the bulk coefficient of air permeability of Regina clay is 

illustrated in Figure 6.1. Figure 6.1 compares the coefficients of air permeability for 
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undisturbed Regina clay specimens reported in this chapter with the coefficients of air 
permeability for compacted Floral till specimens reported in the previous chapter. The 
measured coefficients of air permeability for the undisturbed Regina clay specimens are 
generally higher than those measured for specimens of Floral till at a similar degree of 
saturation. Convention would state that the coefficient of air permeability of Regina clay 

should be lower than the coefficient of air permeability of compacted Floral till for 

specimens of a similar degree of saturation; the two soils are of similar density while 

Regina clay has a higher percentage of fines. However, the presence of a secondary 

structure significantly increases the bulk coefficient of air permeability of Regina clay from 

that of its saturated clay matrix. 

The specimen which originated from a depth of 5.2m, the greatest depth sampled, is the 

exception to the previous observation. The measured coefficient of air permeability of this 

specimen is comparable to that measured for compacted specimens of Floral till at a 

similar degree of saturation. This suggests that the influence of the secondary structure on 

the bulk coefficient of air permeability of a Regina clay deposit diminishes with increasing 

depth. This can be attributed to the fact that the fracture density of Regina clay decreases 

with increasing depth in the in-situ deposit (Kent et al., 1995). As the fracture density 

decreases, the number of conduits available for air flow is decreased, and the bulk 

coefficient of air permeability of the soil deposit is reduced. The diminished effect of the 

fractures with increasing depth can also be attributed to the higher confining pressures 

which are found at depth in the in-situ deposit. The higher confining pressures close the 

fractures, thereby reducing the area available for air flow. 

The results of this air permeability testing program have important implications from an in_ 

situ soil remediation perspective. The presence of a secondary structure was shown to 

significantly increase the bulk coefficient of air permeability of Regina clay from that of 

soil specimens of similar density and degree of saturation. However, the coefficient of air 

permeability of Regina clay is still relatively low even when the influence of the fractures is 

considered. In addition, the influence of the fracture network appears to be limited to the
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upper two or three meters of the deposit. Attempts to remediate a contaminated deposit 
of Regina clay with in-situ treatment techniques which require an ample supply of air flow 
would be limited. 

The relatively low bulk coefficient of air permeability measured for Regina clay may come 
as a surprise given the fact that the presence of a fracture network has been shown to 

increase the hydraulic conductivity of Regina clay by three to four orders of magnitude 

(Kent et al., 1995). However, the flow of air and the flow of water are two separate 

processes. An increase in the coefficient of water permeability of a soil does not 

necessarily translate into an increase in the coefficient of air permeability or vise versa; in 

fact the opposite is often true. This is particularly evident when considering a fracture at 

great depth in an in-situ deposit of Regina clay. The high confining pressure which exists 

at great depth would compress any existing fractures. These smaller fractures would have 

a greater tendency to be saturated. The presence of the compressed, saturated fractures 

would increase the bulk coefficient of water permeability of the soil. However, the same 

fractures would not have a significant effect on the bulk coefficient of air permeability of 

the soil because of their saturated nature. 

6.5 Comparison of Measured Results to Theoretical Predictions 

The measured coefficients of air permeability for the Regina clay specimens can be 

compared to theoretically predicted values calculated with the cubic law method (Snow, 

1968). The cubic law method has been used by previous researchers to relate the fracture 

properties of Regina clay to bulk hydraulic conductivity measurements performed on the 

in-situ soil (Kent et al., 1995). The cubic law can be used to calculate the coefficient of air 

Permeability of Regina clay from estimates of fracture spacing and aperture given the 

assumptions. These assumptions were outlined in Section
validity of several simplifYing 

3.2.2. Estimates for the fracture spacing and aperture at various depths in the Regina clay 
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deposit were taken from Kent et al. (1995). A summary of these fracture properties was 
given in Section 2.2. 

The theoretical coefficients of air permeability of the Regina clay specimens calculated 

using the cubic law method appear in Table 6.4 along with the measured coefficients of air 

permeability for comparison. The results given in Table 6.4 are plotted in Figure 6.2. The 

density of air was assumed to be 1.3 kg/m3. The dynamic viscosity of air was assumed to 

be I.81*10-5 Ns/m2. These values correspond to the density and dynamic viscosity of air 

at a temperature of 20°C and standard atmospheric pressure. Sample calculations for the 

specimen originating from a depth of 3.2 meters are included in Appendix F. 

An examination of Figure 6.2 reveals that the measured coefficients of air permeability for 

the Regina clay specimens are in reasonable agreement with those calculated from the 

cubic law method. The measured coefficients of air permeability for three of the four 

specimens tested are with in a factor of four of the theoretically predicted value calculated 

with the cubic law method. The reasonable agreement between the measured coefficients 

of air permeability and those predicted by the cubic law method reinforces the belief that 

the fracture characteristics of Regina clay control the bulk coefficient of air permeability of 

the soil. 

The exception once again is the undisturbed Regina clay specimen originating from a 

depth of 5.2 m. The measured coefficient of air permeability for this specimen was more 

than two orders of magnitude less than that predicted by the cubic law method. This 

result reinforces the belief that the presence of the fracture network does not significantly 

influence the coefficient of air permeability of Regina clay beyond the first two to three 

meters of the deposit. 
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TABLE 6.4: Comparison of laboratory measured air permeability 
coefficients with calculated values obtained from 
the cubic law method 

Specimen Depth of Fracture Fracture Calcuated Measured 
Density * Aperture* k air** Number Origin k air 

(# m 1/m cm/s (cm/s 

2 
3 
4 

1.7 
2 

3.2 
5.2 

300 
300 
230 
90 

6.70E-06 
3.90E-06 
3.90E-06 
7.80E-06 

1.06E-06 
2.09E-07 
1.6E-07 

5.02E-07 

2.69E-07 
9.69E-08 
1.84E-07 

<1.00E-09 

* as estimated by Kent et al. (1995) 

" calculated using the cubic law method proposed by Snow (1968) 
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6.6 Summary 

The bulk coefficient of air permeability of Regina clay is approximately 1*10-7 cm/s near 
the surface of the deposit and decreases rapidly with depth. The relatively low bulk 

coefficient of air permeability of Regina clay can be attributed to the fact that the clay 

matrix is for the most part saturated throughout the entire depth of the in-situ deposit. 

The saturated clay matrix is impermeable to the advective flow of air. Therefore, the bulk 

coefficient of air permeability is controlled by the characteristics of the fracture network. 

The presence of a secondary structure significantly increases the bulk coefficient of air 

permeability from that of an unfractured soil of similar density and degree of saturation. 

The influence of the secondary structure is more significant near the surface of the deposit. 

The influence of the fracture network decreases with increasing depth due to a decrease in 

the fracture density and an increase in the confining pressure. 

The results of the air permeability testing of undisturbed Regina clay specimens have 

important implications from an in-situ soil remediation perspective. The bulk coefficient 

of air permeability of Regina clay is relatively low at all depths tested despite the influence 

of the secondary structure. Attempts to remediate a contaminated deposit of Regina clay 

with in-situ treatment techniques which require an ample supply of air flow would be 

limited. 
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CHAPTER 7 

CONCLUSIONS AND 
FUTURE RESEARCH 



7.1 Conclusions 

Based on the results obtained in the preceding chapters, the following conclusions may be 
derived: 

(1) The new air permeability testing apparatus and corresponding testing 
procedure outlined in Chapter 4 have proven to be an effective means for 
measuring the coefficient of air permeability of soil specimens which possess a 
relatively low coefficient of air permeability. The verification laboratory 

testing program outlined in Chapter 5 confirmed the performance of the 

apparatus within a range of 8.7*10-6 to 2.6*10-8 cm/s; nearly three orders of 

magnitude. These values are the upper and lower most values measured for 

the coefficient of air permeability of compacted Floral till. 

(2) The coefficient of air permeability of compacted specimens of Floral till is 

highly dependent on the degree of saturation of the soil. Other variables, such 

as the void ratio, may influence the coefficient of air permeability of Floral till 

to some extent. However, the coefficient of air permeability of compacted 

Floral till is effectively a singular function of the degree of saturation. 

(3) The coefficient of air permeability for a specimen of Floral till compacted at 

the optimum water content for a standard proctor compactive effort was 

measured to be approximately 3.9*10-8 cm/s. The coefficient of air 

permeability decreases moderately as the molding water content is increased 

from the optimum molding water content. The coefficient of air permeability 

increases rapidly as the molding water content is reduced from the optimum 

molding water content. However, after a certain point, further reductions in 

the molding water content produce only marginal increases in the coefficient 

of air permeability of the Floral till specimens. 
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(4) The coefficient of air permeability of an in-situ deposit of Regina clay is 
relatively low. The bulk coefficient of air permeability of Regina clay is 
approximately 1 *1 0-7 cm/s near the surface of the deposit and decreases 
rapidly with depth. 

(5) The bulk coefficient of air permeability of Regina clay is controlled by the 
characteristics of the unsaturated fracture network. The soil matrix of an in-
situ Regina clay deposit is for the most part saturated throughout its entire 

depth and is therefore impermeable to the advective flow of air. Therefore, 

the advective flow of air can only occur through the unsaturated fracture 

network. This conclusion is supported by the agreement between the 

measured coefficients of air permeability for Regina clay and those calculated 

using the cubic law method. 

(6) The fractured nature of Regina clay significantly increases the bulk coefficient 

of air permeability of the soil from that of its saturated clay matrix. The 

measured coefficients of air permeability for specimens of undisturbed (i.e., 

fractured) Regina clay were significantly greater than the measured 

coefficients of air permeability for specimens of compacted Floral till at a 

similar degree of saturation. Convention would state that the coefficient of air 

permeability of Regina clay should be lower than the coefficient of air 

permeability of Floral till at a given degree of saturation because the former 

possesses a higher percentage of fines yet has a similar density to the latter. 

However, the influence of the secondary structure significantly increases the 

bulk coefficient of air permeability of Regina clay from that of an unfractured 

soil with a similar density and at a similar degree of saturation. 

(7) The influence of the secondary structure of Regina clay on the bulk coefficient 

of air permeability of the soil decreases with depth in the in-situ deposit. This 

can be attributed to the decrease in fracture density and increase in confining 
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pressure which occur with increasing depth in the deposit. The declining 
influence of the fractures with depth is responsible for the decrease in the 
coefficient of air permeability with depth. 

(8) The relatively low coefficient of air permeability of Regina clay means that 
Regina clay does not lend itself to in-situ remediation strategies. The 
possibility of success for in-situ remediation strategies which require a 
significant air flow are minimal. 

7.2 Future Research 

This section outlines research which is required to make the conclusions of the study more 

complete. 

(1) The verification laboratory testing program presented in Chapter 5 confirmed 

the effectiveness of the new air permeability testing apparatus for measuring 

the coefficient of air permeability of a sandy till (i.e., Floral till). However, the 

performance of the new air permeability testing apparatus should be evaluated 

using more than one type of soil to provide a more complete verification of its 

performance. Further verification of the new air permeability testing 

apparatus could be accomplished through a future laboratory testing program 

performed with specimens of a silty soil. 

presented in Chapter 6 provided a
(2) The laboratory testing program 

measurement of the bulk coefficient of air permeability of Regina clay and 

offered insights into the influence of the unsaturated fracture network 

la

worbkoorantorythe 

bulk coefficient of air 
permeability of the soil. However, the 

testing of Regina clay was not extensive as it was not intended to be the 
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primary focus of the study (i.e., only four specimens of undisturbed Regina 

clay were tested). A more extensive laboratory testing program must be 

conducted on Regina clay in order to draw more definite conclusions 

regarding the coefficient of air permeability of the soil and the influence of the 

unsaturated fracture network. 
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A-1.0 Introduction 

Ill.,
JIl 

Large areas of the Northern Interior Basin (Canada and the Northern United States) are 
covered by clay-rich glacial deposits. These deposits are often fractured as a result of 

environmental, chemical, and physical processes. Researchers have found that fractures 
may exist to great depths in clay-rich glacial deposits and that their presence can have a 

dramatic effect on the overall bulk hydraulic properties of the soil. 

The presence of a fracture network can have great implications from a geoenvironmental 

engineering standpoint. The high flow velocities found in fractures indicates the potential 

for rapid lateral movement of contaminates. The relatively low fracture porosity reported 

by researchers for fractured clays suggests that large volumes of a fractured clay-rich soil 

could be contaminated by a small volume of contaminant. The prediction of contaminant 

transport through a fractured porous media is highly complex, and economical strategies 

for the remediation of contaminated fractured clay soils are not currently available. 

A-2.0 Causes of Fracturing in Clay-Rich Glacial Deposits 

A variety of mechanisms have been proposed as possible causes of fractures in clay-rich 

glacial deposits (Grisak et al. 1976). These include: 

(1) desiccation due to drying near the ground surface, 

(2) freeze-thaw cycling, 

(3) shearing in response to overriding glacial ice, 

(4) stress relief due to removal of glacial ice, 

(5) crustal rebound and regional tectonic stresses, and 

(6) volume changes due to geochemical processes. 
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It is possible to identify the principal mechanism of fracturing for a given soil deposit 
based on the lithology, distribution, and orientation of the fractures. For example, 

postdepositional processes such as desiccation, freeze-thaw cycling, and geochemical 

weathering cause stress changes near ground surface and the resulting fractures tend to 

propagate downwards (i.e., fracture density is greatest at the ground surface and 

decreases with depth), whereas fractures created by overriding glacial ice typically have 

two sets of conjugate fractures which are orientated to the direction of the ice movement. 

However, although it may be possible to identify the principal mechanism which 

contributed to the formation of fractures based on lithology and orientation, it is more 

likely that fractures in a given clay-rich glacial deposit were created by a combination of 

more than one of the above six mechanisms. 

A-3.0 Effect of Fracturing on Bulk Hydraulic Properties of a Clay-Rich Glacial 

Deposit 

The presence of fractures can strongly influence the bulk hydraulic properties of a clay-

rich glacial deposit. The hydraulic conductivity of the matrix of a clay-rich glacial soil is 

quite low: typically in the range of 10.1° to 1042 m/s (Grisak et al., 1976). However, the 

presence of a secondary structure, such as a fracture network, can significantly raise the 

bulk hydraulic conductivity of the clay-rich soil from that of its matrix. 

Grisak and Cherry (1975) found that the fractures cause the bulk hydraulic conductivity 

of a saturated weathered till to be one to three orders of magnitude greater than that of the 

same till in an unfractured state. McKay (1993) found that the hydraulic conductivity of 

the visibly weathered, fractured zone of a clay deposit in southern Ontario was up to three 

orders of magnitude greater than the mean value for the unfractured clay matrix measured 

from oedometer tests. In a study conducted on clay-rich tills in southern Saskatchewan, 

Keller et al. (1986) discovered that the bulk vertical and horizontal hydraulic conductivity 
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of the till was two orders of magnitude greater than the hydraulic conductivity of the 
unfractured till matrix. 

• 

A-4.0 Extent of Fracturing in Clay-Rich Glacial Deposits 

It is well recognized that the weathered zone of clayey soil deposits is often fractured. 

However, recent research has provided evidence that the extent of fracturing in clay-rich 

glacial deposits may be well beyond the weathered zone. Deposits which are unweathered 
and show no evidence of fracturing from conventional borehole logs have been found to 

be fractured to depths well below the weathered zone. Several examples of this can be 

found in the literature: 

A detailed study conducted by Herzog and Morse (1986) on a deposit of clay-rich till at a 

site near Wilsonville, IL revealed the presence of hydraulically active fractures in the 

weathered zone. The till was reported to be weathered to a depth of 5 to 6 meters, 

followed by unweathered, seemingly unfractured till for 6 meters. Laboratory tests 

conducted on intact, unweathered samples of till determined the hydraulic conductivity of 

the till to be (3-5) * le cm/s. However, field slug tests conducted in the unweathered 

zone determined the hydraulic conductivity of the till to be 1.3 * cm/s. The lower 

hydraulic conductivity values measured in the laboratory were believed to be 

representative of the clay matrix. The higher hydraulic conductivity values measured in 

the field were believed could be attributed to the influence of the fractures on the bulk 

hydraulic conductivity of the clay-rich glacial deposit. Additional field slug tests 

conducted in the unweathered zone in boreholes placed at an angle of 45 degrees recorded 

an average hydraulic conductivity of 1.7 * cm/s. It was believed that the angled 

boreholes produced higher hydraulic conductivity measurements than the vertical 

boreholes because they intercepted more of the hydraulically active fractures which were 

predominately vertical. 
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An analysis of clayey tills near Saskatoon, Sask conducted by Keller et al. (1986) also 
indicated the presence of hydraulically active fractures in the unweathered zone. Distinct 
weathering features and fractures could be observed in the deposit to depths of 5 to 10 
meters below the surface. A zone of unweathered till, which showed no evidence of 

fracturing from conventional boreholes, underlay the weathered till. The researchers used 

several investigative techniques to determine if the clayey till in the unweathered zone was 

fractured. The techniques included test drilling, piezometer-response testing and 

monitoring, consolidation tests on core samples, a pumping test, tritium and sulfate 

mapping, and monitoring the water level of a small pond. The unweathered clay-rich 

glacial till was found to have hydraulic properties attributable to a permeable fracture 

network. The bulk vertical and horizontal hydraulic conductivity of the till was found to 

be approximately 5*10-9 m/s. This was two orders of magnitude greater than the 

hydraulic conductivity of the till matrix. 

Investigations by Ruland (1988) and D'Astous et al. (1989) found evidence to suggest 

that clayey tills in southern Ontario may be fractured to depths in excess of that evident 

from conventional boreholes and to depths below where there is no discernible evidence of 

weathering in conventional borehole samples. 

The discovery of hydraulically active fractures well below the extent of weathering in clay-

rich glacial deposits has important implications from a geoenvironmental perspective. 

Many aquifers in the Northern Interior Plains Region of North America are comprised of 

sand and gravel deposits overlain by aquitards of clayey glacial till. It was believed until 

recently that the unweathered, seemingly unfractured zone of the clay-rich glacial deposit 

could protect the aquifers from contamination from surface spills, shallow waste disposal 

sites and agricultural use. However, if the extent of fracturing in the clay-rich glacial 

deposits includes portions of the deeper unweathered zone or perhaps the entire clay 

deposit then this is clearly not the case. 
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Considering the consequences, it cannot be assumed that clay-rich glacial deposits are 
unfractured simply because no visible signs of weathering exist. The presence or absence 
of hydraulically continuous fracture networks in the unweathered zones of clay-rich glacial 
deposits should instead be determined on the basis direct hydraulic evidence, such as 

falling head piezometer tests, seasonal or pumping induced variations in hydraulic head 
(i.e., draw down tests), or measured profiles of geochemical indicators of recent recharge 

such as tritium (Keller et al. 1986). It would be wise, albeit conservative, to assume that 

fractures are present until it can be proven otherwise. 

A-5.0 Determination of Fracture Properties 

Fractures and fracture networks are evaluated and compared using several fracture 

properties. These include: aperture, spacing, porosity, orientation, distribution, and bulk 

hydraulic conductivity. Definitions of these fracture properties, along with methods for 

obtaining them are outlined in the following sections. 

A-5.1 A erture 

Aperture is the term used to describe the size of the fracture opening. Aperture values can 

not be measured directly in the field or in the laboratory. This is because of their 

sensitivity to disturbance caused by sampling and because of their small size (usually 

measured in micrometers (um) for clay-rich glacial deposits). Values of fracture aperture 

are usually indirectly determined using the cubic law for fracture flow (Snow, 1969). The 

cubic law for fracture flow, which will be discussed in chapter 3, uses values of bulk 

hydraulic conductivity and fracture spacing to calculate a value for fracture aperture. 

Spacing

Fracture spacing is the term used to describe the distance between adjacent fractures in the 

soil deposit. Fracture spacing is the inverse of fracture frequency. In clay-rich glacial 

deposits, the fracture spacing is usually smaller near the surface of the deposit and 
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increases with depth (i.e., fractures become fewer and farther between). This is due to the 
fact the weathering processes such as desiccation and freeze/thaw cycling are predominant 
near the surface. 

Fracture spacing can sometimes be determined from excavations or core samples. 

However, problems may arise in discerning which fractures were present before sampling 
and excavation, and which fractures were caused by stress relief due to the removal of 

overburden soils. One possible method to help identify legitimate fractures from fractures 

created by stress relief is the presence of oxidation staining or root casts with in the 

fractures. However, not all fractures, especially fractures found at great depth, will 

possess these distinguishing features. 

Determining fracture spacing at depth is best accomplished through the use of hydraulic 

conductivity tests performed in situ with piezometers. The procedure involved is as 

follows: A number of piezometers are installed at depth with an equal length of screened 

section. The length of screened section should be close to the expected spacing between 

adjacent fractures. Hydraulic conductivity tests are performed on all piezometers. 

Piezometers whose screened lengths intersect a hydraulically active fracture will record 

hydraulic conductivity readings one to three orders of magnitude higher than piezometers 

whose screened lengths fail to intersect such fractures. The fraction of negative tests 

(tests with low hydraulic conductivity indicating that no fractures were intercepted), along

with the length of the screened section can be used to statistically determine the fracture 

spacing using a Poission distribution. If the orientation of the fractures is predominately 

vertical, as is the case in most clay-rich glacial deposits, then using piezometers which are 

angled at 45 degrees will help to intersect fractures. 

-A-Sz:iLj)orosity 

Fracture porosity is the term used to describe the ratio between the volume of the 

fractures and the total volume of the 
soil. Fracture porosity is a dimensionless number,

and is characteristically small for clay-rich glacial deposits: typically 
in the order of l0'3.
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The small values of fracture porosity found in surficial clay-rich glacial deposits has 
serious geoenvironmental implications. Because the fracture porosities of fractured clay-
rich glacial deposits are so small, and contaminant spills often remain primarily within the 
fracture network, a small spill of contaminants at the surface has the potential to affect 
large volumes of a fractured clay-rich soil. 

A-5.4 Orientation 

The term fracture orientation refers to the primary direction(s) at which the fractures are 

found. Fracture orientation can vary depending on the source of the fracturing. For 

example, fractures caused by desiccation in clay-rich glacial deposits have an orientation 

which is predominantly vertical. Fracture orientation can usually be determined by 

examining fractures in core samples and in open pit excavations. However, when using 

this method it is not always clear which fractures were present before the sampling or 

excavation and which ones were caused by stress relief. Results from hydraulic 

conductivity tests performed in piezometers can often be used to infer information 

regarding fracture orientation. 

A-5.5 Distribution 

The term fracture distribution is used to describe the frequency with which various 

fracture apertures appear in a soil deposit. McKay et al. (1993) observed that fracture 

apertures, determined from the cubic law, followed a log normal distribution. 
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A-6.0 Modeling Contaminant Flow Through Fractured Porous Media 

Transport of dissolved contaminants in a fractured clay (or porous rock) is controlled by: 

(1) Advection through the fractures 

(2) Diffusion into the less mobile water of the matrix 

(3) Retardation processes such as sorption, precipitation and 

biodegradation in both the fractures and the matrix. 

When considering contaminant transport through fractured porous media, it is essential to 
couple advective flow through the fractures with diffusive transport of the contaminant 
into the matrix adjacent to the fractures. Several numerical models have been developed 
which can predict flow through fractured porous media based on this premise. Some of 
these numerical models are quite elaborate, and can account for complex situations such 
as a change in fracture aperture along the fracture length, and surface roughness. 

However, the limitation of most numerical models for fracture flow is not the lack of a 

good mathematical model, but rather the lack of accurate data to describe the fractures. 

Researchers have found that the hydraulic fracture aperture and porosity estimated for 

several clay rich sites across North America all fall in the same range (McKay, 1993).

There also appears to be similarities in fracture distributions and orientations. This has 

positive implications from a numerical modeling standpoint. If fracture properties, such as 

anerture, spacing, porosity, and orientation, are similar from one clay-rich glacial deposit 

to the next, then data from a major fracture study conducted at one site may be applicable 

for numerical modeling at similar sites. 
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CAUSES OF FRACTURING 
IN REGINA CLAY 



Appendix B : Causes of Fracturing in Regina Clay 

Regina clay is fractured as a result of severe desiccation from prolonged periods of drying. 
Other environmental and chemical mechanisms, such as freeze-thaw cycling and 
geochemical related volume change, may have contributed in the development of the 
fracture network. However, there is evidence to support the theory that desiccation is the 
Primary cause of fracturing in Regina clay. 

Desiccation is suspected as the primary cause of fracturing in Regina clay for several 
reasons. The presence of a stiff overconsolidated crust overlying softer deposits indicates 
that desiccation, with subsequent shrinkage and fracturing has occurred. Secondly, the 
deposit of Regina clay is located in a semi arid region with an annual precipitation of 410 

nun, and the hydrological balance at Regina, Saskatchewan indicates a net evaporative 

flux. Thirdly, the fractures in Regina clay are predominantly vertical (Kent et al. 1995), 

which is the common orientation for fractures created by desiccation. 

Fractures created by desiccation processes are predominately vertical due to the

mechanism of fracture formation involved (McKay and Fredericia, 1995). The initially

lowering of the water table results in the lowering of compressive stresses within the 

vadose zone. The first fractures to form are vertical because the preexisting compressive 

stresses are at a minimum in the horizontal direction. The fractures then propagate 

downwards from ground surface until arrested by increasing confining stress at depth. As

desiccation continues, new vertical fractures form and subdivide the initial columns formed 

by the initial fracture sets. Eventually horizontal and other randomly distributed fractures 

are created by vertical shrinkage in the vadose zone. 

It seems reasonable to attribute the fractures found in the vadose of a Regina clay deposit 

to desiccation. However, fractures in Regina clay exist at great depth- well below the 
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depth of the present day water table. The argument may arise that physical processes, 

such as glacial shearing and/or stress relief, must be responsible for the fractures below the 

water table. Nevertheless, it is most likely that desiccation is the primary cause for 

fracturing at depths below the present day water table for the following reasons: 

(1) Regina clay was deposited by a glacial lake during the most recent glacial 

retreat, and has never been overridden by glaciers from subsequent glaciations. 

Therefore fracturing could not have been caused by glacial shearing and/or 

stress relief. 

(2) It is probable that the water table elevation was lower at some point in 

geological time than the present day water table elevation. Research from 

other North American sites supports the theory of large fluctuations in the 

water table elevation over geological time. Soderman 
and Kim (1970) 

suggested that an altitherrnal period, which occurred approximately 6000 years 

ago, resulted in lower water levels at a clay
-rich site in southern Ontario. Their 

aphic evidence of lower lake levels. In 
theory was supported with stratigr 

addition, it is also likely that changing vegetation patterns could have 

influenced the groundwater levels. The existence of natural prairie vegetation 

at Regina, 
Saskatchewan,

 for 
example, would have most likely resulted in a 

much lower water table elevation then that which currently exists. 

(3) It has been shown that 
fractures created by desiccation are not necessary 

In fact, 
arrested by the water table. 

fractures created by desiccation can extend 

epth of the water table. Mass et al. 
(1990) developed a linear 

elastic fracture formation model to simulate formation of 
vertical fractures in a 

water table. McKay and Fredericia (1995) 

clay due to a rapid decline of the 
model on a clay 

rich till site in southern Ontario. They used

used the numerical 

strength parameters for corrunon clay 
tills and a water table decline from the 

th. 
The model predicted that widely spaced vertical

surface to 3 m dep
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fractures could propagate to depths of up to 15 m, or 12 m below the depth of 

the water table. Subsequent fractures would penetrate to lesser depths because 

of the stress relieved by the previous fractures. The simulations clearly indicate 

that desiccation fractures can propagate significant distances below the water 

table. 
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C-I.0 Introduction 

In situ soil remediation technology refers to the treatment of contaminated soils without 
the need for excavation. In situ soil treatment may be necessary when existing surface 

structures prevent excavation, when an off-site disposal area for the contaminated soil is 
not available, or when the volume of contaminated soil is so large that excavation would 

not be economically feasible. 

The success of any given remediation strategy is dependent on both the nature of the 

contaminant and on the nature of the contaminated soil. If the contaminant and the soil do 

not lend themselves to the in situ remediation strategy, then the strategy will fail. 

In general, in situ remediation technologies are commonly used in homogeneous, sandy or 

silty soil deposits. These type of soil deposits lend themselves to remediation through in 

situ treatment technologies because of their high permeability with respect to water in the 

saturated zone and high permeability with respect to air in the unsaturated zone. 

In contrast, in situ remediation technologies are typically ineffective in highly plastic clay-

rich soils due to the relatively low permeability of these soils to air and water. However, 

the presence of a secondary structure in these otherwise relatively impermeable soils may 

Warrant new consideration for the application of an in situ remediation technology. 

C-2.0 Popular In-Situ Remediation Technologies 

This section briefly outlines three popular methods din situ remediation: the soil vapor 

extraction technique, bioremediation, and soil flushing. Each method is evaluated as a 

Possible remediation strategy to be used for in situ treatment of a contaminated deposit of 

fractured Regina clay. 
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C-2.1 Soil Vapor Extraction Technique 

The soil vapor extraction (SVE) technique refers to the removal of volatile organic 

compounds from subsurface soils by mechanically drawing or venting air through the soil 

matrix. The SVE technique is the most commonly used in situ remediation technology 

because of the relatively low cost involved in implementation. However, the SVE 

technique is only effective when the contaminant involved is volatile, and when the 

contaminated soils have a relatively high air permeability. A schematic diagram of a SVE 

system is given in Figure C.1. 
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Figure C.1: Schematic 
diagram of a soil vapor extraction system (after Chambers, 

1991). 
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The basic components of a SVE system include injection wells, extraction wells, vacuum 
pumps, a treatment unit to control air emissions, and monitoring systems. The basic 
concept of the SVE technique is to volatize the contaminant and remove it from the soil in 
its vapor phase. This is accomplished by injecting clean air into the contaminated soil via 
injection wells where it mixes with the vapor phase of the contaminant. The contaminated 
air is then removed from the soil through extraction wells with the aid of a high vacuum 
pump. As the gas phase of the volatile contaminant is removed from the soil via the SVE 
system, more of the liquid organic will volatize (enter the gas phase) to re-establish the 

equilibrium between the liquid and gas phases of the contaminant. This allows for further 

removal of contaminant from the soil in the vapor phase. The contaminated air which is 

extracted from the system is either dispersed, destroyed, or treated and released. 

The SVE technique has historically only been effective in unsaturated sands, gravels, and 

coarse silts because of the relatively high air permeability of these soils. It is generally 

accepted that clayey soils, such as Regina clay, lack the air permeability for effective vapor 

extraction. However, the fractured nature of Regina clay warrants giving the SVE 

technique a second look as a remediation strategy. Many contaminants in a fractured clay 

system do not invade the clay matrix due to interfacial energy, and remain primarily with 

in the fracture system. If the air permeability of the bulk fractured clay deposit is relatively 

high, then perhaps the SVE technique would be a feasible remediation strategy. 

C-2.2 Bioremediation 

Bioremediation is the process of degrading organic compounds in soils and/or 

groundwater into the products of degradation (i.e., carbon dioxide and water) using 

indigenous bacteria. Bioremediation programs can be implemented alone, or in

conjunction with other in situ remediation technologies. Bioremediative methods have 

gained increased attention in recent years due to their cost effectiveness. A diagram of a

bioremediation strategy appears in Figure C.2. 
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Figure C.2: Schematic diagram of an in situ bioremediation scheme (after Calabrese, 
1991). 

Some major factors influencing the performance of a bioremediation strategy include the

indigenous soil microbial population, the oxygen supply, the nutrient supply (i.e., nitrogen 
and phosphorous), the soil temperature, and the soil pH. Bacterial microbes which 

degrade organic contaminants are not very effective in soils with a low pH or temperature, 
or soils which contain metals or chlorinated organics. Bioremediation is most effective on 

lighter petroleum hydrocarbons such as gasoline, diesel fuel, and heating oils since these 

degrade faster than heavy crudes. 

Bioremediation technologies can be either aerobic or anaerobic. The majority of the 

bioremediative programs use aerobic processes due to the difficulty in controlling in situ 

anaerobic conditions. If an aerobic bioremediative strategy is to be effective, the supply of 

Oxygen to the aerobic bacteria is paramount. If the permeability of the contaminated soil 
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with respect to the air phase is relatively low, the oxygen requirements for the aerobic 
processes will be difficult to meet. 

The requirement for oxygen restricts the application of bioremediation to soils with 
relatively high permeability to air. As with the SVE technique, the potential for success of 

bioremediative methods on contaminated deposits of a fractured clay lies in the ability of 
the fractures to increase the bulk air permeability of a soil which is otherwise impermeable 
to air flow. If the fracture network of Regina clay can significantly increase the air 

permeability of the soil, then perhaps an in situ remediation method like bioremediation 

would be feasible. 

C-2.3 Soil Flushing 

Soil flushing involves injecting or flushing in place soils with water to leach contaminants 

into the groundwater. The groundwater is then extracted, treated to remove the 

contaminant, then reinjected to form a close loop. A diagram of a soil flushing 

remediation scheme is shown in Figure C.3. 

Soil flushing is most effective on aromatic and aliphatic hydrocarbons, and on medium to 

high viscosity oils. In order to improve the solubility and recovery of the contaminants 

from the soil, surfactants may be added to the flushing water. These surfactants should 

ideally be non-toxic and biodegradable so not to increase the contamination problems at 

the site. Soil flushing remediative strategies are most applicable for sites with 

homogeneous soils that are highly permeable. 
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Figure C.3: Schematic diagram of a soil flushing treatment scheme (after Calabrese, 
1991). 

Soil flushing may be an appropriate in situ remediation strategy for contaminated deposits 
of fractured clay. If the permeability of the fractured clay is relatively high, and the

contaminates have remained mainly in the fracture network and have not migrated into the 

Clay matrix, then soil flushing may be a feasible remediation strategy. However, problems 
could arise in the application of the soil flushing technique to a highly plastic swelling clay, 
such as Regina clay. The addition of water through the soil flushing method could reduce 

matrix suctions in the soil, causing the clay matrix to increase in volume. The increase in 

the volume of the clay would cause the fractures in the soil to swell shut, decreasing the 

Water permeability of the soil. In addition, the swelling of the soil could cause significant 

damage to existing surface structures. If a soil 
flushing remediation strategy were to be 

implemented on a fractured clay soil like Regina clay, it would be wise to use a surfactant 

Which does not react with the soil matrix (i.e., alter the stress state of the soil) to avoid 

these problems. 
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C-3.0 In Situ Remediation of Regina Clay 

To summarize, in situ remediation technologies have generally been successful in sandy, 

silty soils which are homogeneous and have a high permeability to air (in the case of SVE 

or bioremediation) or water (in the case of soil flushing). None of the three techniques 

discussed would ordinarily be expected to have success in remediating a deposit of highly 

plastic clay such as Regina clay. However, the fractured nature of Regina clay may 

present a unique opportunity for in-situ treatment. If the fracture network of Regina clay 

can increase the bulk coefficient of air permeability of the deposit, then perhaps a SVE or 

bioremediation strategy would be effective. If the fractured network of Regina clay can 

increase the bulk coefficient of water permeability of the deposit, then soil flushing may be 

a viable alternative. The fractured nature of the soil controls its behaviors with respect to 

air and water permeability, therefore the fractured nature of the soil must be considered 

when evaluating in situ remediation strategies. 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

1 
1 
9 kPa 
5 kPa 
7 kPa 

Time 
minutes) 

V in 
(mm3) 

AV in 
(mm3) 

V out 
(mm3) 

AV out 
(mm3) 

dh 
(cm water 

dP 
(kPa) 

0 -14500 0 2002 0 28.5 2.79585 
1 -14758 258 2378 376 28.5 2.79585 

2 -15031 273 2739 361 28.5 2.79585 

3 -15318 287 3085 346 28.5 2.79585 

4 -15607 289 3437 352 28.5 2.79585 

5 -15889 282 3792 355 28.5 2.79585 

6 -16166 277 4138 346 29.5 2.89395 

7 -16439 273 4464 326 29.5 2.89395 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

-16725 
-17003 
-17252 
-17531 
-17801 
-18040 
-18294 
-18541 
-18804 

286 
278 
249 
279 
270 
239 
254 
247 
263 
255 

4778 
5080 
5385 
5685 
5999 
6292 
6604 
6913 
7206 
7521 

314 
302 
305 
300 
314 
293 
312 
309 
293 
315 

29.5 
29.5 
29.5 
29.5 
29.5 
29.5 
29.5 
29.5 
29.5 
29.5 

2.89395 
2.89395 
2.89395 
2.89395 
2.89395 
2.89395 
2.89395 
2.89395 
2.89395 
2.89395 

-19059 
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APPENDIX D: VERIFICATION LABOR AT ORY TESTING PROGRAM 

AIR FLOW VERSUS TIME DATA 

1 
Specimen: 2 
Trial: 
Target Inflow Pressure 

11 kPa 

Target Outflow Pressure 
5 kPa 
9 kPa 

Actual Inflow Pressure

Time 
(minutes) 

0 
1 
2 
3 
4 
5 
6 
7 

A
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F
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w
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um

e 
(m

m
3)

 

V in 
(mm3 
-40000 
-40391 
-40766 
-41134 
-41507 
-41877 
-42259
-42639

AV in 
mm3 

0 
391 
375 
368 
373 
370 
382 
380 

V out 
mm3) 
25492 
25915 
26305 
26711 
27117 
27521 
27935
28323 

AV out 
(mm3) 

0 
423 
390 
406 
406 
404 
414 
388 

Air Flow Volumes versus Time 

dh 
(cm water 

47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 
47.5 

dP 
kPa 

4.65975 
4.65975 
4.65975 
4.65975 
4.65975 
4.65975 
4.65975 
4.65975 

450 

400 

350 

300 

250 Inflow 

200 Outflow 

150 

100 

50 5 6 7 

0 3 4 
2 

0 Time 
(minutes) 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

1 
3 

12 kPa 
5 kPa 

10 kPa 

Time 
(minutes) 

0 
1 
2 
3 
4 
5 
6 
7 
8 

V in 
(mm3) 
-1300 
-1683 
-2053 
-2436 
-2809 
-3163 
-3553 
-3904 
-4275 

AV in 
mm3) 

0 
383 
370 
383 
373 
354 
390 
351 
371 

V out 
mm3) 

-40347 
-39950 
-39545 
-39157 
-38771 
-38401 
-38000 
-37615 
-37217 

AV out 
(mm3) 

0 
397 
405 
388 
386 
370 
401 
385 
398 

dh 
(cm water) 

57.5 
57.5 
57.5 
57.5 
57.5 
57.5 
57.5 
57.5 
57.5 

dP 
(kPa) 

5.64075 
5.64075 
5.64075 
5.64075 
5.64075 
5.64075 
5.64075 
5.64075 
5.64075 
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g 150 

IT- 100 
50 

0 
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APPENDIX D: VERIFICATIONS BORATORY TESTING PROGRAM 

AIR FLOW VERSUS TIME DATA 

2 
Specimen: 1 
Trial: 9 kPa 
Target Inflow Pressure 
Target Outflow Pressure 

5 kPa 
7 kPa 

Actual Inflow Pressure

Time 
(minutes) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

A
ir
 F

lo
w

 v
ol

um
e 

(r
nm

3)
 

V in 
(mm3) 
-35000 
-38250 
-41540 
-44880 
-48240 
-51490 
-54900 
-58190 
-61550 
-64960 
-68440 

AV in 
mm3) 

0 
3250 
3290 
3340 
3360 
3250 
3410 
3290 
3360 
3410 
3480 

V out 
mm3) 
8900 

12290 
15570 
19020 
22530
25770 
29270 
32610
36130 
39460
42870

AV out 
(mm3 

0 
3390 
3280 
3450 
3510 
3240 
3500 
3340 
3520 
3330 
3410 

Air Flow Volumes versus Time 

dh 
cm water 

10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 

dP 
kPa 

1.03005 
1.03005 
1.03005 
1.03005 
1.03005 
1.03005 
1.03005 
1.03005 
1.03005 
1.03005 
1.03005 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure

2 
2 

11 kPa 
5 kPa 
9 kPa I 

Time 
minutes) 

AV in 
mm3) 

V out 
(mm3) 

AV out 
(mm3) 

dh 
cm water 

dP 
kPa) 

0 -100000 0 69400 0 25.5 2.50155 
1 -107110 7110 77490 8090 25.5 2.50155 
2 -115880 8770 85530 8040 25.5 2.50155 
3 -123730 7850 93710 8180 25.5 2.50155 
4 -131610 7880 101810 8100 25.5 2.50155 
5 -139560 7950 109940 8130 25.5 2.50155 

9000 

in — 8000 

17000 

Air Flow Volumes versus Time 

07 E 6000 

g 4000 ---Air Inflow 

o 3000 —O--Air Outflow 

2000 

4 1000 
o 

0 1 2 3 4 5 

Time (minutes) 

D-5 



APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 2 
Trial: 3 
Target Inflow Pressure 12 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 10 kPa 

Time 
(minutes) 

AV in 
(mm3 

V out 
mm3) 

AV out 
mm3) 

dh 
(cm water 

dP 
(kPa) 

0 -66000 0 26300 0 34 3.3354 
1 -76360 10360 37000 10700 34 3.3354 
2 -86700 10340 47600 10600 34 3.3354 
3 -97100 10400 58500 10900 34 3.3354 
4 -107400 10300 69200 10700 34 3.3354 
5 -117900 10500 80000 10800 34 3.3354 
6 -128300 10400 90800 10800 34 3.3354 
7 -138700 10400 101700 10900 34 3.3354 

Air Flow Volumes versus Time 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

3 
1 
9 kPa 
5 kPa 
7 kPa I 

Time 
(minutes) 

V in 
(mm3) 

AV in 
(mm3) 

V out 
mm3) 

AV out 
(mm3 

dh 
(cm water) 

dP 
kPa) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

-31200 
-31514 
-31826 
-32144 
-32463 
-32775 
-33081 
-33397 
-33703 
-34009 
-34320 

0 
314 
312 
318 
319 
312 
306 
316 
306 
306 
311 

3188 
3494 
3787 
4066 
4356 
4646 
4916 
5218 
5519 
5805 
6091 

0 
306 
293 
279 
290 
290 
270 
302 
301 
286 
286 

27 
27 
27 
27 
27 
27 
27 
27 
27 
27 
27 

2.6487 
2.6487 
2.6487 
2.6487 
2.6487 
2.6487 
2.6487 
2.6487 
2.6487 
2.6487 
2.6487 

350 

300 
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150 

100 

50 

0'
0 

Air Flow Volumes versus Time 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

3 
2 

11 kPa 
5 kPa 
9 kPa 

Time AV in V out AV out dh 

(minutes) mm3) mm3) (mm3 (cm water) 
dP 

(kPa) 
0 -43000 0 11057 0 38 3.7278 
1 -43466 466 11483 426 38 3.7278 
2 -43916 450 11919 436 38 3.7278 
3 -44385 469 12348 429 38 3.7278 
4 -44842 457 12775 427 38 3.7278 
5 -45296 454 13194 419 38 3.7278 
6 -45755 459 13610 416 38 3.7278 

500 
- 450 

400 
E 350 
E 300 
-7=O 250 
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.4 50
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

3 
3 

12 kPa 
5 kPa 

10 kPa I 
Time 

(minutes) 

AV in 
(mm3) 

V out 
(mm3) 

AV out 
(mm3) 

dh 
(cm water) 

dP 
(kPa) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

-55400 
-55907 
-56408 
-56901 
-57426 
-57950 
-58467 
-58988 
-59521 
-60019 

0 
507 
501 
493 
525 
524 
517 
521 
533 
498 

20356 
20834 
21335 
21804 
22265 
22725 
23193 
23660 
24134 
24600 

0 
478 
501 
469 
461 
460 
468 
467 
474 
466 

44.5 
44.5 
44.5 
44.5 
44.5 
44.5 
44.5 
44.5 
44.5 
44.5 

4.36545 
4.36545 
4.36545 
4.36545 
4.36545 
4.36545 
4.36545 
4.36545 
4.36545 
4.36545 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

4 
I 
9 kPa 
5 kPa 
7 kPa I 

Time AV in V out AV out dh 

minutes) (mm3) mm3 (mm3 (cm water) 
dP 

(kPa) 
0 -50000 0 17600 0 3 0.2943 
1 -56400 6400 23500 5900 3 0.2943 
2 -62700 6300 29600 6100 3 0.2943 
3 -69300 6600 35600 6000 3 0.2943 
4 -75800 6500 41400 5800 3 0.2943 
5 -82600 6800 47600 6200 3 0.2943 

7000 

E
6000 

E 5000 

1 4000 

> 3000 
X 
-2 2000 
u. 
4 1000 

0 

Air Flow Volumes versus Time 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 4 
Trial: 2 
Target Inflow Pressure 11 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 9 kPa 

Time 
(minutes) 

AV in 
(mm3) 

V out 
(mm3 

AV out 
(mm3) 

dh 
(cm water) 

dP 
(kPa) 

0 -10000 0 28500 0 6 0.5886 
1 -22100 12100 40400 11900 6 0.5886 
2 -34200 12100 51900 11500 6 0.5886 
3 -46300 12100 63400 11500 6 0.5886 
4 -58400 12100 75200 11800 6 0.5886 
5 -70500 12100 86700 11500 6 0.5886 

Air Flow Volumes versus Time 

14000 
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• 8000 

> • 6000 

• 4000 LL. 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 4 
Trial: 3 
Target Inflow Pressure 10 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 8 kPa I 

Time 
(minutes 

AV in 
(mm3) 

V out 
(mm3) 

AV out 
(mm3 

dh 
(cm water) 

dP 
(kPa 

0 -16000 0 39100 0 6 0.5886 
1 -29000 13000 51700 12600 6 0.5886 
2 -41800 12800 64100 12400 6 0.5886 
3 -54600 12800 76800 12700 6 0.5886 
4 -67300 12700 88800 12000 6 0.5886 
5 -80200 12900 101300 12500 6 0.5886 

14000 

i 12000 
E 
E 10000 

1 8000 
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> 6000 
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Air Flow Volumes versus Time 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 4 
Trial: 4 
Target Inflow Pressure 8 kPa 
Target Outflow Pressure 4 kPa 
Actual Inflow Pressure 6 kPa I 

Time 
minutes) 

AV in 
mm3 

V out 
mm3) 

AV out 
(mm3) 

dh 
(cm water 

dP 
(kPa) 

0 -20000 0 24400 0 4 0.3924 
1 -28400 8400 32300 7900 4 0.3924 
2 -36800 8400 40400 8100 4 0.3924 
3 -45200 8400 48400 8000 4 0.3924 
4 -53400 8200 56300 7900 4 0.3924 
5 -61700 8300 64200 7900 4 0.3924 

9000 

el 78: 
ci, 6000 
E = 5000
o 4000> 
g 3000 
,z17- 2000 
GE 1000 

0'
0 

Air Flow Volumes versus Time 

I 2 3 

Time (minutes) 

—+—Air Inflow  

—O—Air Outflow 

4 5 

D-13 



APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 

1 

5 
Trial: 1 
Target Inflow Pressure 9 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 7 kPa I 

Time 
minutes) 

AV in 
mm3 

V out 
mm3 

AV out 
mm3 

dh 
(cm water) 

dP 
kPa) 

0 -26000 0 23500 0 3 0.2943 
1 -30100 4100 27200 3700 3 0.2943 
2 -34200 4100 30800 3600 3 0.2943 
3 -38100 3900 34400 3600 3 0.2943 
4 -42200 4100 37900 3500 3 0.2943 

5 -46100 3900 41300 3400 3 0.2943 

6 
7 

-50200 
-54500 

4100 
4300 

44900 
48800 

3600 
3900 

3 
3 

0.2943 
0.2943 

4500 
4000 

i 3500 

7,-; 3000 

g 2500 

g 2000 

0 1500 
t 1000 

cl 500 
0 

! 

Air Flow Volumes versus Time 

—4—Air Inflow 

--D—Air Outflow 

1 2 3 4 50 
Time (minutes) 

6 7 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 5 
Trial: 2 
Target Inflow Pressure 11 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 9 kPa I 

Time 
minutes 

AV in 
mm3 

V out 
mm3 

AV out 
mm3 

dh 
cm water) 

dP 
kPa 

0 -30000 0 15000 0 7.5 0.73575 
1 -42100 12100 26800 11800 7.5 0.73575 
2 -54100 12000 38500 11700 7.5 0.73575 
3 -66200 12100 50400 11900 7.5 0.73575 
4 -78300 12100 62000 11600 7.5 0.73575 

14000 

I 12000 
E 10000 

1 8000 
6 > 6000 
3 o 4000 ii 

;;i 2000 

0 

Air Flow Volumes versus Time 

0 i 2 

Time (minutes) 

—4—Air Inflow ' 
--(1--Air Outflow 

3 4 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 5 
Trial: 3 
Target Inflow Pressure 10 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 8 kPa 

Time 
(minutes) 

AV in 
(mm3 

V out 
(mm3 

AV out 
mm3 

dh 
(cm water 

dP 
kPa 

0 -18000 0 19600 0 8 0.7848 
1 -30900 12900 32200 12600 8 0.7848 
2 -43600 12700 44400 12200 8 0.7848 
3 -56400 12800 57000 12600 8 0.7848 
4 -69200 12800 69200 12200 8 0.7848 

Air Flow Volumes versus Time 

14OO0 

;•7 12000 

10000 

8000 

6000 

4O00 

4 2000 

0■ 
0 

2 

Time (minutes) 

—0—Air Inflow 

—O--Air Outflow 

3 4 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 5 
Trial: 4 
Target Inflow Pressure 8 kPa 
Target Outflow Pressure 4 kPa 
Actual Inflow Pressure 6 kPa I 

Time 
minutes) 

AV in 
(mm3) 

V out 
mm3 

AV out 
(mm3) 

dh 
cm water) 

dP 
kPa 

0 -10000 0 -937 0 3 0.2943 
1 -15100 5100 3800 4737 3 0.2943 
2 -20300 5200 8600 4800 3 0.2943 

3 -25500 5200 13400 4800 3 0.2943 

4 
5 

-30600 
-35800 

5100 
5200 

18200 
22800 

4800 
4600 

3 
3 

0.2943 
0.2943 

6000 

Air Flow Volumes versus Time 

'I  5000 E 
E 
ci, 4000 

= 3000

g 2000 
u_ 
4" 1000 

0 
0 1 2 3 

Time (minutes) 

—11—Air Inflow 

—0—Air Outflow 

4 5 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 6 
Trial: 1 
Target Inflow Pressure 10 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 6 kPa I 

Time 
minutes) 

AV in 
(mm3 

V out 
mm3 

AV out 
mm3) 

dh 
cm water 

dP 
kPa 

0 
1 
2 
3 
4 
5 
6 

-84000 
-93000 

-101700 
-110400 
-119000 
-127800 
-136600 

0 
9000 
8700 
8700 
8600 
8800 
8800 

47200 
55600 
63900 
72300 
80400 
88600 
97200 

0 
8400 
8300 
8400 
8100 
8200 
8600 

3 
3 
3 
3 
3 
3 
3 

0.2943 
0.2943 
0.2943 
0.2943 
0.2943 
0.2943 
0.2943 

9000 
(-;-, 8000 

E E 7000 

7,, 6000 

Air Flow Volumes versus Time 

g 5000 
g 4000 —1—Air Inflow 

3000 —O—Air Outflow ito 
 2000 

;X  1 000 

0■ 4 5 6 

0 1 
2 3 

Time (minutes) 

Co- 1 8 



APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 6 
Trial: 2 
Target Inflow Pressure 20 kPa 
Target Outflow Pressure 4 kPa 
Actual Inflow Pressure 6 kPa 

Time 
(minutes) 

AV in 
(mm3) 

V out 
(mm3 

AV out 
mm3) 

dh 
(cm water 

dP 
kPa) 

0 -70000 0 16600 0 5 0.4905 
1 -82000 12000 28200 11600 5 0.4905 
2 -94000 12000 39900 11700 5 0.4905 
3 -106100 12100 51800 11900 0.4905 
4 -118000 11900 63500 11700 5 0.4905 
5 -130000 12000 75200 11700 5 0.4905 
6 -142200 12200 86900 11700 5 0.4905 

Air Flow Volumes versus Time 

14000 

12000 

10000 

8000 

6000 

4000 

2000 

1 
Inflow 

—O—Air Outflow 

4 
0 1 

2 3 

Time (minutes) 

5 6 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

7 
1 
9 kPa 
5 kPa 
7 kPa I 

Time 
minutes) 

0 
1 
2 
3 
4 
5 

-10000 
-10000 
-10000 
-10000 
-10000 
-10000 

AV in 
(mm3) 

0 
0 
0 
0 
0 
0 

V out 
mm3) 

AV out 
mm3 

dh 
cm water) 

dP 
kPa) 

10000 
10000 
10000 
10000 
10000 
10000 

0 
0 
0 
0 
0 
0 

59.5 
59.5 
59.5 
59.5 
59.5 
59.5 

5.83695 
5.83695 
5.83695 
5.83695 
5.83695 
5.83695 

* NO MEASUREABLE FLOW * 

p-20 



APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 8 
Trial: 1 
Target Inflow Pressure 11 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 9 kPa I 

Time 
(minutes) 

V in 
(mm3) 

AV in 
(mm3 

V out 
(mm3 

AV out 
(mm3) 

dh 
(cm water) 

dP 
(kPa) 

0 
1 
2 
3 
4 
5 
6 
7 

-30000 
-33330 
-36490 
-39723 
-43097 
-46322 
-49588 
-52854 

0 
3330 
3160 
3233 
3374 
3225 
3266 
3266 

9983 
12777 
15610 
18400 
21422 
24267 
27212 
29931 

0 
2794 
2833 
2790 
3022 
2845 
2945 
2719 

24.5 
24.5 
24.5 
24.5 
24.5 
24.5 
24.5 
24.5 

2.40345 
2.40345 
2.40345 
2.40345 
2.40345 
2.40345 
2.40345 
2.40345 

3500 

e7 3000 

g- 2500 

g 2000 

> 1500 
3 

S2 1000 u_ 
4 500 

Air Flow Volumes versus Time 

i 

—*--- Air Inflow 

--O—Air Outflow 

o 4 5 6 7
0 1 2 

3 

Time (minutes) 

D-21 



APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

8 
2 

12 kPa 
5 kPa 

10 kPa 

Time 
(minutes) 

AV in V out AV out dh dP 
(mm3) (mm3) mm3) (cm water) (kPa) 

0 a 0 33386 0 34.5 3.38445 
1 -4500 4500 37530 4144 34.5 3.38445 
2 -8830 4330 41480 3950 34.5 3.38445 
3 -13340 4510 45740 4260 34.5 3.38445 

4 
5 
6 

-17930 
-22330 
-26798 

4590 
4400 
4468 

49830 
53980 
58030 

4090 
4150 
4050 

34.5 
34.5 
34.5 

3.38445 
3.38445 
3.38445 

r 

5000 
4500 
4000 
3500 
3000 

15 2500 
2000 

o 1500 

1000 
4 500 

0 

Air Flow Volumes versus Time 

--4—Air Inflow 

—O--Air Outflow 

1 2 3 4

Time (minutes) 

5 6 
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APPENDIX D: VERIFICATION LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 8 
Trial: 3 
Target Inflow Pressure 14 kPa 
Target Outflow Pressure 5 kPa 
Actual Inflow Pressure 12 kPa 

Time 
minutes 

AV in 
(mm3) 

V out 
(mm3 

AV out 
(mm3) 

dh 
cm water 

dP 
(kPa) 

0 -18000 0 34190 0 54 5.2974 
1 -25020 7020 40880 6690 54 5.2974 
2 -31860 6840 47640 6760 54 5.2974 
3 -38740 6880 54350 6710 54 5.2974 
4 -45700 6960 61330 6980 54 5.2974 

5 -52550 6850 68030 6700 54 5.2974 

6 -59520 6970 74780 6750 54 5.2974 

Air Flow Volumes versus Time 

8000 

t-.7 7000 

E 6000

E 5000 
o 
o 4000

3000 
0 
ir. 2000 

cr 1000 

0■ 

0 

—*—Air Inflow 

—O--Air Outflow 

1 
2 3 4

Time (minutes) 

5 6 
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APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

SPECIMEN #1: 

No Data Available 

E-1 



APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

2 
1 
5 kPa 
1 kPa 
5 kPa 

Time 
(minutes) 

AV in 
(mm3 

V out 
mm3 

AV out 
mm3) 

dh 
cm water 

dP 
(kPa) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

-8322 
-8828 
-9307 
-9777 

-10245 
-10700 
-11163 
-11619 
-12065 
-12529 
-12984 
-13441 

0 
506 
479 
470 
468 
455 
463 
456 
446 
464 
455 
457 

3 
113 
405 
780 

1193 
1614 
2057 
2500 
2945 
3392 
3846 
4296 

0 
110 
292 
375 
413 
421 
443 
443 
445 
447 
454 
450 

16.5 
14 

13.5 
12.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 
11.5 

1.61865 
1.3734 

1.32435 
1.22625 
1.12815 
1.12815 
1.12815 
1.12815 
1.12815 
1.12815 
1.12815 
1.12815 

600 

"; 400 

"6 300> 
3 200 

u. 
-= 100 

Air Flow Volumes versus Time 

—0--Air Inflow 

—O-Air Outflow 

0 8 10 12 
0 2 

4 6 

Time (minutes) 

E-2 



APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 2 
Trial: 2 
Target Inflow Pressure 6 kPa 
Target Outflow Pressure 1 kPa 
Actual Inflow Pressure 6 kPa I 

Time 
(minutes 

AV in 
mm3 

V out 
mm3 

LiV out 
mm3) 

dh 
cm water) 

dP 
kPa 

0 -18430 0 7509 0 16.5 1.61865 
1 -19131 701 8180 671 16.5 1.61865 
2 -19829 698 8777 597 16.5 1.61865 

3 -20581 752 9597 820 16.5 1.61865 

4 -21316 735 10244 647 16.5 1.61865 

5 -21969 653 10937 693 16.5 1.61865 

6 -22662 693 11695 758 16.5 1.61865 

7 
8 
9 

10 
11 
12 

-23330 
-24058 
-24707 
-25479 
-26152 
-26933 

668 
728 
649 
772 
673 
781 

12307 
13003 
13798 
14458 
15158 
15771 

612 
696 
795 
660 
700 
613 

16.5 
16.5 
16.5 
16.5 
16.5 
16.5 

1.61865 
1.61865 
1.61865 
1.61865 
1.61865 
1.61865 

900 

ci 800 
1 700 
"Z; 600 

500 
0 4® 
. 300 

200 
4  loo 

Air Flow Volumes versus Time 

—4— Air Inflow 

—D--Air Outflow 

0■ 6 8 
0 2 4 

Time (minutes) 

10 12 

E-3 



APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 2 
Trial: 3 
Target Inflow Pressure 8 kPa 
Target Outflow Pressure 1 kPa 
Actual Inflow Pressure 8 kPa 

Time 
(minutes 

AV in 
mm3 

V out 
mm3) 

eV out 
(mm3) 

dh 
cm water) 

dP 
kPa) 

0 -38900 0 23019 0 36 3.5316 
1 -40253 1353 24472 1453 36.5 3.58065 
2 -41638 1385 25941 1469 36.5 3.58065 
3 -43170 1532 27557 1616 36.5 3.58065 
4 -44470 1300 28918 1361 36.5 3.58065 
5 -45937 1467 30305 1387 36.5 3.58065 

6 -47287 1350 31636 1331 36.5 3.58065 

7 -48656 1369 33030 1394 36.5 3.58065 

Air Flow Volumes versus Time 

LL

477 

1800 

1600 

1400 

1200 

1000 

800 

600 
400 

200 

0 

0 1 2 3 4 

Time (minutes) 

--O—Air Inflow 

—0--Air Outflow 

5 6 7 
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APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 2 
Trial: 4 
Target Inflow Pressure 10 kPa 
Target Outflow Pressure 1 kPa 
Actual Inflow Pressure 10 kPa 

Time AV in V out AV out dh dP 
(minutes) (mm3) mm3 (mm3 cm water kPa) 

0 -63960 0 45215 0 55.5 5.44455 
1 -66085 2125 47426 2211 55.5 5.44455 
2 -68244 2159 49798 2372 55.5 5.44455 
3 -70350 2106 51945 2147 55.5 5.44455 

4 -72563 2213 54157 2212 55.5 5.44455 

5 -74698 2135 56530 2373 55.5 5.44455 

6 
7 

-76816 
-79005 

2118 
2189 

58770 
61062 

2240 
2292 

55.5 
55.5 

5.44455 
5.44455 

Air Flow Volumes versus Time 

2500 

2°9°
1500 

O > 1000 
O 
LL 

500 

—*—Air Inflow 

—O-Air Outflow 

0 1 2 3 4 5 

Time (minutes) 

6 7 
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APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

T 

Specimen: 3 
Trial: 1 
Target Inflow Pressure 5 kPa 
Target Outflow Pressure 1 kPa 
Actual Inflow Pressure 5 kPa 

Time 
(minutes) 

V in 
(mm3) 

AV in 
(mm3) 

V out 
(mm3) 

AV out 
(mm3) 

dh 
(cm water) 

0 -9000 0 1748 0 9 

1 -9720 720 2530 782 9 

2 -10500 780 3480 950 9 

3 -11350 850 4440 960 9 

4 -12180 830 5230 790 9 

5 -12990 810 6230 1000 9 

6 -13860 870 7130 900 9 

7 -14740 880 8010 880 9 

8 -15640 900 8930 920 9 

9 -16540 900 9900 970 9 

10 -17432 892 10873 973 9 

Air Flow Volumes versus Time 

(g 

1000 
900 
800 

E 700 

E 600 
-6 500 

400 
-4--Air Inflow 

a, 
u_ 

300 
200 

—O-Air Outflow 

"3i. 100  
0 

6
8 10 

0 
2 4 

Time (minutes) 

dP 
(kPa) 

0.8829 
0.8829 
0.8829 
0.8829 
0.8829 
0.8829 
0.8829 
0.8829 
0.8829 
0.8829 
0.8829 

I 
I 

I 

E-6 



APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 3 
Trial: 2 
Target Inflow Pressure 8 kPa 
Target Outflow Pressure 1 kPa 
Actual Inflow Pressure 8 kPa 1 

Time 
(minutes 

AV in 
(mm3 

V out 
mm3 

AV out 
mm3 

dh 
(cm water) 

0 -36000 0 24700 0 38 
1 -39700 3700 28500 3800 38 

2 -43500 3800 32400 3900 38 

3 -47200 3700 36400 4000 38 

4 -50900 3700 40500 4100 38 

5 -54800 3900 44300 3800 38 

6 
7 

-58600 
-62400 

3800 
3800 

48200 
52100 

3900 
3900 

38 
38 

dP 
(kPa 

3.7278 
3.7278 
3.7278 
3.7278 
3.7278 
3.7278 
3.7278 
3.7278 

4500 

iri• 4000 

i 3500 

Z 3000 

2500 
o > 2000 
3 O 1500 

u-II. 1000 

4  500 

Air Flow Volumes versus Time 

—*—Air inflow 

—O—Air Outflow 

0 5 
0 1 2 3 

4 

Time (minutes) 

6 7 
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APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial: 
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

4 
1 
5 kPa 
1 kPa 
5 kPa I 

Time 
(minutes) 

0 
1 
2 
3 
4 

-8720 
-8721 
-8723 
-8723 
-8724 

AV in 
(mm3 

0 
1 
2 
0 
1 

V out 
(mm3) 
2595 
2606 
2619 
2637 
2652 

AV out 
mm3) 

dh 
(cm water) 

dP 
kPa) 

0 27.5 2.69775 
11 27.5 2.69775 
13 27.5 2.69775 
18 27.5 2.69775 
15 27.5 2.69775 

" NO MEASUREABLE FLOW* 

E-8 



APPENDIX E: REGINA CLAY LABORATORY TESTING PROGRAM 
AIR FLOW VERSUS TIME DATA 

Specimen: 
Trial:
Target Inflow Pressure 
Target Outflow Pressure 
Actual Inflow Pressure 

4 
2 
8 kPa 
1 kPa 
8 kPa I 

Time 
minutes) 

0 
1 
2 
4 
6 
7 
8 

V in 
(mm3) 
-16220 
-16261 
-16291 
-16350 
-16408 
-16441 
-16471 

AV in 
(mm3) 

V out 
mm3) 

AV out 
(mm3) 

0 
41 
30 
59 
58 
33 
30 

1937 
1946 
1953 
1964 
1969 
1971 
1972 

0 
9 
7 

11 
5 
2 
1 

dh 
(cm water 

62.5 
62.5 
62.5 
62.5 
62.5 
62.5 
62.5 

dP 
(kPa) 

6.13125 
6.13125 
6.13125 
6.13125 
6.13125 
6.13125 
6.13125 

* NO MEASUREABLE FLOW * 

E-9 
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APPENDIX F: 
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CHAPTER 3: 

aS mple Calculations for Figure 3.1: 

ua1=1OkPa uw1=5kPa 

flow flo %. 

of of 

z it Ns CT 

ua2=15kPa 

z=lm 

--- ----------------- Datum: z=0m 

uw2=10kPa 

Cal at top and bottom of the specimen for the air phase:
culate total head 

Note: The total head in the a it phase is equal to the pressure head 
in the air phase. 

igible effect on the total head in the air phase because air 

Elevation has a negl 

has a negligible densi0/. 

Calculate head in the air phase at the top of the specimen: 

where 

nal

hal = P.,,g 

1-1.1 = air pressure at the top of the specimen (Pa) 

pair density of air (i.e., 1.3 kg/m3 for air at 20°C) 

g = 
acceleration due to gravity (i.e., 9.81 mi's2) 

F-1 



10000N /m2 
hal

(1.3kg/m3)(9.81m/s2) 

11131 = 784 m of air I 

Similarly, head in the air phase at the bottom of the specimen: 

h 1/0, 

15000N /m2 
ha, 

(1.3kg/m3)(9.81m/s2 ) 

/hat = 1176 m of air/ 

The flow of air occurs from a point of higher head (energy) to a point of lower 

head (energy). 

ha, = 784 < 1176 =11.2 

••• The flow of air is from the bottom of the specimen to the top of the specimen. 

alculate the total head at the top and bottom of the specimen for the water phase: 

Calculate the head in the water phase at the top of the specimen: 

-19,1+17,11 

where 

h„, = total head in the water phase at the top of the specimen (m) 

F-2 



= pressure head (i.e., u„ Am)) (m) 

z, = elevation head (m) 

5000N /m2 
= [  +[lm] 

(1000kg / n?)(9.81m/s-) 

h„,1 = 1.5097 m of water 

Similarly, calculate head in the water phase at the bottom of the specimen: 

10000N /n72  m

[(1000kg/m)(9.81m/s2)'+-mj 

hat = 1.0194 m of water 

The flow of water occurs from a pint of higher head to a point of lower head 

hµ, = 1.51 m> 1.02 m hw2 

The flow of water is from the top of the specimen to the bottom. 
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CHAPTER 5: 

5.11_pn  le Calculations for Specimen #1  Trial #1: 

Volume Rate of Air Inflow, Qin = 0.004403 cm3/s 

Pressure of Inflow Air, Pin = 7 kPa 

Barometric Pressure in lab, Pbaro 101.3 kPa 

Standard Test Pressure, Ps = 101.3 kPa 

Calculate adjusted air inflow rate: 

= 0 [1-1 -:F1---1'] 
in Ps 

101.3 +7 
Qa4„st = 0.004403[-------] 

101.3 

Q adjust = 0.004708 cm3/s 

Calculate head gradient in the air phase: 

Differential pressure reading from U-tube manometer, dP = 2.89 kPa 

dP 
dha,r = 

Pairg 

2.89kN /m2 

dha,, = 
(1.3kg I m3)(9.81m I .52) 

dha„ = 227 m of air 

Specimen height, dL = 11.54 cm = 0.1154 m 
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_ dh 
fair dL 

227m 

= .1154m 

I air = 1966 

Calculate the coefficient of air permeability: 

Ocar= k 

Q air = Q adjust = 
0.004708 cm3/s 

l air = 1966 

A = 80.87 cm2 

agost 

= lair

0.004708cm3/s 

ka (1966X80.87cm2) 

k = 2.96 * 10-8 c s 

_ Convert  of air permeab

ility to the coefficient of diffusion:

Calculate air flow as a mass flow rate: 
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Mair = 1:irP„„ 

where 

= mass of air (kg) 

V air = volume of air (m3) 

P air = density of air (kg/m3) 

and 

M att 'air 
Pair 

where 

t = time (s) 

and 

V 
O =  arr 
~ar4ust 

substituting gives 

= 0.70„51 pa,, 
I 

M = 
(0.004708cm3 /s)(1.3kg Id) 

a, 
(1* 106 cm' I m) 

Mai' 
=6.12*10-9kg/s 
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Convert air pressure differential to an air concentration differential: 

c air (0 a

RT 

.; (111,O )o) a 
dC 

r RT 

where 

du, = dPa = 2.89 kN/m2

(Da = 28.966 kg/kmol 

R = 8.31432 Nm/molK 

T = 295 °K 

(2 89kN / m2 )(28.966kg / kmol)
dCa, = • 

r 

(8.31432Nm/morK)(295° K) 

dC air = 3.42 * kg/m3 

Calculate the coefficient of diffusion: 

J a 

where 
mass flow rate per unit a

rea = Writ = 6.12*10.9 kg/s 

lion 

Da coefficient of air diffu

aC 
air concentration 

differential 3.42*10-2kg/m3 

OY = length of 
soil specimen =-- 1 1.54 cm 0.1154 m = 
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A = cross sectional area of specimen = 80.87 cm' 

Do
(f)(A)(er) 

= (612 *10:9 kg)(0 15 0A 3r 10000 2 3

D (1s)(80.87cm- )(3.42 *10—,
7 

kg I ) 1n i

cm

r

D = 2.56 * m2/s 

Convert to coefficient of air permeability to the coefficient of transmission: 

k,, = Dag 

where 

k = coefficient of air permeability
 2.96*104 cm/s 

Da'= coefficient of 
transmission (m2/5) 

g = 
acceleration due to gravity (1.e., 9.81 m/s2) 

rearranging the above equation gives 

Da 
ka

g 

• 
r2.96*10-8 cm sir 

= 
9.81m I 

"". 100cm 

3.02 *10-
11 s 



CHAPTER 6: 

Sam le Calculations for Re *ina Cla S ecimen 0ri • inatin from a de th of 3.2 m. 

Calculate Overburden Soil Pressure: 

Croy = Pbulkgk 

where 

=-- overburden soil pressure 

Pbulk = 
bulk density (assumed to be 2.0 

Mg/m3 for Regina 

clay) 

acceleration due to gravity (i.e., 9.81 m/s2) 

hs = height of soil above specimen 
which specimen 

(i.e., depth in the deposit from 

originated) 

csav 

2.0N1g/m3)(9.81m/i)(3.2m) 

62.8kPa 

Calculate Coefficient of Air 

Permeability for Trial #1

flow, Qin 
Volume Rate of Air In 

---- 1.41*10-2 cm3/s

Pressure of Inflow Air, Pin 
5 kPa 

X01.3 kPa 
Barometric Pressure, Pbaro

Standard Test 
Pressure, Ps 

101.3 1cPa 
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Calculate Adjusted Air Inflow Rate: 

(i.e., convert volume of air inflow to standardized pressure at which the 
pressure-

volume controller was calibrated.) 

P + Phara
0„4„s, — 

5+101.3 

0,4„s, = 0.0141- [------ 101.3 

Qadjust ± 0.0147 cm /s 

Calculate Head Gradient in the Air Phase: 

ng from U-tube manometer: dP = 0.88 kPa
Differential pressure reads

dP 
dha

Pag 

0.88kN / 2 
O.3kg I 

m3)(9.8110 .5) 

dha = 69 m of air 

dL= specimen height = 5.9 cm = 0.059 m 

IQ
4ha 



69m 
a,

0.059m 

I a ir = 1 170 

Calculate Coefficient of Air Permeability: 

O„= k 

0 
= 

k
(1170)(71.60cm2 ) 

0.0147cm' s 

ka = 1.75*10-7 cmis 

Calculation for the Coefficient of Air Permeability from Fracture Data Using 

Snow's Formulation: 

Snow's Formulation for Cubic System of Like Fractures: 

where 

K — 
6,u 

pgNb3

K = permeability with respect to air 

p = density of air = 1.3 kg/m3

g= acceleration due to gravity = 9.81 m/s2
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N = fracture density predicted by Kent = 3.9*104

µ = dynamic viscosity of air = 1.81*10-5 Ns/m2

(1.3kg / m)(9 .81m I s' )(230m-1)(3.9 *10-6)3 
Kai, — 

6(1.81 *le NsIm2 ) 

K .„ = 1.6*10-9 m/s 

1 K .„ = 1.6*10-7 cm/s I 
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