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ABSTRACT 

Bentonite, which contains the clay mineral montmorillonite is 

being considered as part of an engineered barrier which will seal 

radioactive wastes in geologically stable underground repositories. 

Four phases of laboratory testing were conducted to quantify bentonite 

strength and sealing properties. Chemical analysis revealed a wide 

range of bentonite coroposdtions such that bentonite quality control 

will be necessary. Reference testing of seven bentonite samples 

revealed serious testing problems that make the characterization of 

bentonite difficult. Permeability testing compared the water flow 

through bentonite to water flow through intact rock. Compacted 

bentonite seals exhibited hydraulic conductivities two orders of 

magnitude greater than that of intact basalt specimens. Strength 

testing was divided into two areas. Direct shearing of compacted 

bentonites revealed that the bentonite/basalt interface will fail in 

shear before the intact bentonite plug fails. Swelling pressures 

generated by hydrating bentonites depend upon dry density, pore fluid, 

and method of pressure measurement. 

xx 



CHAPTER ONE 

INTRODUCTION 

1.1 Introduction 

Since the 1940*s the United States has been generating nuclear 

waste from both defense related sources and commercial power 

generation. Nuclear wastes can be classified into five major 

categories (Oak Ridge National Laboratory, 1983): 

1) spent fuel, 

2) high-level waste, 

3) transuranic waste, 

4) low-level waste, and 

5) active uranium mill tailings. 

This research, sponsored and funded by both the United states 

Nuclear Regulatory Commission (USNRC) and Argonne National 

Laboratories (ANL), is concerned with one aspect of the disposal of 

commercially generated, high-level nuclear wastes. These high-level 

wastes are spent nuclear reactor fuel assemblies that contain 

radioactive atomic fission by-products as well as unused uranium and 

Plutonium (Geological Disposal of Radioactive Waste, 1982, p. 6 and 

ONWI, undated, a). Currently, nuclear power generating facilities 

safely store spent fuel assemblies in pools of water isolated from the 

environment by concrete containment buildings. The "water-pool" 

storage is only a temporary solution because the storage pools require 
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constant maintenance and monitoring while the spent fuel assemblies 

are expected to emit the products of nuclear decay (mainly 

radioactivity and heat) for thousands of years. 

At the beginning of 1981, there were approximately 8000 tons of 

spent fuel assemblies from commercial power generation in water-pool 

storage. The 8000 tons would occupy 104t000 cubic feet, or the 

equivalent of one football field 2 feet deep. Each nuclear power 

plant generating a million kilowatts of electricity produces about 33 

tons of spent fuel assemblies each year. By the year 2000, 

projections indicate that the accumulation of spent fuel assemblies 

from commerical nuclear power facilities will total 950,000 cubic feet 

or about 9 times the 1981 level (ONWI, undated, a). Because of the 

limited capacity for temporary on-site storage and the need for 

constant monitoring and maintenance, it is both desireable and 

necessary to permanently isolate the nuclear wastes from the 

inhabitable environment. 

1.2 Geologic Disposal 

As early as the 1950's, authorities recognized the need for a 

permanent disposal solution to the ever-growing nuclear waste 

"problem". In 1957 a committee of the National Academy of 

Sciences/National Research Council recommended that salt deposits be 

studied for the possible permanent disposal of radioactive waste. 

Since that time, several groups including, the Interagency Review 

Group on Nuclear Waste Management, the American Physical Society, the 

National Academy of Sciences, and the Environmental Protection Agency, 
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have recommended studying salt and other rock types as potential hosts 

for a nuclear waste repository (ONWI, undated, b). 

Final, permanent disposal in a geologically stable deep-mined 

repository is considered attractive as a solution to the high-level 

radioactive waste problem for a number of reasons. First, deep burial 

provides the biosphere (that portion of the environment inhabited by 

living organisms) with shielding against radiation emitted by the 

waste. Second, approved geologic formations provide for the required 

isolation of the waste (plutonium, for example, is very toxic as well 

as radioactive) from the biosphere and can also absorb and dissipate 

the heat energy produced by radioactive decay. Third, a deep 

underground location minimizes both inadvertent or malicious 

intrusion. And finally, at the completion of the disposal operations, 

the permanently closed repository is not dependent on continued 

maintenance or security measures to insure that the waste is 

adequately contained within the repository (Geologic Disposal of 

Radioactive Wastes, 1982, p. 8). 

The Department of Energy is presently investigating four geologic 

environments as possible repository hosts: 

1) bedded salt and salt domes, 

2) volcanic tuffs at the Nevada test site, 

3) granitic formations, and 

4) basalt flows at Hanford, Washington. 

At this time, it is technically feasible to remove the spent fuel 

assemblies from the on-site storage facility and either reprocess the 
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assemblies or dispose of them as is. Reprocessing involves dissolving 

the spent fuel cell pellets and separating the unused uranium and 

Plutonium from the by-products of the nuclear fission reaction. 

Reprocessing leaves a highly radioactive liquid which can then be 

solidified into a borosilicate glass or crystalline ceramic. 

Metallic, corrosion-resistant containers can be used to encase either 

the spent fuel cells or the reprocessed "solid wastes" (Geological 

Disposal of Radioactive Waste, 1982, p. 8). Reprocessing of spent 

fuel assemblies does not significantly reduce the volume of the spent 

fuel cells. The only United States facility for reprocessing 

high-level wastes was closed in 1977. Although it has been made 

available to a qualified operator since 1981, no such operator has 

come forward. 

Current general plans specify that the nuclear waste, whether 

spent fuel cells or reprocessed fuel cells, will be either vitrified 

in a borosilicate glass or solidified in crystalline ceramic. 

Metallic, corrosion-resistant containers will encase the solid waste 

form. These canisters will then be transported to the repository and 

either be placed in a vertical borehole located in the floor of a 

mined tunnel, in horizontal holes bored in the sidewalls of a mined 

tunnel, or placed in the excavated tunnel. In the above cases, a 

buffer and backfill would be used to surround the canister and to 

restrict ground water movement. A typical repository may have an 

operational life of 30-40 years at the end of which all man-made 

penetrations of the geologic host formation will be sealed. The first 
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U.S. repository is scheduled to be operational by 1998 (ONWI, undated, 

c; Geological Disposal of Radioactive Waste, 1982, p. 8). 

The USNRC, which is responsible for licensing of commercial 

nuclear waste repositories, has promulgated a requirement that 

prescribes a 300 to 1000 year design life for a waste package, a 1000 

year water travel time to the accessible environment (biosphere) and 

for retrievability of waste canisters for up to 50 years after 

emplacement (Geological Disposal of Radioactive Haste, 1982). 

1.3 Repository Failure 

Because some constituents of the nuclear waste remain radioactive 

(and thus potentially hazardous) for thousands of years, the 

possibility of their escape from the repository level and return to 

the biosphere must be considered. Therefore, safety assessments of 

the geologic disposal method have focused on natural processes 

(including chemical reactions, slow geologic evolution and 

catastrophic events) that may lead to a release from the repository of 

the stored nuclear waste. Such safety assessments model the processes 

to determine in what concentrations and over what time frame 

particular wastes may be released and whether the release will pose 

any hazard if it migrates into the biosphere (Geological Disposal of 

Radioactive Waste, 1982, p. 8). 

In all but the most arid environments the nuclear wastes buried at 

the repository level will lie below the ground water table; therefore, 

the pore spaces, fractures and faults in the repository geologic 

formation will be saturated with ground water. The most probable 



6 

mechanism by which radioactive wastes could reach the biosphere Is 

first the breaching of the waste canister, followed by dissolution of 

the waste and subsequent transport of the radionuclides to the surface 

by flowing groundwaters. In addition to the natural conduits of 

faults, joints and bedding planes that the ground water could flow 

through, shafts and boreholes will penetrate the host rock and could 

provide preferential flow paths for radionuclide contaminated ground 

water (Geological Disposal of Radioactive Waste, 1982, p. 9). 

1.4 Repository Barriers 

The geologic disposal method relies upon two types of barriers to 

delay or retard the migration of radionuclides to the biosphere. The 

first type is the natural geologic environment and the second type is 

the engineered (ONWI, undated, c). 

The geologic environment, particularly in the salts, granites and 

basalts, have relatively low-bulk hydraulic conductivities, 

low-hydraulic gradients and low-pore volumes. The combination of 

these three factors provides for a hydrogeologic system that has a 

very small volume of flow and an extremely slow flow rate. The volume 

and flow rate of ground water controls not only the migration of 

escaping radionuclides, but also the breaching and dissolution of the 

waste package that releases the radionuclides. Chemical interactions 

between the radionuclides and both the ground water and the host rock 

can substantially retard the migration by sorption processes 

(Geological Disposal of Radioactive Waste, 1982, p. 9). 
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The engineered barriers fall into two categories. The first is 

the waste form, generally assumed to be a borosilicate glass 

surrounded by a metallic canister. The second barrier, and the 

subject of this research, consists of the materials used to seal or 

plug man-made penetrations of both the repository horizon and 

overlying geologic strata (Simpson, 1983, p. 1). 

1.5 Repository Sealing 

Giuffre, Koplik, Plum and Talbot (1979, p. 1) recognize the need 

for shaft sealing in association with waste repository 

decommissioning. They state "Decommissioning includes all activities 

required to close the repository and observe its performance. This 

could include backfilling the depository, sealing the shafts, erection 

of permanent surface markers, dismantling the surface facilities and 

long-term instrumentation and monitoring." The need for plugging or 

sealing boreholes that penetrate the geologic strata is also 

recognized. "Borehole plugging requirements specific to a nuclear 

waste repository in deeply buried geologic media parallel, but are 

quite distinct from, the conventional borehole plugging technology 

which has evolved to date" (Roy, Grutzeck, and Licastro, 1979, p. 1). 

The United States Department of Energy (DOE), which has the primary 

federal responsibility for developing licensed, high-level nuclear 

waste repositories, makes the following statement in regard to 

repository decommissioning. "Penetrations into the host-rock system 

shall be sealed as necessary to exclude water, retard radionuclide 

migration, and prevent communication between aquifers to the extent 
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necessary for adequate isolation based upon performance assessments of 

the system" (U.S. DOE, 1982, p. 29). In summary, it seems prudent to 

insure isolation of the waste from the biosphere by sealing all 

boreholes and shafts that will penetrate the repository. 

1.6 Seal Functions 

A competent seal must therefore be designed to limit the migration 

of radionuclides from the repository (through the shafts and 

boreholes) to the biosphere. In addition, seals must also limit the 

inflow of ground water to the repository. In order to accomplish the 

forementioned design criteria, a seal component must perform at least 

one of the following basic seal functions. 

1) The seal must prevent or retard the flow of fluids. An 

effective, competent seal must prevent or retard fluid (both water and 

gases) transmission through the entire seal zone. The seal zone 

includes the seal-rock interface, the disturbed zones in the host rock 

and the seal itself. Reduction of fluid flow by a seal limits the 

movement through a shaft or borehole of radioactively contaminated 

fluids out of the repository as well as limits the movement of fresh 

ground water into the repository. 

2) The seal must prevent or retard radionuclide migration. An 

effective seal material prevents or significantly retards the movement 

of radionuclide contaminated waters by chemical processes, such as 

adsorption, absorption, precipitation or ion exchange (D'Appolonia 

Consulting Engineers, 1980, p. 6). 
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In addition, a seal or plug must be stable in the repository 

environment. The seal must be able to withstand changes in the host 

rock environment, changes that are due to long-term geologic processes 

as well as changes that are a function of time, such as wetting and 

drying cycles (Roy, Grutzeck and Licastro, 1979, p. 5). 

Research conducted by the University of Arizona's Department of 

Mining and Geological Engineering has centered on the performance of 

existing sealing technologies. The main emphasis has been on 

evaluation of existing borehole plugging and rock mass grouting 

products and methods. Two primary sealing materials, cements and 

clays, have been investigated. 

1.7 Bentonite Seals 

Most repository sealing scenarios call for a multi-barrier concept 

where both man-made and natural earth materials are emplaced in the 

shafts and boreholes (Gureghian, Scott and Raines, 1983; Singh, 

1982). Of the several clay materials being considered, bentonite is 

being given considerable attention due primarily to its low-hydraulic 

conductivity, swelling characteristics and cation exchange capacity. 

Pusch, Eriksen and Jacobsson (1982) discuss the "Swedish 

multibarrier" concept for isolating unreprocessed nuclear reactor 

wastes. The multibarrier concept is comprised of two engineered 

components: 1) a thick-walled copper canister and 2) a clay body 

which confines the waste canister. The "clay body" consists of 

isostatically compressed blocks of bentonite. 
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... When the bentonite is in physical equilibrium with the 
surroundings it forms a medium with a number of valuable 
properties, such as self-healing and ion exchange 
capacities. The healing means that initial joints between 
blocks and voids, or local passages in the clay ca(u)sed by 
slight rock or canister displacements, will be sealed by the 
swelling potential of the clay. The high ion exchange 
capacity retards the migration of radionuclides through the 
clay barrier after corrosion of the canisters. The most 
important feature is, however, the very low hydraulic 
conductivity and the low ion diffusivity. (p. 649) 

Gureghlan et al. (1983) describe the following multi-component 

engineered barrier for sealing a shaft that penetrates the Elephant 

Canyon aquifer and a proposed repository horizon (parentheses are 

added for clarification). 

This (shaft seal system) includes three series of an 
identical set of four sealing components, namely, bentonite, 
gravel grout, compacted fill, and crushed salt. The function 
of these seals is two-fold. The first consists of slowing 
down in a appreciable manner the rate of advance of water 
flow which may accidentally be infiltrating into the shaft at 
the level of the Elephant Canyon (aquifer). The second 
consists of retarding radionuclide migration by chemical 
retardation - sorption - in the event where water movement is 
in the upward direction, i.e. from the repository to the 
Elephant Canyon. 

While many researchers have recognized that clays, and bentonites 

in particular, appear to have many desirable sealing characteristics, 

the main drawback is the "strength" of a clay seal. Roy et al. (1979) 

illustrate this point as follows: 

Some of the major problems related to potential utilization 
of vertical composite materials involve the adequacy and 
permanency of bonding of the plug with the wall rock — 

... After extensive feasibility testing at HIT, it was 
determined that, although compacted earthen materials might 
posses some desirable properties and appear promising, they 
could not be relied upon as primary sealants. However, as a 
potential inter-strata layer or zone which could expand upon 
contact with water (partially dehydrated clay) and extrude 
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into any cracks in the interfacial region or plug itself, 
they hold quite a bit of promise. For this reason, natural 
earthen materials should be investigated as a back-up or 
contingency feature or as one or more component(s) of the 
total system. 

With the impetus of the forementioned researchers, an 

investigation was conducted at the University of Arizona to examine 

the strength and sealing performance of bentonite borehole plugs. The 

problem was to determine which engineering properties of bentonite 

were relevant to the design and construction of an efficient 

repository seal. The objective of this research was to identify and 

quantify these engineering properties. 

1.8 Laboratory Research 

Laboratory testing was conducted to quantify bentonite strength 

and sealing properties so that an experimental data base could be 

developed to assess the performance of borehole and shaft seals. 

Bentonite suppliers were contacted and requested to supply 50 pounds 

of samples of industrial or pure Ha-rich bentonites. The supplier and 

bentonite product are listed alphabetically in Table 1.1. According 

to the suppliers, all seven bentonites are the Na-rich, Wyoming 

variety and are "pure bentonites" that have no chemical additives. 

Laboratory testing was divided into four phases. The first phase 

was chemical analysis or testing designed to quantify the components 

of the bentonites. The second phase was conducted to characterize the 

bentonites by standard tests. The third phase was undertaken to 

compare fluid flow through a host rock to fluid flow through 

bentonite. Finally, the fourth phase consisted of strength research 



Table 1.1 Bentonlte Products Tested and Their Suppliers 

Supplier 

American Colloid Corp. 

Dresser Minerals 

Federal Bentonlte 

Georgia Kaolin 

International Hinerals & 
Chemical Corp. 

Slope Indicator 

Whitaker, Clark & Daniels 

Product 

C/S Granular 

Arrowhead 

Akwa Seal 

Hi-Jell #1 

Rainbow Seal 

1/2 Inch Tablets* 

149 Bentonite 325 Mesh 

^Obtained from a supplier in Seattle 

**Obtained from an unnamed producer. 

Washington. 
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or testing designed to determine strength properties of bentonites. 

Each of the four phases will be described in detail in the subsequent 

chapters. 



CHAPTER TWO 

BBNTONITES 

2.1 An Introduction to Bentonite 

The term bentonite was first used by Knight in 1898 to describe a 

particular, highly colloidal, plastic clay found in the Fort Benton 

unit of Cretaceous age formations in Wyoming (Grim, 1953). In 1926 

Ross and Shannon presented the following widely used definition: 

"Bentonite is a rock composed essentially of a crystalline clay-like 

mineral formed by the devitrification and accompanying chemical 

alteration of a glassy igneous material, usually a tuff or volcanic 

ash... the characteristic clay mineral... is usually the mineral 

montmorillonite, but less often beidellite," (Grim and Guven, 1978). 

Today, the term bentonite is used for any clay material which is 

composed predominately of a smectite clay mineral, usually 

montmorillonite. Additional gangue components in bentonite may 

include other clay minerals such as illite and kaolinite as well as 

minerals characteristic of the "parent" igneous material from which 

bentonite was formed (Grim, 1953). Bentonites have a wide variety of 

industrial uses including drilling muds, ceramics, foundry molding 

sands, and various geotechnical applications. Of particular interest 

within the present context is that bentonite finds widespread use for 

various "sealing" applications, e.g. waste and water pond liners, 

slurry trench walls, dam cores and aprons, borehole slurries, etc. 

14 
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This indicates that a considerable industrial bentonite sealing data 

base exists. 

Because bentonites, particularly industrial bentonites, are 

commonly composed of 90% or more montmorillonite, the engineering 

behavior and properties of bentonite can be best understood by 

examining the montmorillonite structure. 

Hontmorillonite is classified as a clay mineral. Clay minerals 

are defined as a group of hydrous alumino-silicate minerals related to 

micas (Dictionary of Geologic Terms, 1976). The Glossary of Geology 

(American Geological Institute, 1977) expands upon this definition to 

include a group of minerals with finely crystalline, metacolloidal, or 

amorphous hydrous silications of aluminum with subordinate magnesium 

and iron. Clay minerals should be distinguished from clay-sized 

particles (generally less than 4 microns) such as "rock flour" (formed 

by mechanical breakdown and grinding of rock surfaces). Clay minerals 

generally have small particle sizes and the ability to adsorb large 

quantities of water (in some cases 100% or more of the weight of the 

clay particles) and ions on the surface and edges of the particles. 

Clay minerals are classified as phyllosilicates. Phyllosilicate 

minerals are characterized by two-dimensional networks or sheets that 

form as silica tetrahedrons link together. The silica tetrahedron is 

composed of one silica atom in four-fold coordination with four oxygen 

atoms; in phyllosilicates, three of the four oxygen atoms in the 

silica tetrahedron are shared, forming a hexagonal network or sheet. 
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The silica sheet is one of the basic compositional units of clay 

minerals. 

The other basic compound unit in clay minerals is the octahedral 

sheet. This sheet is composed of aluminum or magnesium in six-fold 

coordination with either hydroxyl molecules or oxygen atoms. In 

clays, if the octahedral cation is alumina, the resulting structure is 

termed a gibbsite sheet and if magnesium, the structure is termed a 

brucite sheet (Mitchell, 1976). 

Structurally, the montmorillonite clay mineral is classified in 

the 2:1 clay minerals group. The 2:1 designation indicates a clay 

composed of an octahedral sheet sandwiched between two silica 

tetrahedral sheets as shown In Figure 2.1. The tips of the 

tetrahedrons point toward the center of the unit cell. The 

tetrahedral and octahedral sheets combine so that the oxygens forming 

the tips of the tetrahedron are common to the octahedral layer (Grim, 

1953). The layers or sheets that form are continuous in the a and b 

crystallographic directions and stack in unit cell layers in the 

c-direction. The theoretical composition of 2:1 clays is 

(OH).SinAl!HnO, which is the same as that of the nonclay 
4 a 4 Z 

mineral pyrophyllite or talc (Mitchell, 1976). 

The 2:1 group can be divided further into "expanding" and 

"non-expanding" clay minerals. The non-expanding minerals include 

subgroups of micas and illites both of which do not expand in the 

presence of water. The expanding minerals include the 

"equidimensional" subgroup which refers to minerals that have a and b 



Exchangeable Cations 
riHjO 

Oxygens (o^) Hydfoxyls Aluminum, Iron, Magnesium 

O and # Silicon, Occasionally Aluminum 

Figure 2.1 Diagranunatic sketch of the montmorillonite structure 
(from Mitchell, 1976). 



crystallographic axes that are of equal length and the "elongate" 

subgroup where one axis is longer than the other. Within the 

equidimensional subgroup is the smectite group of which 

monttnorillonite is a member (Mitchell, 1976). 

The theoretical composition of 2:1 clays is almost never found due 

to isomorphous substitution in the crystal lattice. Isomorphous 

substition is defined by Hitchell (1976) as "substitution of ions of 

one kind by ions of another type, with the same or different valence, 

but with retention of the same crystal structure." In 

monttnorillonite, isomorphous substitution occurs predominately at the 

2+ 
aluminum sites in the octahedral sheets, where magnesium, Kg , 

3+ 
replaces every sixth A1 cation. The isomorphous substitution 

results in a net-charge deficiency of 0.66 per unit cell. The net 

charge deficiency resulting from this substitution may be balanced by 

exchangable cations adsorbed between successive unit layers and around 

the edges of the unit cell (Grim, 1953 and Hitchell, 1976). The 

chemical formula for montmorillite as suggested by Ross and Hendricks 

(1945) is (0H)4Sig(Al3 3AMgQ 66)O20" BondinS between 

successive monttnorillonite layers is by van der Waals forces (due to 

instantaneously fluctuating dipoles) and by cations that are present 

to balance the net-charge deficiency of the unit structure. These 

bonds are relatively weak and unit layers may be separated easily by 

adsorption of water or other polar molecules as well as by cleavage 

(Hitchell, 1976). 
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Several Interesting phenomena occur due to the isomorphous 

2+ 3+ 
substitution of Hg for A1 in the crystal lattice and the 

accompanying net charge deficiency on the unit cell. The first is 

cation exchange and the second is the formation of a diffuse double 

layer. Both these phenomena occur in the presence of free water and 

will be discussed more fully in the following sections. 

2.2 Cation Exchange Capacity 

Clay minerals have the chemical property of adsorbing certain 

anions and cations on the particle's surface and retaining these in an 

exchangeable state. These ions are exchangeable with other ions in an 

aqueous environment. The exchange reaction will replace adsorbed 

cations of one valence with a group of different cations having the 

same total valence charge. The exchange or replacement reaction is 

stoichiometric (South, 1980). 

The cation exchange capacity in clay results from a net negative 

charge on the clay particle that is satisfied by cations. The charge 

deficiency and resulting cation exchange capacity may occur due to 

broken chemical bonds, isomorphous substitution and substitution of 

exposed hydrogen in hydroxyl ions (Mitchell, 1976). 

Broken chemical bonds occur around the edges of the clay crystal 

lattice due to a "limited" lateral extent of the crystal as well as 

mechanical fracturing and breaking of crystals. The broken bonds 

result in charge deficiencies on the clay structure. These charge 

deficiencies may be satisfied by adsorbed cations. 
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Isomorphous substitution of divalent magnesium for trivalent 

aluminum in the octahedral sheet of the montmorillonite structure 

results in unbalanced charges (Grim, 1953). Again the unbalanced 

charges may be satisfied by adsorbed cations. In montmorillonites, 

isomorphous substitution is the predominant cause of cation exchange 

(Grim, 1953). 

Finally, the hydrogen of exposed hydroxyls may be dissociated and 

replaced by another cation. This adsorbed cation would also be 

exchangeable. 

The cation exchange capacity is measured in milliequivalents per 

100 grams of dry clay. The equivalent weight of an element is its 

atomic weight (in grams) divided by its valence. For example, one 

equivalent of sodium is 23/1 = 23 grams, whereas one equivalent of 

magnesium is 12/2 = 6 grams. The smectite clay group which includes 

montmorillonite typically has a cation exchange capacity of 80-150 

millequivalents/100 grams (Grim, 1953). 

No universal replaceability series of cations exists (Grim, 

1953). The series for a particular clay mineral depends upon the ions 

involved, and the test or field conditions. 

Mitchell (1976) lists a typical replaceability series: Na+ < 

Li+ < K+ < Rb+ < Cs+ < Hg2+ < Ca2+ < BaZ+ < Cu2+ < 

Al3+ < Fe^+ < Th*+. This series indicates that if a 

montmorillonite with adsorbed Na+ ions comes in contact with an 

2+ 2+ 
aqueous solution containing Ca , the Ca ions will replace the 

Ha+ ions on the clay surfaces. It is possible to replace a cation 
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2+ 
of high replacing power, such as Mg , with a cation of low 

replacing power, such as Na+, by mass action. In this case, a 

+ 2+ 
solution with a high Na concentration relative to Hg is 

necessary. 

The rate of exchange or displacement depends on clay type, 

adsorbed cation, cation concentration, replacing cation, temperature, 

and other factors. In general, the exchange takes place rapidly in 

most clays. In smectites/montmorillonites, the reaction may take 

longer as the cations must be displaced from between sheets or layers 

(Mitchell, 1976). 

The cation exchange phenomena in clays, particularly in 

montmorillonites, may profoundly affect the engineering properties of 

a plug or seal. Research by Singh (1982) indicates that the liquid, 

plastic and shrinkage limits, as well as hydraulic conductivity of 

various montmorillonites, are a function of the adsorbed cation, 

x 24* 
either Ha or Ca . Grim and Guven (1978, p. 238) also indicate 

that various properties of a soil (clay) may change due to an 

unexpected change in cation and/or cation concentration. 

In a borehole plug or seal, it is desireable to have engineering 

properties that will not change due to cation exchange. One possible 

solution that may minimize the cation exchange in a bentonite seal is 

to mix the bentonite with water that is characteristic of the 

repository groundwater (i.e. same concentration and species of cations 

and anions). A "similar" cation population in both the groundwater 

and on the montmorillonite surfaces will be expected to decrease 
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cation exchange and thereby minimize any changes in engineering 

properties. 

2.3 Diffuse Double Layer 

As previously mentioned, the montraorillonite particle carries a 

net negative charge. The net charge may be due to a combination of 

broken chemical bonds, isomorphous substitution and dissociation of 

hydrogen from hydroxyl molecules. 

The negatively charged montmorillonite clay particle acts much 

like a capacitor plate and creates an electric field around itself. 

To balance the electric field, exchangeable cations are adsorbed on 

the clay surface. This adsorption is an electrostatic attraction and 

in the dry state, the cations are tightly held on the clay surface. 

Any cations in excess of those necessary for charge balancing form a 

soluble salt precipitate (with their associated anions) in and around 

the clay particles. In the presence of free pore water, the salts go 

into solution. Because the adsorbed cations produce a higher molar 

concentration near the clay surfaces, these cations tend to diffuse 

into the surrounding lower-concentration pore water in an attempt to 

equalize ion concentrations throughout the clay-water system. The 

tendency of cation diffusion is opposed by the negative electric field 

of the clay particle. The diffusing tendency and the opposing 

electrostatic attraction lead to a cation/anion distribution shown in 

Figure 2.2. The negatively charge clay sheet and the positively 

charged cation distribution in the pore water are called the "diffuse 

double layer" or simply the "double layer" (Mitchell, 1976; Wu, 1976). 
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Figure 2.2 Distribution of ions adjacent to a clay surface according 
to the concept of the diffuse double layer (from 
Mitchell, 1976). 
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In montmorillonites the charge deficiency is due predominantly to 

isomorphous substitution. The potential due to the negative electric 

field varies with distance from the clay surface as shown in Figure 

2.3. As with other "like" charged objects, juxtaposed clay particles 

will repel one another; however, this repulsion tendency is balanced 

by attractive forces which are largely attributed to van der Waal's 

forces (Wu, 1976). 

The behavior of Interacting (juxtaposed) double layers is often 

explained by the Guoy-Chapman theory (Guoy, 1910; Chapman, 1913). In 

the development of this theory several idealizations were made: 

1) Ions in the double layer are considered as point charges with 

no interactions between them. 

2) Charges on the clay surface are uniformly distributed. 

3) The particle surface is a plate whose plane dimensions are 

large relative to the thickness of the double layer. 

4) The static dielectric constant of the medium (usually water) 

is independent of position. 

Finally, the theory was developed for colloidal suspensions of 

clay particles. Recall that the potential of the double layer 

decreases with increasing distance from the clay surface (Figure 

2.3). Theoretically the electric field potential extends to infinity; 

however, in reality the extent of the double layer is the distance 

from the clay particle surface to the centroid of the diffuse cation 

charge (South, 1980). This distance is often called the "thickness" 

of the double layer and is denoted as 1/K or xQ. Theoretical work 
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Figure 2.3 Variation of electrical potential with distance from a 
charged surface. Except in very unusual cases, in 
clays is negative (from Mitchell, 1976). 



on ionic and potential distributions near the charged clay particle 

surface shows that the thickness of the double layer is a function of 

surface charge potential, electrolyte concentration, cation valence, 

dielectric constant of the medium (usually water) and temperature 

(Mitchell, 1976). The effect of the forementioned quantities on the 

double layer thickness is given by the formula: 

1/K . x„ (—Tl) 
\8Trn0e2v2/ 

1/2 

where D = dielectric constant of medium 

k = Boltzmann's Constant (1.38 x 10^ erg/°K) 

T = temperature (°K) 

3 
nQ = concentration of ions in electrolyte (ions/cm ) 

-20 
c = unit electronic charge (16.0 x 10 coulomb) 

v = valence (Mitchell, 1976). 

This thickness formula was developed for a single clay particle in a 

dilute electrolyte medium containing a single cation and anion species 

<f4 — 
with the same valence (i.e. Na and CI ) (South, 1980). 

Thus, the double layer thickness is a function of D, T, nQ and v 

with other factors held constant. From this relationship it can be 

seen that the double layer thickness increases directly with the 

square root of increasing dielectric constant, D, and increasing 

temperature, T. In the repository environment, the electrolyte is 

expected to be groundwater. In water, an increase in water 

temperature produces a decrease in the dielectric constant. Mitchell 
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(1976, p. 125) shows that the product D*T has a small variation with 

change in temperature such that the double layer thickness would not 

be influenced greatly by a temperature change. 

From the formula it is also evident that the thickness decreases 

inversely with the square root of increasing cation concentration, 

n^, and with cation valence, v. Thus, an increase in either cation 

concentration or valence in the electrolyte fluid would cause a 

decrease in the double layer thickness. 

Figure 2.4 shows the effect of two electrolyte concentrations on 

the double layer potential. Note that the electrolyte concentrations 

are expressed in moles/liter and are denoted with the symbol C. As 

expected, the double layer thickness, 1/K, is greater at the lower 

electrolyte concentration. The double layer potential has a greater 

extent at the lower electrolyte concentration and this is reflected by 

the distribution of balancing cation and associated anions as depicted 

in Figure 2.5. 

Figure 2.6 shows the effect of cation valence on the cation 

concentration. The curves were generated for an electrolyte 

concentration of c = 0.83 x 10 moles/liter. Note that the 
o 

double layer extent for the monovalent cation, Na+, is greater than 

2+ 
the thickness for the divalent cation, Ca 

The double layer extent, xQ, and the factors that influence it 

(D, T, nQ and v) can be related to flocculation or dispersion of 

clay particles. Conditions that tend to collapse or decrease the 

double layer extent, such as increasing electrolyte concentration or 
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cation valence, will flocculate clay particles in a colloidal 

suspension. Figure 2.7 shows the repulsive and attractive forces, 

VR and V^, as functions of the separation between particles for 

three electrolyte concentrations (low, intermediate, and high). The 

attractive forces, which are generally van der Waals forces, are 

insensitive to variations in the concentration, while the repulsive 

forces are very sensitive to the electrolyte concentration (Mitchell, 

1976). Similar curves can be developed for the other factors such as 

dielectric constant and cation valence. A net curve of interaction 

between repulsive and attractive forces can be generated as in Figure 

2.8. In cases where a high repulsive force exists, clay particles 

will be prevented from close proximity (where the attractive van der 

Waals forces are greatest) and the clay suspension will remain 

stable. On the other hand, if conditions are such that a low 

repulsive force exists, clay particles will tend to be drawn into 

close proximity and the clay suspension will tend to flocculate. 

2.4 Engineering Significance of Cation Exchange and Double Layer 

The development of the diffuse double layer and cation exchange 

can account for many of the observed changes in engineering behavior 

of clays. For example, industrial montmorillonites that might be 

considered for repository sealing have essentially two adsorbed cation 

+ 2+ 
species, Na and Ca . Results reported by Grim and Guven (1978, 

p. 242), and Mitchell (1976, p. 174), indicate that Ca2+ 

montmorillonites commonly have hydraulic conductivities of two orders 

of magnitude greater than Na montmorillonites. This may be 
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eiqplained by the double layer thickness and cation exchange. Double 

layer thickness is inversely proportional to the cation valence. As 

+ 2+ 
valence increases from Ha to Ca (by cation exchange), the 

double layer collapses and the clay particles may be expected to 

flocculate (in a clay suspension) or "consolidate" (in a compacted 

clay plug). The flocculation or consolidation would increase the void 

ratio and subsequently provide more cross-sectional area for water 

flow through the bentonite plug (Pusch et al., 1982). 

The plastic and liquid limits (commonly called Atterberg limits) 

of montmorillonites are known to vary depending upon the adsorbed 

cation (Grim and Guven, 1978). These limits are functions of adsorbed 

water between successive montmorillonite sheets. The Ha 

montmorillonites have extremely high liquid limits due to the double 

2+ 
layer extent that is thicker than the Ca montmorillonites; thus, 

Na-montmorillonites adsorb more water and subsequently exhibit higher 

Atterberg Limits. Again, the thicker double layer can be accounted 

for by the cation valence, v, and its effect on the double layer 

extent. 

The diffuse double layer will also be used to explain, in a later 

chapter, the swelling pressures generated by hydrabing confined 

montmorillonites. 

Theory and experimenbal results indicate that the engineering 

properties of a specific bentonite are not "constant" but are a 

funcbion of (among obher facbors) cabion exchange and bhe diffuse 

double layer exbenb. Any change in bhe reposibory environment afber 



construction and emplacement of a bentonite plug could significantly 

alter the plug's properties. Therefore, careful consideration should 

be given to design specifications and whether the bentonite plug can 

realistically be expected to perform to these specifications for its 

design life. 

2.5 Summary 

Bentonites being considered as a possible sealing material for 

boreholes or shafts are composed of montmorillonite, a clay mineral of 

the smectite group that is composed of an aluminum octahedral sheet 

sandwiched between two silica tetrahedral sheets. Isomorphous 

substitution within the octahedral sheet structure results in a net 

negative electric charge on the montmorillonite clay particle. 

Cations are absorbed at sites between successive montmorillonite unit 

cells and are held in electrostatic attraction. These cations are 

exchangeable with other cations of similar or different valence. The 

cation exchange reaction is generally reversible and obeys 

stoichiometric and mass action laws. A diffuse double layer develops 

between the negatively charged clay particle and hydrated adsorbed 

cations. The diffuse double layer thickness or extent is directly 

proportional to the fluid's dielectric constant and temperature and 

inversely proportional to the electrolyte concentration and valence. 

Both the cation exchange reaction and diffuse double layer development 

will affect the engineering behavior of a bentonite plug or seal. 



CHAPTER THREE 

CHEMICAL ANALYSIS 

3.1 Introduction 

The chemical composition of bentonites is an important parameter 

that could affect the engineering behavior of a plug or a seal. As 

discussed in Chapter 2, the cation exchange and diffuse double layer 

extent are due to isomorphous substitution - magnesium for aluminum. 

Isomorphous substitution occurs within the crystal lattice. The 

cation exchange capacity and double layer extent are functions of the 

adsorbed cation. In the case of montmorillonite, sodium, Na+, and 

2+ 
calcium, Ca , are the predominant adsorbed cations. The adsorbed 

cations and any associated salts are located on the particle surface. 

Isomorphous substitution and adsorbed cations are chemical 

compositional features that both affect the bentonite properties and 

are measurable with laboratory techniques. 

In a repository environment, it is important that seal or plug 

properties initially be controlled or at least specified within a 

"reasonable" range. Chemical and mineraloglcal analysis of bentonites 

may prove useful as a "quality assurance" check before and during 

construction of bentonite plugs. 

3.2 Whole-Rock Analysis 

"Whole-rock" chemical analysis has been performed on the 

bentonites used in this research by Copper State Analytical 

36 
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Laboratories, Inc., of Tucson, Arizona. The SiOg values have been 

determined gravimetrically, the remaining assays by Atomic 

Absorption. The results are listed in Table 3.1. Notice that the 

Na^O values are greater than the CaO values; this is indicative of 

the Na-rich bentonite clay. The test results can be compared to 

chemical analyses performed on montmorillonites and bentonites 

published by Grim (1953), shown in Table 3.2, and Grim and Guven 

(1978), Table 3.3. Table 3.2 contains analyses of montmorillonite, 

nontronite, hectorite, and saponite, all of which are smectite 

minerals and common to bentonites. Table 3.3 contains bentonites with 

some associated gangue or impurities. Note that the Si02 values 

range from approximately 41 to 81% and Al2<>3 values range from 

approximately 0.14 to 27%. The chemical analysis performed on the 

bentonites used in this research revealed SiO^ values from 68 to 74% 

and Al-0 values from 16 to 19%. Calculation of oxide percentages 
J 

from the theoretical montmorillonite formula (Grim, 1953), 

(OH)4SiQ(Al3 34MBq 66>°2O Ha °'66* yields a si02 value of 

approximately 65% and an A12°3 value 28%. 

It is obvious from Tables 3.1 - 3.3 that the chemical composition 

of "bentonites" varies significantly form source to source. Some of 

the variation may be attributed to gangue minerals and analysis 

errors; however, with this much variation it appears that the term 

bentonite (and even montmorillonite) encompasses a number of minerals 

and compositions. With so wide a range of compositions, it seems very 

likely that the engineering properties of these bentonites will vary 



Table 3.1 Whole-rock Chemical Analysis of Bentonites Used in This Research 

% % % % % %  %  %  %  X  

Sample Si02 A3-2°3 Ca0 MgO K20 Na20 Fe2°3 H20 Ti02 p2°5 

Federal 67.8 19.17 .24 4.05 0.53 4.02 3.17 0.2 0.13 0.027 
Bentonite 

Slope 68.9 16.40 .20 4.61 0.56 3.61 2.86 0.3 0.15 0.055 
Indicator 

American 69.2 16.63 .25 1.99 0.94 3.52 3.20 0.4 0.22 0.078 
Colloid Co. 

Int. Minerals 65.9 19.17 .28 6.64 0.51 2.48 2.66 0.2 0.15 0.033 
& Chemical 

Dresser 73.9 14.78 .28 2.49 0.52 3.56 3.32 0.2 0.17 0.040 
Minerals 

Whitaker, 70.4 19.40 .24 2.16 0.54 3.61 3.02 0.5 0.15 0.033 
Clark & Daniels 

Georgia 72.4 16.47 .31 1.99 0.58 3.11 2.63 0.4 0.11 0.035 
Kaolin 



Table 3.2 Chemical Analyses of Montmorlllonite Minerals 
(from Grim, 1953) 

52.09 
18.98 
0.06 

3.80 
3.28 

14.75 
7.46 

100.42 

50.30 
15.66 
0.86 

6.53 
1.24 
0.45 
1.19 

|23.61 

100,14 

3 

50.20 
16.19 
4.13 

4.12 
2.18 
0.16 
0.17 
0.20 

15.58 
7.57 

100.50 

51.14 
19.76 
0.83 

3.22 
1.62 
0.11 
0.04 

14.81 
7.99 

99.52 

55.44 
20.14 
3.67 
0.30 
2.49 
0.50 
0.60 
2.75 
0.10 

114.70 

100.69 

6 

57.55 
19.93 
6.35 
0.95 
3.92 
1.94 
0.59 
0.33 
0.32 

8.53 
100.41 

Monlmorillonile 
1. Tatatilla, Mexico 5. Upton, Wyoming 
2. Otay, California 6. Pontotoc, Mississippi 
3. Polkville, Mississippi 7. Chambers, Arizona 
4. Montmorillon, France 

Analyses 1 to 5 from C. S. Ross and S. B. Hendricks, U.S. Geol. Survey Profess. 
Paper 205B (1945); 6 from R. E. Grim and R. A." Rowland, .4m. .1/ineraf., 27, 740-761 
(1941); 7 from P. F. Kerr el al., Rept. 7, American Petroleum Institute Project 49 
(1950). 

TABLE C. CHEMICAL ANALYSES OF MONTMORILLONITE MINERALS. (Continued) 

I 2 3 4 5 6 7 

SiOi 40.54 41.38 46.06 44.0 53.95 50.8 44.0 
AliO, 5.19 9.84 12.22 3.6 0.14 9.4 10.60 
FejOi 31.24 27.47 18.54 29.0 0.03 2.0 Tr 
FeO 0.39 Tr? 0.28 
MgO 0.06 Tr? 1.62 25.89 26.5 24.30 
CaO 1.92 Tr? 1.66 0.16 0.7 2.00 
K,0 0.24 Tr? . . . .  0.23 
NaiO 0.14 Tr? 3.04 
TiOi 0.84 
H,0- 14.75 12.10 

} 17.26 } 18.7 
9.29 
| 10.5 12.60 

HaO + 6.00 9.25 } 17.26 } 18.7 5.61 
| 10.5 

6.20 
Li«0 » . « • 1.22 

Total 100.47 100.04 98.48 97.4 99.56 99.9 99.70 

Xonlronite Hectorite 

1. Manito, Washington 5. Hector, California 
2. Sandy Ridge, North Carolina Saponile 
3. Spokane, Washington 6. Svardsjo, Sweden 
4. Nontron, France 7. San Bernadino County, California. 

Analyses 1 and 5 from P. F. Kerr et al., Rept. 7, American Petroleum Institute 
Project 49, 1950 ; 2 to 4, 6, and 7 from C. S. Ross and S. B. Hendricks, U.S.Gtol. 
Survey Profess. Paper 205B (1945), 



Table 3,3 Chemical Analyses of Bentonites from U.S.A. (on ignited material from -1 ym fractions of 
ammonium saturated clays except for the data from the literature) (from Grim and Guven, 
1979). 

Sample 
no. 

SiOj AI2O3 Fe203 MgO L^O CaO NajO K20 Total Impurities * 

1 66.05 25.10 3.98 2.77 0.0 0.23 0.03 0.37 98.53 — 

2 71.86 22.62 2.95 2.91 0.0 0.06 0.05 0.05 100.50 crist(20),Q(20) 
3 68.20 23.17 4.91 2.12 0.0 0,02 0.05 0.11 98.58 Q(5) 
4 70.33 20.32. 4.65 3.66 0.0 0.0 0.0 0.0 98.96 Q(5) 
5 68.25 25.05 4.40 2.55 0.0 0.01 0.07 0.02 100.35 Q(5) 
6 69.11 24.80 4.00 2.68 0.0 0.03 0.08 0.04 100.74 Q(5) 
7 67.36 26.03 3.66 2.35 0.0 0.02 0.01 0.06 99.49 crist(lO) 
8 78.68 15.70 2.42 2.11 0.0 0.03 0.05 0.11 99.10 crist(30), Q(10) 
9 69.61 21.94 2.36 4.97 0.0 0.04 0.06 0.04 99.02 — 

10 68.50 22.19 3.52 4.96 0.0 0.02 0.07 0.0 99.26 — 

11 70.51 22.30 1.84 5.44 0.0 0.02 0.02 0.06 100.19 — 

12 68.96 20.90 2.38 6.35 0.0 0.03 0.04 0.22 98.88 — 

13 52.20 6.60 2.40 19.60 0.16 1.40 1.40 0.0 83.76 see text 
14 50.50 6.10 2.20 17.20 0.30 1.50 2.00 0.0 79.80 see text 
15 50.90 7.40 2.30 16.70 0.25 2.80 1.10 0.0 81.45 see text 
16 47.20 9.40 2.50 15.30 0.17 1.00 0.63 0.0 76.20 see text 
17 71.21 20.73 1.44 5.37 0.0 0.22 0.05 0.19 99.21 crist(10) 
18 65.00 22.80 3.07 3.90 0.0 0.05 0.17 0.13 95.12 — 

19 71.35 20.41 5.16 2.70 0.0 0.02 0.02 0.67 100.33 crist(10) 
20 79.60 17.35 0.31 2.88 0.0 0.03 0.02 0.03 100.22 crist (30) 
21 79.83 15.58 0.80 3.61 0.0 0.03 0.03 0.02 99.90 crist(40) 
22 68.57 24.67 3.26 2.15 0.0 0.03 0.05 0.05 98.78 Q(5) 
23 67.72 22.37 5.84 2.52 0.0 0.04 0.0 0.0 98.49 Q(5) 
24 75.41 18.54 2.57 2.56 0.0 0.02 0.05 0.47 99.62 crist(20) 
25 66.97 27.43 3.99 1.40 0.0 0.02 0.06 1.08 100.95 crist(20) kaol(10) 
26 78.54 17.36 1.09 3.41 0.0 0.02 0.03 0.01 100.46 crist(10) 
27 79.96 17.04 1.48 0.55 0.0 0.05 0.03 0.42 99.53 crist(40) kaol(10) 
28 80.97 12.49 3.22 1.57 0.0 0.74 0.01 0.45 99.45 crist (50) 
29 80.42 8.02 9.66 1.05 0.0 0.03 0.02 0.27 99.47 crist(50) 
30 67.98 23.93 4.07 2.92 • 0.0 0.02 0.03 0.17 99.12 — 

* Impurities are semiquantitatively estimated from the X-ray diffraction data, (crist = cristobalite; kaol = kaolinite; Q = quartz.) 
Data for sample 18 are from Grim and Kulbicki (1961) that was obtained on the —2 /im fraction of H-clay, Samples 13—16 were 
analyzed hy Terrasparch, Inc., Tlpnvpr, Colorado without anv pretreatment. 

© 
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considerably. Therefore, selection of bentonite as a sealing 

component will require more quality assurance than just choosing a 

product labeled as "bentonite"; it may require specifying the 

percentage of not only smectite minerals (montmorillonite), but also 

the allowable percentage of gangue or impurities. Furthermore, a term 

more descriptive than bentonite may be necessary to avoid confusion. 

Because of the wide range in reported chemical analyses, it was 

decided to test the chemical variation within a particular product. 

American Colloid Corp. had supplied three SO lb. samples from June to 

November, 1983. Samples were cut from the second and third "batches" 

and sent to Copper State Labs. The results are reported in Table 

3.4. The SiOg values range from 60 to 62%; AlgO^ values were 

approximately 20%. Again, the variation may be due to gangue or 

laboratory errors and are not felt to be significant. 

From the results reported in Tables 3.1 through 3.4, it appears 

that gangue minerals (including "unreacted-parent" rock and any 

impurities) are in all bentonites. These impurities may affect the 

engineering behavior and should be identified prior to seal 

construction and installation. X-ray diffraction could prove useful 

in identifying the mineral constituents of bentonites. It is 

recognized that x-ray diffraction has limited value in quantitative 

determination of the mineral constituents (Mitchell, 1976), 

nevertheless, this technique is able to qualitatively identify mineral 

components that are present in small percentages. 



Table 3.4 Whole-Rock Chemical Analysis of American Colloid C/S Granular 

% % % % % %  %  %  %  X  
Si02 A1203 CaO HgO K20 Na20 Fe203 H20 Ti02 P205 

Batch #2 61.6 20.4 3.4 3.56 1.42 3.40 5.00 0.3 0.16 0.10 

Batch #3 59.8 20.1 4.9 3.78 1.72 3.32 5.43 0.4 0.17 0.09 
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3.3 X-Rav Diffraction 

X-ray diffraction is a laboratory analysis technique used for 

identification of fine-grained soil minerals and the study of their 

crystal structure. X-rays are one of several types of waves in the 

electromagnetic spectrum and have wavelengths of 0.01 to 100 A range. 

X-rays are generated when high speed electrons impinge on a target 

material (copper in this case) and displace one or more of the orbital 

electrons. The x-rays produced contain many wavelengths that are 

screened to form a fine beam of mono wavelength x-radiation. As the 

x-ray beam is focused on a soil sample, the atomic planes act in much 

the same way as a diffraction grating relative to visible light. The 

x-rays may penetrate to a depth of several million layers before being 

absorbed. Each crystal layer absorbs a minute portion of the beam and 

radiates the energy in all directions. Radiation in certain 

directions will be in phase and can be interpreted as a wave resulting 

from a reflection of the incident beam. The in-phase radiation 

emerges as a coherent beam that can be detected by film or a radiation 

counter. 

The orientation of parallel atomic planes, relative to the 

incident beam, at which radiations are in phase depends on the wave 

length of the x-rays and the spacing between atomic planes. The 

spacing between atomic planes may be calculated from Bragg*s Law: 

nX = 2dsin0 where X = wavelength of x-rays, d - atomic spacing and 9 = 

incident angle. Because no two minerals have the same spacings of 

Interatomic planes In three dimensions, the angle at which diffraction 



44 

occurs and is enhanced (from which atomic spacings can be calculated) 

is a diagnostic tool for mineral identification. X-ray diffraction 

results are commonly recorded on a strip chart or diffractogram 

(Mitchell, 1976). 

X-ray diffraction has been used to identify mineral components of 

a bentonite and to compare the diffractograms of two different 

bentonites that were supposedly the same product. Samples of American 

Colloid C/S Granular, batches 2 and 3, were selected for x-ray 

analysis because of the chemical analysis data available for them. It 

was hoped not only to identify the mineral components, but also to 

discern any variability between the two batches. 

C/S Granular is a Wa-rich bentonite with montmorillonite the 

predominant mineral. According to Michell (1976), the montmorillonite 

group has a basal "d" spacing or the (001) crystallographic axis of 

approximately 15 A and an integral series of basal spacings. Using 

x-ray diffraction and a copper target should produce a diffractogram 

with a peak at approximately 6° of 26. Gangue minerals would 

produce peaks at other angles. 

Two samples of C/S Granular were ground to -200 mesh and tamped 

into sample holders. The x-ray diffractometer was activated and 2 6 

angles varied from 3° to 30° at a scanning speed of 2° 

20/minute. A 30° 26 reading corresponds to a basal spacing of 

O 
approximately 2.98 A, which is the lower limit that is useful for 

identifying gangue minerals (mainly cristobalite, biotlte, quartz, and 

feldspar) that could be expected in montmorillonite (Deer et al., 



1982). Figures 3.1 and 3.2 are the diffractograms of batches 2 and 3, 

respectively. Notice the strong diffraction peaks at 26 angles of 

(approximately) 7° and 20° and the similarity of the two figures. 

The 7° and 20° peaks correspond to "d" spacings of 12.62 & and 3.5 

A, both of which are diagnostic of smectites (Mitchell, 1976; Grim and 

Guven, 1978). The small peak at 26.6° of 20 is most likely quartz -

a gangue material. The diffractogram lines are not smooth due to 

diffractometer noise as well as sample noise. 

It appears from the diffractograms that the two samples of C/S 

ganular are very similar in mineral composition. Ho attempt was made 

to identify the mineral components quantitatively through x-ray 

diffraction; however, the analysis did reveal two samples that are 

very similar and contain both montmorillonite and some quartz. 

3.4 Conclusions 

The term bentonite appears to be somewhat ambiguous as evidenced 

from the wide range of chemical compositions reported in the 

literature and in this research. To insure adequate engineering 

properties of repository seals, a standard of acceptable chemical and 

mineralogical ranges should be established. Both chemical analysis 

and x-ray diffraction may prove useful in setting a standard and in 

quality assurance at the repository site. 
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CHAPTER FOUR 

REFERENCE TESTING 

4.1 Introduction 

Reference research was designed to determine fundamental 

engineering properties of the seven bentonlte products. The 

engineering properties of repository sealing materials may be 

important not only for their in-situ sealing performance, but also for 

the seal installation. For instance, sealing materials could be 

emplaced pneumatically or in a slurry form, in which case the water 

content necessary to form bentonite slurry must be determined as well 

as the expected sealing efficiency. This "slurry water content" would 

be the liquid limit (at a minimum). 

The following reference tests were designed to provide some 

fundamental engineering properties: 

1) Shrinkage Limit 

2) Plastic Limit 

3} Liquid Limit 

4) Specific Gravity of Solids 

5) Hoisture-Density 

According to Mitchell (1976, p. 171) the engineering properties of 

a clay group, the smectite group in this case, are a function of 

parameters such as particle size, type of adsorbed cations, the type 

and amount of electrolyte in the pore fluid, and any gangue minerals 
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present. In performing the previously mentioned tests, no attempt was 

made to alter the particle size by special grinding, except in the 

case of the Slope Indicator material where the 1/2 inch pellets were 

pulverized in a Willy Bleuler vibrating grinder. The adsorbed cations 

were predominantly sodium because the bentonites were Na-rlch 

montmorillonites. The pore fluid used in all tests was distilled 

water produced at the College of Mines by a boiling and condensation 

process. Chemical analysis was performed by Copper State Labs on two 

water samples; the results are reported in Table 4.1. Ho attempt was 

made to remove any impurities or gangue from the bentonite samples. 

Table 4.1 Chemical Analysis* of Distilled Water Used in Reference 
Testing 

Sample pH Ca Na K Hg Fe Si(>2 

1 6.25 0.190 3.48 7.75 0.110 0.006 15 

2 6.88 0.105 2.20 1.35 0.025 0.005 5 

*Values reported in milligrams/liter. 

4.1.1 Reference Tests Overview 

The first three tests yield the moisture contents at which a 

cohesive material undergoes a change in state. The moisture contents 

defining these changes from one consistency state to another are 

called "consistency limits" (Karlsson, 1977). The Shrinkage Limit is 

the water content at which no further volume reduction occurs upon 

further drying of the material. The Plastic Limit is the water 
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content: at which the soild begins to act as a plastic material. This 

plastic behavior is qualitatively characterized by the ability to 

change shape without cracking and to retain a molded shape once 

pressure is removed. The Liquid Limit is the water content at which 

the material begins to flow like a viscous liquid, i.e water is 

between virtually all particles (Cemicat 1982, p. 78). 

The specific gravity of solids is the ratio of the unit weight of 

the solids to the unit weight of water at 4°C. 

The moisture-density tests are commonly called compaction tests. 

For a given material, energy input and energy type, a characteristic 

plot of dry unit weight vs. moisture content can be produced. This 

plot is commonly called a compaction curve. 

4.2 Procedures 

4.2.1 Shrinkage Limit 

The Shrinkage Limit has been determined for all seven bentonites 

using the American Society for Testing and Materials (ASTM) D 427-61 

standard. This procedure involves mixing a bentonite with enough 

distilled water so that the moisture content is at or near the Liquid 

Limit. The bentonite paste is placed in a stainless steel dish of 

known volume and oven dried at 110°C. The volume of the dried 

bentonite pat is determined by immersion in liquid mercury and the 

moisture content is calculated. The Shrinkage Limit is calculated 

using the following formula 

S.L. = w - (((v - v0)/W0) x 100%) (4.1) 
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where S.L. = shrinkage limit 

w = moisture content of wet bentonite in percentage of the 

mass of oven-dried bentonite 

v = volume of wet soil pat 

VQ = volume of dry soil pat 

WQ = mass of oven-dried bentonite pat 

4.2.2 Plastic Limit 

The Plastic Limit has been determined for all seven bentonites 

using the ASTH D 424-59 standard. This procedure involves mixing a 

bentonite with distilled water and forming it into an elliptical 

mass. The mass is rolled on a ground-glass plate between the fingers 

with sufficient pressure to roll the mass into a uniform diameter 

thread. The rolling is continued until the diameter reaches 

approximately 1/8 inch. The bentonite thread is then squeezed into a 

mass and the procedure repeated until a thread can no longer be 

formed. A moisture content is then determined by oven drying at 

110°C. 

4.2.3 Liquid Limit 

The Liquid Limit has been determined for all seven bentonites 

using the ASTH D 423-66 standard. This procedure involves mixing a 

bentonite with distilled water and placing the bentonite paste in a 

brass dish. A groove is then cut in the paste. The dish is raised 

and dropped 1 cm at a rate of 2 revolutions per second until the 

bottom of the groove closes along a distance of 1/2 inch. The number 

of drops necessary for 1/2 inch closure is recorded. The Liquid Limit 
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is defined as the moisture content at which 25 drops are necessary to 

produce a 1/2 inch groove closure. 

4.2.4 Specific Gravity of Solids 

The specific gravity of solids has been determined for all seven 

bentonites using the ASTH 854-58 standard. This procedure involves 

first determining the weight of a volumetric pycnometer filled with 

de-aired, distilled water. Then a weighed sample of oven-dried 

bentonite is added to the pycnometer and its weight determined. The 

specific gravity is calculated using the following formula: 

S.G. = WQ/(WQ + (wa - WJJ)) (4.2) 

where S.G. = specific gravity 

w0 = weight of sample of oven-dry soil 

w& = weight of pycnometer filled with water 

Wb = weight of pycnometer filled with water and soil 

The specific gravity has been determined at 21°C and corrected 

to a standard 20°C. 

4.2.5 Moisture-Density 

Two types of moisture density tests have been performed. One 

method follows the ASTH D 698-78 standard and is commonly called the 

Standard Proctor Test. The other method uses a Harvard Miniature Mold 

(Wilson, 1950) and an energy input equivalent to the Standard Proctor 

3 
Test (12375 ft-lbs/ft ). A similar procedure has been used for both 

tests. 



A bentonlte Is mixed with distilled water at several moisture 

contents (commonly 15, 20, 25, 30 and 35%) and allowed to cure 

overnight. Then the moist bentonite is placed in the compaction mold 

in uniform layers. The individual layers are compacted by the impact 

of a dropping compaction hammer. The Standard Proctor Test specifies 

3 layers and 25 hammer drops/layer. The Harvard Miniature Test 

specifies a kneading type energy input; however, this has not been 

used. Instead a compaction hammer has been fabricated (Figure 4.1) 

and 5 uniform layers with 15 hammer drops/layer have been used. 

4.3 Results 

4.3.1 Shrinkage Limit 

For each bentonite sample, 2 to 4 shrinkage tests (i.e. a 

shrinkage dish, bentonite pat and moisture determination) were 

performed. The results are listed in Table 4.2. Georgia Kaolin has 

the lowest shrinkage limit, approximately 16%, while the Slope 

Indicator bentonite has the highest, approximately 38%. 

4.3.2 Plastic Limit 

For each bentonite sample, five to seven plastic limit tests have 

been performed. The results are listed in Table 4.3. American 

Colloid has the lowest plastic limit, approximately 33%, and Dresser 

Hinerals the highest at approximately 55%. 

4.3.3 Liquid Limit 

The liquid limit test has been performed three times for each 

bentonite, sample. The results are summarized in Table 4.4. 
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Figure 4.1 Impact hammer used in compaction tests. 



Table 4.2 Shrinkage Limit Results 

Test No. 
American 
Colloid 

Dresser 
Minerals 

Federal 
Bentonite 

Georgia 
Kaolin 

International 
Minerals 
and Chem. 

Slope 
Indicator 

Whitaker, 
Clark, & 
Daniels 

1 29.22 34.57 11.34 15.19 21.9 35.7 14.0 

2 25.66 27.19 26.94 16.17 23.9 36.72 29.87 

3 23.23 30.37 19.1 42.95 47.91 

4 34.83 17.7 10.04 

Average: 26.04 31.74 19.14 15.68 20.7 38.46 25.45 

Standard 
Deviation: 3.01 3.66 11.03 0.69 2.78 3.92 17.25 



Table 4.3 Plastic Limit Results 

Test Ho. 
American 
Colloid 

Dresser 
Hinerals 

Federal 
Bentonite 

Georgia 
Kaolin 

International 
Hinerals 
and Chem. 

Slope 
Indicator 

Whltaker, 
Clark, & 
Daniels 

1 40.46 54.24 41.32 39.04 51.52 54.10 52.71 

2 28.93 62.78 40.14 36.41 52.83 51.92 47.51 

3 28.37 50.40 40.55 39.52 48.98 52.90 48.05 

4 43.73 61.89 40.35 36.60 59.92 47.14 47.77 

5 29.73 50.51 41.15 34.62 56.44 46.28 44.53 

6 26.79 51.37 41.16 - 51.71 50.49 45.87 

7 - - - - - - 47.53 

Average: 33 55 41 37 54 50 48 

Standard 
Deviation: 7.18 5.71 0.49 2.02 3.95 3.16 2.54 



Table 4.4 Liquid Limit Results (Averaged Test Results) 

International Uhitaker, 
American Dresser Federal Georgia Minerals Slope Clark, & 
Colloid Minerals Bentonite Kaolin and Chem. Indicator Daniels 

Liquid 
Limit: 392 596 693 340 263 454 541 
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International Mineral and Chemical has the lowest liquid limit at 

approximately 263%, Federal Bentonite the highest at approximately 

693%. The plots of water content vs. log blow counts can be found in 

Appendix A in Figures A.l - A.7. 

4.3.4 Specific Gravity 

The specific gravity test was peformed three times for each 

bentonite sample. The results are summarized in Table 4.5. The Slope 

Indicator material has the lowest specific gravity at approximately 

2.64 and Federal Bentonite the highest at approximately 2.82. 

4.3.5 Hoisture Density 

Two types of moisture density tests have been performed. The 

first, a Harvard Miniature Mold (Wilson, 1950) and an energy input 

equivalent to the ASTM D 698-78 (Standard Proctor Test) were used to 

obtain compaction curves (plots of moisture content vs. dry unit 

weight). Three to five compaction curves were generated for each 

sample. The maximum dry density, and the optimum moisture content for 

each sample were also calculated. The Harvard Miniature results are 

plotted in Figures 4.2 through 4.8, which are summary compaction 

curves for all tests. Table 4.6 summarizes the optimum moisture 

content and maximum dry density. 

One Standard Proctor Test (ASTM D 698-78) was performed on each 

bentonite sample. The Results are plotted in Figures 4.9 through 

4.15. Table 4.7 summarizes the optimum moisture content and maximum 

dry density for each sample. 



Table 4.5 Specific Gravity Results 

International Hhitaker, 
American Dresser Federal Georgia Minerals Slope Clark, & 

Test Ho. Colloid Minerals Bentonite Kaolin and Chem. Indicator Daniels 

1 2.74 2.59 2.93 2.70 2.62 2.62 2.78 

2 2.68 2.68 2.71 2.64 2.73 2.66 2.70 

3 2.75 2.70 2.82 2.65 2.85 2.63 2.77 

Average: 2.72 2.66 2.82 2.66 2.73 2.64 2.75 
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Table 4.6 Sununary of Harvard Miniature Compaction Curve Results 

Supplier 
Optimum Moisture 

Content (%) 
Maximum Dry 

Density (lbs/ft3.) 

American Colloid 
C/S Granular 

Dresser Minerals 
Arrowhead 

Federal Bentonite 
Akwa-Seal 

Georgia Kaolin 
Hi Jell #1 

International Minerals 
& Chem./Rainbow Seal 

11.21 

7.87 

8.42 

25.68 

10.08 

86.75 

66.77 

72.73 

75.62 

72.95 

Slope Indicator 
1/2 Inch Tablets 

Whitaker, Clark & Daniels 
149 Bentonite, 325 Mesh 

9.34 

8.94 

91.73 

68.94 
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Table 4.7 Summary of Standard Proctor Compaction Curve Results 

Optimum Moisture Maximum Dry 
Supplier Content (%) Density Clbs/ft3.) 

American Colloid 4.62 95.20 
C/S Granular 

Dresser Minerals 13.32 73.33 
Arrowhead 

Federal Bentonite 29.30 73.55 
Akwa-Seal 

Georgia Kaolin 24.14 79.27 
Hi Jell #1 

International Minerals 29.03 74.42 
& Chem./Rainbow Seal 

Slope Indicator 11.00 93.24 
1/2 Inch Tablets 

Whitaker, Clark & Daniels 
149 Bentonite, 325 Mesh 

32.95 71.31 
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Compaction curves for all the Harvard Miniature Tests may be found 

in Appendix B, Figures B.l through B.24. 

4.4 Discussion of Results 

4.4.1 Shrinkage Limit 

The shrinkage limit is the water content at which point no further 

volume reduction will occur upon further drying. This water content 

(expressed as a per cent of weight) could be used in the design of a 

seal to insure that subsequent drying of the in-situ bentonite plug 

would not produce shrinkage and possible cracks at the plug/wall rock 

interface. Significant shrinkage or cracking of bentonite after 

installation could open preferential flow paths for water ingress or 

for escaping radionuclides. 

The shrinkage limits range from 16 to 38 per cent. According to 

Mitchell (1976), montmorillonites commonly have a shrinkage limit 

range from 8.5 - 15% water content. The lower values (down to 8.5%) 

are for di- and trivalent adsorbed cations, while the upper values (up 

to 15%) are for monovalent adsorbed cations. Because the bentonites 

used in this research were sodium rich (a monovalent cation), the 16 

to 38% range of shrinkage limits should be compared to the 15% value 

report by Mitchell. 

From the Shrinkage Limit Results, Table 4.2, only Georgia Kaolin 

and Federal Bentonite samples have shrinkage limits below 20%. Three 

samples (American Colloid, International Minerals and Chemicals, and 

Whitaker, Clark and Daniels) have values from 20-30%, while Dresser 

Minerals and Slope Indicator both have values above 30%. An attempt 
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was made to correlate the sodium content (from Table 3.1) to the 

shrinkage limit; however, no obvious correlation was evident. 

The higher shrinkage limits reported in this research may be due 

to interlayer vs. free water adsorption. The procedure for 

determining the shrinkage limit specifies making a bentonite pat at a 

very high initial water content. It is assumed that this water is 

free pore water when in reality it is likely a combination of both 

free pore water and water adsorbed between montmorillonite particles. 

The soil pat is then oven dried and its volume determined by immersion 

in liquid mercury. Upon drying the free pore water is driven off and 

subsequent drying will collapse the expanded double layer. This 

collapse leads to a smaller final volume <vQ in Eq. 4.1) such that 

calculations lead to a greater shrinkage limit than is expected. 

It is recommended that more shrinkage limit tests be performed so 

that the validity of these results can be checked; however, the liquid 

mercury immersion portion of the test is extremely hazardous and 

should be replaced by another volume determination. Karlsson (1977) 

presents several alternate methods, using a dessicator for drying and 

coating the bentonite pat with grease prior to immersion in ligroin or 

some other volatile liquid that is insoluble in water. These methods 

appear somewhat time consuming, particularly the dessicator drying. 

4.4.2 Plastic Limits 

The Plastic Limit is the water content at which the bentonite 

begins to exhibit a plastic behavior. No general agreement has been 

reached as to the interpretation of the plastic limit. Terzaghi 
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(1926) suggests that the plastic limit represents the water content 

below which the physical properties of the pore water no longer 

represents those of "free" water. ?ong and Warkentin (1966) suggest 

that the plastic limit is the lowest water content at which cohesion 

between particles is low enough to allow movement, but high enough to 

allow particles to retain their new molded positions (references cited 

from Mitchell, 1976, p. 179). In any case, water contents above the 

plastic limit allow deformations without volume change or cracking and 

retention of the deformed shape. In another repository sealing 

scenario, bentonite with a water content above the plastic limit could 

be molded into bricks used in a seal or bulkhead. These bentonite 

bricks would have the ability to "form-fit" rough surfaces and corners 

without cracking or crumbling and would retain the molded shape. They 

would allow considerable deformation (convergence) without detrimental 

effects. 

The plastic limits range from 33 to 55%. According to Hitchell 

(1976, p. 173), montmorillonites commonly have a plastic limit range 

from 50-100% water content. The upper values (up to 100%) are found 

for the monovalent adsorbed cation. Grim and Guven (1978, p. 239) 

report a plastic limit range of 89-97% for sodium montmorillonites (3 

samples - 93% average). Thus, the values reported in this research 

are two to three times lower than those found in the published 

literature on sodium montmorillonites. 

Each plastic limit test was performed five to seven times on a 

particular bentonite sample. At times, three technicians have been 



involved with the actual testing. Even though the ASTM procedure is 

clearly written, the interpretation or judgement as to when the 

bentonite has reached its Plastic Limit is somewhat subjective. 

Therefore, a range of values has resulted depending upon the 

technician(s) performing the test. Karlsson (1977) reports that 

errors in the Plastic Limit may result from insufficient kneading of 

the sample after rolling it. This may result in premature crumbling 

of the bentonite thread. If a moisture determination were made at 

this point, the Plastic Limit would be anomalously high, which 

certainly is not the case in this research. 

The low values (at least In part) may be a function of particle 

size. Agglomerates of bentonite particles would tend to inhibit water 

penetration to the interior clay particles so that a "superficial 

wetting" occurs. The bentonite thread might crumble, but this would 

occur between bentonite agglomerates and not between the smaller clay 

particles. Because the thread has crumbled, it satisfies the plastic 

limit test criterion and a moisture determination would result in an 

anomalously low plastic limit. 

Evidence for this explanation exists in the experimental data. 

The American Colloid bentonite produces the lowest plastic limit 

(33%). This product is labeled as Custom Seal Granular 50 with an 

advertised 40-50% retained on a #40 sieve. The other bentonites are 

generally very powdery except for Slope Indicator tablets which have 

been pulverized prior to testing. The plastic limits for these 6 

samples range from 41 to 55%. 
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Future plastic limit tests should take into consideration two 

factors. First, the water used for testing must be considered. 

Distilled water was used for all reference tests including plastic 

limits. For a repository application, a site-specific water, 

representative of the ground water in the area, has to be used for 

testing because the cations may affect the plastic limit. Parameters 

that would tend to make the double layer collapse (Chapter 2) would 

tend to produce a lower plastic limit. Second, the particle size 

should be considered. If a "true" plastic limit is desired, it may be 

prudent to grind all bentonites to a uniform -200 sieve (or finer) 

before testing. However, if the bentonite used in the seal or plug is 

not the same particle size as that of laboratory tests, the plastic 

limit of the field conditions may not be represented by the laboratory 

results. 

Even though the plastic limits reported in this research are lower 

than other published values, it is believed that the limits are valid 

for the bentonites tested. The ASTH standard has been followed very 

carefully and the standard deviation in the worst case (American 

Colloid) was only 21% of the reported plastic limit. 

4.4.3 Liquid Limit 

The Liquid Limit is the water content at which the bentonite 

behaves as a viscous liquid. It will flow as a liquid and water 

molecules are between virtually all bentonite particles. The liquid 

limit test is essentially a shear test. At the liquid limit, the 

bentonite (or soil in general) has a shear strength of approximately 
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2 2.5 KlJ/m . For bentonlfces (and other expansive clays), the greatest 

portion of the shear strength is supplied by the net interparticle 

attractive forces (cohesion) and not by frictional components 

(Mitchell, 1976, p. 178). 

The liquid limits ranged from 263 to 693% water content. 

According to Mitchell (1976, p. 173) montmorillonites commonly have a 

liquid limit range from 100 - 900% water content. The upper values 

(up to 900%) are for monovalent adsorbed cations. Grim and Guven 

(1978, p. 239) report liquid limits of 344, 443 and 700% for three 

sodium montmorillonites. It is apparent from published literature 

that the liquid limit varies considerably even within the sodium-rich 

montmorillonite clay group. 

Three lab technicians performed a single liquid limit test on each 

of the seven bentonite types. The results are plotted as water 

content vs. log blow counts, commonly called flow curves (Figures A.l 

through A.7). The flow curves are visually drawn to best fit the 

results for a particular technician. The three liquid limit values 

are then averaged to obtain the liquid limits reported in Table 4.4. 

Only two values were averaged for Dresser Minerals and Federal 

Bentonite because the third set of data points are inconsistent with 

expected results. The blow counts tended to increase (instead of 

decreasing) with increasing moisture content. 

The data points and associated flow curves in Figures A.l through 

A.7 (Appendix A) reveal a difficulty in obtaining consistent results 

not only between the three technicians, but also within an individual 
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test. Frequently, as the bentonite approaches the liquid limit, the 

blow counts increase instead of decreasing, as would be expected. 

Grim and Guven (1978, p. 238) comment that it is difficult to 

determine the liquid limit for smectites with adsorbed sodium and 

lithium cations due to the extremely high water contents and 

thixotropic character of the clay. 

The difficulty in obtaining consistent liquid limits can most 

likely be attributed to inhomogeneous moisture conditions within the 

bentonite. As more distilled water is added to a sample, the water 

may be quickly adsorbed between expanding montmorillonite particles. 

If the subsequent mixing is insufficient, the bentonite will contain 

"pockets" that are "wetter" than the overall sample. For future 

liquid limit tests, a minimum "curing time" between the addition of 

water and the actual test procedure should be established. This, 

combined with vigorous sample mixing, may alleviate some of the 

testing "problems". 

The accuracy of the liquid limits was checked using the one-point 

determination described in the ASTM Book of Standards (1981). This 

method involves taking a water content and associated blow count 

0.12 
(between 20 and 30 blows) and using the formula LL = W^(H/25) * , 

where LL = liquid limit, W = water content at N blow counts, and IT 
N 

= number of blow counts. The blow count was chosen as close to 25 

blow counts as possible. Table 4.8 lists the results of the one-point 

liquid limit determination. 



Table 4.8 Comparison of One-Point and Multipoint Liquid Limit Methods 

Bentonite 
Blow Counts 

H 
Water Content at 

N 

One Point 
Liquid 
Limit 

One Point 
Liquid Limit 
(Average) 

Multipoint 
Liquid Limit 
(Average) 

American Colloid 24 
21 
24 

403 
387 
388 

401 
379 
386 

389 392 

Dresser Minerals 27 
22 
25 

550 
645 
623 

555 
635 
623 

604 596 

Federal Bentonite 29 
24 
26 

652 
719 
845 

664 
715 
849 

743 693 

Georgia Kaolin 27 
25 
27 

307 
382 
317 

310 
382 
320 

337 340 

International 
Hinerals & Chem. 

26 
26 
21 

262 
297 
261 

263 
298 
256 

272 263 

Slope Indicator 25 
25 
24 

412 
485 
470 

412 
485 
468 

455 454 

Whitaker, Clark 
and Daniels 

26 
29 
28 

500 
553 
573 

503 
563 
581 

549 541 
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Inspection of Table 4.8 reveals that the difference between liquid 

limits determined by the one-point method and the multipoint flow 

curves is less than 10%, except for Federal Bentonite where the 

difference is 50% water content (due mainly to the anamolous value of 

845% which has not been used in the multipoint flow curve analysis). 

Even though the data points used in the liquid limit analysis 

appear somewhat scattered, it is felt that the liquid limits reported 

are valid for the bentonites. The difficulty in determining the 

liquid limit should be taken into consideration in future tests. 

Attention should be given to sample preparation (including particle 

size, water used in testing, thoroughness in mixing and curing time). 

4.4.4 Specific Gravity 

The Specific Gravity is the ratio of the unit weight of the solid 

portion of the bentonite to the unit weight of water at 4°C. The 

specific gravity is an important parameter used in a number of 

gravimetric and volumetric calculations, e.g. determination of 

saturation, void ratio, dry shipping weight, etc. 

Specific gravity values ranged from 2.64 to 2.82. According to 

Grim (1953, pp. 313-314), montmorillonite has specific gravities 

ranging from 2.53 for a "low-iron" montmorillonite to 2.74 for 

montmorillonite with an iron content of 3.6%. From Table 3.1 the iron 

content (Fe2°3^ ̂ or these bentonites ranges from 2.63 to 3.32%. 

Dresser Minerals, with a 3.32% iron content, has a reported specific 

gravity of 2.66. Georgia Kaolin with a 2.63% iron content also has a 

specific gravity of 2.66. It is not possible to make a correlation 
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between increasing iron content (Table 3.1) and increasing specific 

gravity (Table 4.5) for these data. 

Although the 2.82 specific gravity for Federal Bentonite seems 

anomalous, it is believed that the values are representative of the 

samples. 

4.4.5 Moisture-Density Relationships 

Compaction is a densification process by which a soil mass 

consisting of solid, liquid and gas phases is reduced in volume by the 

application of external loads. Densification occurs as the gas phase 

is expelled and the void ratio (volume of voids to volume of solids) 

decreases (Sowers, 1979). Because the water content is unchanged, the 

degree of saturation (volume of liquid phase to volume of total voids) 

increases. In most soils it is impossible to expel all of the gas 

phase, so that 100% saturation through a compactive effort does not 

occur (Winterkorn and Fang, Ch. 7, p. 244 of Hilf, 1975). Compaction 

of a soil generally results in the following engineering changes 

(Winterkorn and Fang, 1975; Cemica, 1982; Kymine and Judd, 1957): 

1) increase in shear strength, 

2) increase in swelling potential/pressure, 

3) decrease in compressibility, 

4) decrease in settlement, 

5) decrease in shrinkage, and 

6) decrease in permeability. 

The forementioned engineering changes are most desirable when 

considering bentonite as a possible repository sealing material. Any 
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increase in shear strength and, to a limited extent, swelling 

potential/pressure, could result in a seal that provides improved 

resistance to push-out forces. A decrease in compressibility and 

settlement would produce a seal that was "stiffer" or deformed less 

under a given external load. A decrease in shrinkage and permeability 

would provide better sealing of shafts and boreholes such that 

escaping radionuclides (in groundwater) would be impeded. From a 

repository sealing standpoint, compaction of bentonite seals and the 

resulting changes in engineering properties would produce a more 

effective nuclear waste isolation. 

Evidence from published literature indicates that the method of 

specimen compaction, mechanical effort of compaction, and the amount 

of moisture content in the specimen at the time of compaction have 

significant effects on the strength, permeability and swelling 

characteristics (Chung and Yokel, 1982, p. 303). Therefore, it is 

important to characterize the relationship between the method and 

effort of compaction as well as the moisture content at the time of 

compaction. Moisture-density relations or compaction curves are a 

commonly accepted means of determining the above relationships. Two 

ASTH standards exist for compaction curves: 1) ASTH D 698-78, 

commonly called the Standard Proctor Test, and 2) ASTH D 1557-78, or 

Modified Proctor Test. 

4.4.5.1 Harvard Miniature. Due to the large volume of sample 

material necessary for either the Standard or Modified Proctor Test 

3 
(approximately 1/30 ft for each moisture content - minimum 5 
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differenb moisbure conbenbs for each curve and 3 curves for each 

sample), the Harvard Miniature Compaction mold (Wilson, 1950, p. 34) 

was chosen for the first set of compaction tests. The Harvard 

3 
Miniature mold requires approximately 1/454 ft for each moisture 

content (this is 1/15 the volume of the Standard and Modified 

Compaction Molds), and uses a "kneading" type compaction effort. 

Chung and Yokel (1982) recommend an impact or static compaction effort 

as these efforts are considered feasible in the placement of 

backfills. They also recommend that the compaction effort follow a 

specified ASTM standard. For this testing, an impact compaction 

effort as specified in the Standard Proctor Test (ASTM D 698-78) was 

selected. This required that a falling-weight hammer be fabricated. 

The hammer, Figure 4.1, consists of a 1.16 lb weight falling from a 

variable height; when the hammer is dropped from a height of 3.76 

inches and 5 individual layers are each compacted with 15 blows, the 

compaction effort is equivalent to that of the Standard Proctor test 

3 
of 12375 ft lbs/ft . The Standard Proctor test specifies 3 layers 

with 25 blows/layer; however, it was believed that more accuracy could 

be obtained with more layers (5 layers, 15 blows/layer), especially as 

the clay became more "viscous" at the higher moisture contents. 

Distilled water was used to bring the moisture content to the desired 

level prior to compaction. 

Table 4.6 summarizes the results of the Harvard Miniature Mold 

compaction curves. According to Winterkom and Fang (1975), a typical 

compaction curve should resemble Figure 4.16. 
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COMPACTION CURVE 

DRY DENSITY 

S = 100% 

OPTIMUM 

DRY DENSITY 

OPTIMUM WATER CONTENT 

WATER CONTENT 

Figure 4.16 Typical compaction curve for soil depicting optimum dry 
density and optimum water content. 
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The curve is a general paraboloid which increases to a maximum dry 

unit weight at an optimum moisture content; the curve then decreases 

with increasing moisture. Examination of the Summary Compaction 

Curves for the Harvard Miniature Hold (Figures 4.2 through 4.8) 

reveals that these curves do not resemble the typical compaction 

curve. Compaction curves of American Colloid and Slope Indicator 

resemble (somewhat) the right half of a compaction paraboloid or that 

portion "wet" of optimum moisture content. The curves for Dresser* 

Federal Bentonite, Georgia Kaolin, International Hinerals and 

Chemicals, and Whitaker, Clark & Daniels are generally "flat" or slope 

very gently from a maximum value. In no case did the curves resemble 

Figure 4.16. 

There are several possible explanations for these unexpected 

results. First, a scaling effect may have been introduced by the 

Harvard Miniature Mold. It is possible that the combination of the 

mold and the impact hammer did not produce the desired energy input. 

However, the calculation of energy input to the bentonite sample 

((1.16 lbs hammer x 3.76 inch fall x 5 layers x 15 blows/layer)/(1/454 

ft3 x 12 in/ft) = 12376 ft lbs/ft3) shows that theoretically the 

energy input is equivalent to the Standard Proctor Test. . Great care 

was taken to ensure uniformity of test procedures. One technician 

produced one compaction curve. The falling hammer weight was dropped 

as near to vertical as possible (so that no binding occurred). The 

bentonite mixing and compaction was done in a room of constant 

temperature and humidity; also the compaction was done on a concrete 
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pad and the hammer was not allowed to "bounce" after Initial impact so 

that no additional energy was produced. To further test the "scaling 

effect theory", a Standard Proctor Test was initiated and will be 

discussed in Section 4.5.2. 

A second possible explanation for the compaction curve results is 

insufficient sample "curing time". Bentonite adsorbs water very 

readily. The addition of small amounts of distilled water (up to 30% 

of the bentonite weight) tended to produce agglomerates of high water 

content, leaving the rest of the sample virtually dry. Vigorous 

mixing appeared to distribute the water evenly, but several 

publications further recommend that the bentonite "stand" or cure for 

periods ranging from 36 hours to 7 days. This curing time is 

necessary for the water to distribute evenly between the clay 

particles. The ASTH Book of Standards (1981) recommends a 36-hour 

minimum standing time for cH material (highly plastic clay - which 

bentonite would be classified as). Wlnterkom and Fang (1975) state 

that "to avoid irregular and meaningless moisture density curves in 

laboratory and field tests on highly cohesive soils it is imperative 

that the moisture be evenly distributed throughout the secondary soil 

aggregates" (p. 111). They recommend a curing time of 1 to 7 days for 

cohesive soil when water is added in the dry state (as it was in this 

research). Initially, samples were mixed at the desired moisture 

content and compacted within a 1/2 hour of mixing. However, due to 

the unexpectedly poor results, it was decided to cure for 12 to 48 

hours before compacting. No noticeable improvement was observed in 

the data results. 
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A third possible explanation is that these results are valid even 

though the test results did not yield the generally expected 

paraboloid curves. Winterkorn and Fang (1975) cite several cases 

where other investigators reported nontypical compaction curves. In 

one case, Andrew et al. (1967) tested a sodium-bentonite and found two 

optimum moisture contents for the compaction data. Lee and Suedkamp 

(1972) reported the existence of four moisture density curves 

depending on the liquid limits. For liquid limits greater than 70% 

(the lowest experimental liquid limit was 263% for International 

Hinerals and Chemicals) they reported multipeaked curves and "oddly 

shaped with no distinct optimum moisture content" curves. The oddly 

shaped curves with no distinct optimum moisture content seems to best 

describe the experimental results obtained here. 

A.4.5.2 Standard Proctor. The second type of Moisture-Density 

test was the ASTM D 698-78 or Standard Proctor Test. The main purpose 

of this testing was to determine the scaling effects (if any) 

introduced when the Harvard Miniature Mold and compaction hammer were 

used. Examination of the Standard Proctor Curves (Figures 4.9 through 

4.15) reveals results very similar to those of the Harvard Miniature 

Mold. The results, except for Georgia Kaolin and International 

Minerals and Chemicals, can be best described as having no distinct 

optimum moisture content. Georgia Kaolin and IMC did yield results 

that resemble the expected paraboloid curves. Comparison of Harvard 

Miniature Results (summarized in Table 4.6) to Standard Proctor 

Results (summarized in Table 4.7) reveals that in every case, the 
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maximum dry density of the Harvard Miniature test is lower than that 

of the Standard Proctor results. For every case, except American 

Colloid and Georgia Kaolin, the optimum moisture contents were also 

lower for the Harvard Miniature mold. It appears that the Harvard 

Miniature mold introduced some scaling effect such that the maximum 

3 
dry densities are 1 to 9 lbs/ft lower that Standard Proctor Tests. 

The difference between maximum dry densities represents 1 to 9% 

(expressed as per cent of the average value between the Harvard Mold 

and the Standard Proctor Test results). 

Several explanations may account for the observed differences 

between the Harvard Miniature and the Standard Proctor results. 

First, the technician responsible for the Standard Proctor results has 

not performed the Harvard Miniature testing. The observed differences 

may be due to slight differences in the test procedure employed by the 

three technicians. Second, the Harvard Mold test procedure differed 

slightly from the Standard Proctor in that 5 layers (instead of 3) and 

15 hammer drops/layer (instead of 25) have been applied. The energy 

input is equivalent for both tests, but the difference in bentonite 

layers and hammer drops may have contributed to the difference in the 

results. Finally, the ASTM Book of Standards, Part 19 (1981, p. 208) 

recommends a limiting range of values for "multilaboratory 

precision". The acceptable range of two results, expressed as a 

percent of the mean value is 4% for the maximum dry density and 15% 

for the optimum moisture contents. Table 4.9 lists the difference in 

maximum dry density and optimum moisture content between the Harvard 



Table 4.9 Difference Between Harvard Miniature Mold and Standard Proctor Tests 
Expressed as a Percentage of Mean Value 

Company 
Maximum Dry 
Density 

Optimum Moisture 
Content 

American Colloid 9.3* 83.3* 
Limiting range as 

Dresser Minerals 9.4% 51.4* specified in ASTM 
Standard D 698-78 

Federal Bentonite 1.1* 110.7* 
Maximum Dry Density 

Georgia Kaolin 4.7* 6.2* 4* 

International Minerals 2.0* 96.9* Optimum Moisture Content 

& Chemicals 15* 

Slope Indicator 1.6* 16.3* 

Whitaker, Clark & 3.4* 114.6* 

Daniels 
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Miniature and Standard Proctor test results. Hone of the bentonite 

testing met the ASTM limiting range. Georgia Kaolin and Slope 

Indicator are close in both the maximum dry density and also the 

optimum moisture content. Except for American Colloid, Dresser 

Hinerals and Georgia Kaolin, all bentonites met the ASTH limiting 

range for maximum dry density, but not for optimum moisture content. 

After reviewing the results of both the Harvard Miniature and the 

Standard Proctor tests it is recommended that additional compaction 

tests be performed. Particular attention should be paid to sample 

preparation. It is important that after water has been added to the 

bentonite and preliminary mixing has been performed, that the sample 

is allowed to cure. A minimum of 24 hours should be adhered to, with 

longer curing times preferable. Winterkorn and Fang <1975) suggest 

that by using "live steam" to wet the sample, the curing time may be 

reduced (p. 111). Consistency in procedure, equipment, and technician 

may reduce deviations among tests. 

Winterkorn and Fang (1975) also report that moisture-density 

relationships are temperature dependent because the viscosity of water 

and the interaction of mineral surfaces with water are functions of 

temperature. The temperature effect is expected to increase with 

increasing specific surface or surface per unit volume which in 

bentonites is very high. The temperature effect is also a function of 

the clay mineral, exchange ion and pore water electrolytes. In 

general, an increase in compaction temperature causes an increase in 

maximum dry unit weight and a decrease in the optimum moisture 
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content. Therefore, the temperature of preparation and testing should 

reflect the expected field conditions, i.e. the repository 

environment. The temperature affect on compaction may be 

significant. For instance, Winterkorn and Fang (1975) report cases 

where during night operations, a sheep foot roller literally "walked 

off" the fill with little or no surface penetration , but the next 

day, the sheep foot roller sank to the roller drum on the previously 

"compacted" fill (pg. 112). 

A.5 Independent Laboratory Testing 

The laboratory technicians used in this research were relatively 

inexperienced. They had been exposed to these reference tests in an 

undergraduate soil mechanics course, but due to the difficulty in 

testing bentonite, it was decided to check some research results with 

an independent testing facility. 

American Colloid Company graciously offered to perform several 

reference tests as well as a permeability test (to be discussed in 

Chapter 5). Christopher P. Jepsen, Technical Supervisor for American 

Colloid in Skokie, Illinois, supervised and performed the following 

tests on American Colloid CS-50: 

1) Plastic Limit ASTM D 424-59, 

2) Liquid Limit ASTM D 423-66, and 

3) Standard Proctor Compaction ASTM D 698-78. 

His results are listed in Table 4.10 
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Table 4.10 Results of Tests Performed by American Colloid 
Company on CS-50 

Test Result 

Plastic Limit 48 + 9% 

Liquid Limit 625% 

Standard Proctor Dry Density 
84.6 pcf 

Moisture Content 
13.67* 

A comparison was made between the results in Table 4.10 and those 

American Colloid results in Tables 4.3, 4.4 and 4.7. 

The Plastic Limit (from Table 4.3) is 33% compared to 48% from 

Table 4.10. The Liquid Limit (from Table 4.4) is 392% compared to 

625% from Table 4.10. The Standard Proctor Compaction yielded a 

maximum dry density of 95.2 pcf and an optimum moisture content of 

4.62%. Mr. Jepsen performed one compaction test on dry material at 

the "as received" moisture content. He obtained a 84.6 pcf for the 

dry density at a moisture content of 13.67%. 

The difference in experimental results between the two independent 

laboratories is obvious and further emphasizes the difficulty in 

testing and characterizing bentonites. 

Reference Testing was designed to determine fundamental 

engineering properties of the bentonite samples. Five tests were 

performed (Shrinkage Limit, Plastic Limit, Liquid Limit, Specific 

Gravity, and Moisture-density). 

4.6 Summary and Conclusions 
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Performance of these tests revealed serious difficulties in 

testing bentonite. Results varied within a test, between technicians 

and between independent laboratories. Comparison of experimental 

results to published results proved inconsistent due (in part) to the 

variability of bentonite and montmorillonite composition. 

The results from all reference tests are summarized in Table 4.11. 

For future tests, the following suggestions may proved useful: 

1) The bentonite products used in laboratory testing and 

characterization must be representative of the bentonites intended for 

use in the repository seal. Quality control requires that laboratory 

test samples must have not only the same product name, but also have 

the same particle size and gangue minerals as the repository seal 

bentonite. Otherwise, laboratory tests results will not accurately 

predict the physical and engineering properties of the bentonite used 

in the repository environment. 

2) Dry bentonite samples that are mixed with water should be 

allowed to cure a minimum of 24 hours before testing. 

3) Distilled water was used in all reference testing. The test 

results can not be expected to represent repository conditions if the 

bentonite used in a repository seal is mixed with water containing 

dissolved salts (i.e. free cations and anions). 

4) The temperature at which testing is performed is important, 

particularly for compaction tests. If a compacted bentonite seal is 

specified for a repository, the laboratory and field temperatures 

should be the same to ensure that lab results will predict field 

behavior. 



Table 4.11 Summary of Results of Reference Tests on Bentonite Samples 

Standard 
Shrinking Plastic Specific Proctor Harvard 

Limit Limit Liquid Gravity Compaction Compaction 
Company Average Averaee Limit Average lbs/ft3 lbs/ft3 

Product (Stan. Dev.) (Stan. Dev.) Average (Stan. Dev.) (Opt. Moist.) (Opt. Moist.) 

American 26.04 33 392 2.72 95.20 86.75 
Colloid C/S (3.01) (7.18) (0.04) (4.62%) (11.21%) 
Granular 

Dresser 31.74 55 596 2.66 73.34 66.77 
Minerals (3.66) (5.71) (0.06) (13.32%) (7.87%) 
Arrowhead 

Federal 19.14 41 693 2.82 73.55 72.73 
Bentonite (11.03) (0.49) (0.11) (29.30%) (8.42%) 
Akwa-Seal 

Georgia Kaolin 15.68 37 340 2.66 79.27 75.62 
Hi Jell #1 (0.69) (2.02) (0.03) (24.14%) (25.68%) 

Intl. Minerals 20.65 54 263 2.73 74.42 72.95 
& Chem. (2.76) (3.95) (0.12) (29.03%) (10.08%) 
Rainbow Seal 

Slope Indica 38.46 50 454 2.64 93.24 91.73 
tor 1/2" (3.92) (3.16) (0.02) (11.0%) (9.34%) 
Tablets 

Whitaker, 25.45 48 541 2.75 71.31 68.94 
Clark & (17.25) (2.54) (0.04) (32.95%) (8.94%) 
Daniels 149 ] Bentonite 325 Mesh 

NOTE: Stan. Dev. = Standard Deviation; Opt. Hoist. = Optimum Moisture 



5) Laboratory testing results in subjective observations of 

experimental results; therefore, the test procedures should be lucid 

and concise. In addition, proper supervision is necessary to ensure 

that the tests are conducted within the specified guidelines. 



CHAPTER FIVE 

PERMEABILITY TESTING 

5.1 Introduction 

In the selection, testing and construction of a nuclear waste 

repository, numerous shafts and boreholes will penetrate the geologic 

formations of the repository level as well as the overlying strata. 

These penetrations may provide radionuclide-contaminated ground waters 

with preferential migration paths to the biosphere. Currently, the 

U.S. Department of Energy (1982) specifies sealing of repository pene

trations. Adequate sealing may require backfills, waste rock, and 

"seals'* (Kelsall et al., 1983). 

The borehole or shaft seal is a critical component in the engi

neered barriers of a nuclear waste repository. The primary purposes 

of the seals are to exclude or delay ground-water contact with the 

waste form, to retard the release of radionuclides into the ground 

water if contact is made, and to prevent communication between aqui

fers (Gureghian, et al., 1983, and U.S. Department of Energy, 1982). 

It is evident, therefore, that the relative ease with which fluids 

(including gases as well as groundwaters) can be transmitted through a 

seal is of extreme importance. The capacity of a medium to transmit a 

fluid is commonly termed "permeability" (Dictionary of Geological 

Terms, 1976). 

100 
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For a given repository site, consider the virgin or preconstruc

tion permeability of the host geologic formations as a reference 

point. If permeability studies are conducted on materials considered 

for potential seals, a comparison of seal permeability to virgin 

permeability could provide a measure of seal efficiency. A potential 

sealing material may have equal, greater or less efficiency in sealing 

a repository than the host geologic formations. 

Experimental research has been divided into an evaluation of two 

types of permeability tests. The first area, the falling head permea

bility test, was designed to determine the variability in laboratory 

permeabilities of the seven bentonites. The second area, the radial 

permeameter test, was designed to compare the permeability of a 

specific bentonite to that of intact rock. The following two sections 

(5.2 and 5.3) include an introduction, experimental procedures, 

results, and analysis of results for both of these areas. Conclusions 

on permeability testing may be found in Section 5.4. 

5.2 Falling Head Permeability Testing 

5.2.1 Introduction 

In 1856, Henri Darcy, a French hydraulic engineer, studied the 

flow of water in soils. He demonstrated experimentally that the flow 

rate of water through a vertical pipe filled with sand is proportional 

to the energy or head loss, inversely proportional to the length of 

the flow path and proportional to a coefficient that depends on the 

nature of the sand (Davis and DeWeist, 1966; Sowers, 1979; Cernica, 
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1982). The foremenbloned relationship is termed Oarcy's Law and may 

be expressed mathematically as: 

V = K(h/L) (5.1) 

where V = superficial velocity 

K = saturated hydraulic conductivity (herein called simply 
"hydraulic conductivity") 

h = energy or head loss 

L = length of flow path. 

Darcy's Law is often rewritten as 

Q = KiA (5.2) 

where Q = flow rate 

K = same as above 

i = hydraulic gradient (h/L) 

A = total cross-sectional area of soil sample. 

The hydraulic conductivity, K, is often used to compare the rela

tive ease with which fluids will flow through porous mediums; in this 

research, the porous mediums were bentonites. 

The falling head test apparatus consists of a vertical standpipe 

that is connected to the bentonite specimen. The standpipe is filled 

with distilled water and as the test proceeds, the water flows into 

and through the bentonite sample. Because the water supply is not 

replenished, the water level drops or "falls" and hence the name fal

ling head test. 
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The hydraulic conductivity may be calculated using Darcy's Law 

(eq. 5.2) and a relationship for the flow rate into the bentonite 

sample. The flow rate into the bentonite is equal to the product of 

cross-sectional area of the standpipe and the velocity of fall (eq. 

5.3): 

Q = a(-dh/dt) (5.3) 

where Q = flow rate 

a = cross-sectional area of standpipe 

-dh = head difference between beginning and end of test 

dt = time from beginning to end of test. 

The negative sign indicates a drop in water level. The units of 

3 
Eq. 5.3 are length cubed per unit time (L /t). 

Recall that Darcy's Law (Eq. 5.2) is: 

Q = K(h/L)A (5.A) 

Equating equations 5.3 and 5.4 yields 

-a(dh/dt) = K(h/L)A (5.5) 

Equation 5.5 may be manipulated to facilitate integration such 
that: 

-a(dh/h) = K(A/L)dt (5.6) 

Integration of equation 5.6 yields 



h1 t, 

F F I dh/h = K(A/L) I dt 

104 

-a I dh/h = K(A/L) / dt (S.7) 

h0 "0 

The subscripts indicate the beginning (ho and to) and end 

(hi and t^) of a test. Carrying out the integration of Eq. (5.7) 

and rearranging terms yields: 

K = (aL/Ati)(ln(h0/hi)) (5.8) 

Thus, for a particular test the hydraulic conductivity may be 

calculated if the following quantities are known: 1) plug length (L), 

2) plug cross-sectional area (A), 3) standpipe cross-sectional area 

(a). A) initial and final heights of water in the standpipe (hQ and 

^) and 5) duration of test (t^). 

According to tfu (1976, p. 39) and Cernica (1982, p. 104), the 

coefficient of hydraulic conductivity is a function of the porous 

medium. As particle size decreases, the hydraulic conductivity 

decreases. This particle effect is well documented by research where 

"sands" commonly have hydraulic conductivities that are five or more 

orders of magnitude greater than those of "clays" (Cernica, 1982). As 

void ratio decreases, the hydraulic conductivity also decreases. 

Compaction or densification is often used to decrease the void ratio 

with the results that permeability decreases (Winterkorn and Fang, 

1975). 

The hydraulic conductivity is a function of not only the porous 

medium, but also the properties of the fluid. According to Davis and 



105 

Dewiest (1966, p. 162), hydraulic conductivity, K, is proportional to 

the specific weight of the fluid,y , inversely proportional to the 

dynamic viscosity, y , and proportional to the average pore size of the 

medium, d. This relationship can be written as: 

K = c d2 (Y/ \ i )  ( 5 . 9 )  

where K = hydraulic conductivity 

d = average pore size 

Y = specific weight of the fluid 

li = dynamic viscosity of the fluid 

c - shape factor, taking into account effects of stratification, 
grain size, soil fabric, and porosity. 

5.2.2 Procedure - Falling Head 

The first step in the falling head test procedure was to specify 

the bentonite seal. A method of seal manufacture was needed that 

would provide reproducible and consistent seal properties as well as a 

seal with a "low" hydraulic conductivity. Densification or compaction 

of materials commonly produces a hydraulic conductivity lower than 

in-situ or "loose" conditions. The method of compaction and the water 

content at the time of compaction have an effect on hydraulic 

conductivity. Mitchell (1976) reports that clay compacted wet of 

optimum using a "kneading" type compaction produces a sample with a 

lower hydraulic conductivity than clays compacted using a static 

method. 

Chung and Yokel (1982) recommend static or impact compaction 

methods be used in testing backfill or seal materials as these methods 
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are considered feasible for implacement in a repository. They also 

recommend compaction somewhat "dry" of optimum moisture content so 

that less shear deformations occur and so that the clay will exhibit a 

less dispersed structure. In a dispersed soil structure, the 

particles and aggregates have a minimum of face-to-face association 

while in a flocculated state, the particles have more contact on both 

edges and faces (Hitchell, 1976). A sample with a minimum of shear 

deformations and dispersion will minimize anisotropic swelling and 

hydraulic conductivity characteristics (Chung and Yokel, 1982, p. 385). 

An impact compaction method and a water content slightly wet of 

optimum was chosen to compact the bentonite samples. The water 

content is wetter than recommended by Chung and Yokel (1982), but a 

wetter clay results in better workability. The procedure is as 

follows. 

First, bentonite samples were wetted with distilled water to a 

point near their optimum moisture content for the Standard Proctor 

Energy input (Table 4.11). Next, the bentonites were compacted in the 

Harvard Miniature mold using the falling weight hammer fabricated for 

the compaction tests described in Chapter 4 (Figure 4.1). This hammer 

was used to deliver the specified Standard Proctor Energy.input 

3 
(12,375 ft lbs/ft ) to the wetted bentonites. The compacted 

bentonite plug was then extruded from the mold and trimmed to fit a 

one-inch internal diameter (I.D.) poly-vinyl chloride (PVC) tube. The 

clay plug was supported by a machined brass holder and sintered 

stainless-steel filter assembly (Figure 5.1). The one-inch I.D. 
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Figure 5.1 Filter to support clay plug. 
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plug-filter assembly (Figure 5.2) was then connected to approximately 

2.5 meters (8.2 feet) of distilled water "falling" head (Figure 5.3). 

At the top of the Falling Head assembly was a 5 milliliter buret 

graduated to 0.01 milliliters. Figure 5.4 is a picture of the seven 

falling head permeameters encased in a protective cage. 

In performing permeability tests on porous materials, it is 

important that the pore spaces are 100% saturated with water 

otherwise, anomalously low values of hydraulic conductivity may 

result. Table 5.1 lists the dry density, water content at time of 

compaction and the associated saturation for the bentonite plugs 

tested. Notice that the initial saturations were at or below 50% for 

all seven bentonites. 

Several methods are available for increasing the saturation of a 

soil specimen. One method involves saturation by water percolating 

through the specimen. This method and others with or without applied 

pressure have rarely achieved 100% saturation in fine-grained soils 

(Lowe and Johnson, I960, p. 819). Black and Lee (1973) describe a 

method to achieve saturations approaching 100%. Although their method 

was applied to saturating samples used in triaxial strength tests, 

modifications were made and applied to the PVC/plug assemblies. The 

Black and Lee method involves increasing the backpressure of water in 

the pore spaces to a point where the pore air dissolves completely 

into the surrounding pore fluid. Calculations revealed that for a 

bentonite plug that was compacted near its optimum moisture content 

(saturation less than 50%), a back pressure of between 300 psi and 450 



Figure 5.2 Falling head permeameter showing PVC tube, brass filter 
assembly and compacted bentonite plug. 
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Figure 5.3 Falling head permeability apparatus. 
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Figure 5.4 Seven falling head permeameters. The height of the water 
column is approximately 8 feet. 
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Table 5.1 Dry Density, Compaction Water Content, Saturation and 
Void Ratio of Bentonites Used in Falling Head Test 

Water Content 

Product 
Dry Density at Compaction Saturation 
(lbs/ftJ) (%) (%) 

Void 
Ratio 

American Colloid 75.1 

Dresser Minerals 66.5 

Federal Bentonite 70.1 

Georgia Kaolin 72.3 

International 69.8 
Minerals & Chem. 

Slope Indicator 76.4 

Whitaker, Clark 67.5 
& Daniels 

23.4 

19.7 

20.1 

21.1 

22.8 

21.4 

21.3 

50.5 

35.0 

37.5 

43.3 

43.2 

48.9 

38.0 

1.26 

1.50 

1.51 

1.30 

1.44 

1.16 

1.54 
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psi and an application time of from several hours to several weeks 

would be necessary to achieve 99-100% saturation. A constant Head 

permeameter pressure intenslfier (see South and Daemen, 1984, for a 

description of the pressure intensifier), and 140 psi on the inflow 

(or top end) and 130 psi on the outflow (or bottom end) of the 

PVC/plug assembly was applied to PVC tubes containing American 

Colloid, Dresser Minerals and Federal Bentonite compacted bentonite 

samples. A pressure differential of 10 psi was used to establish a 

slight flow through the plug in an attempt to "wash" dissolved air 

from the compacted plugs. After 8 hours, the pressure was increased 

to 300 psi inflow and 290 psi outflow end; this pressure state was 

maintained for about 8 hours. Next, the inflow pressure was increased 

to 420 psi and the outflow to 410 psi; this pressure state was 

maintained for approximately 14 hours. Calculations indicated that 

the sample's saturations should have been between 99 and 100 percent. 

As the pressure was released, tensile cracks 1/8" wide developed in 

the middle of the plugs (perpendicular to the plug axis). The cracks 

were presumably in response to high pore pressures being relieved. A 

500 psi pressure was applied and the cracks closed. The pressure was 

then gradually released (in order to dissipate the high pore 

pressures) in 100 psi increments over a 33 hour period until 120 psi 

inflow and 110 psi outflow conditions existed. This pressure state 

was maintained for 84 hours. Finally, all pressure was released and 

the tensile cracks reappeared. The decision was made to proceed with 

the falling head tests, so the PVC/plug assemblies were connected to 
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the falling head apparatus. The falling head apparatus is shown in 

Figure 5.2. It was hoped that the cracks would be "healed" by the 

water flowing through the plug. No attempt was made to hold the clay 

plug volume (length) constant. When K was calculated from data, the 

changing plug length was taken into account. 

A second attempt to saturate the clay plugs was conducted on 

Georgia Kaolin, IHC and Slope Indicator compacted bentonites. Again 

the constant head pressure intensifier was connected to the PVC/plug 

assemblies, but only 40 psi pressure was applied on both the inflow 

and outflow ends. This pressure state was maintained for approxi

mately 11 days in order to increase the initial saturation (generally 

less than 50%) to 90% or more. After 11 days the pressure was 

released and the tensile cracks formed once more. The decision was 

made to proceed with the falling head tests, so the PVC/plug assem

blies were connected to the falling head apparatus. 

The final PVC/plug assembly, Whitaker, Clark and Daniels, was 

connected to the falling head apparatus without attempting any back

pressure saturation. 

The falling head test apparatus for all seven bentonites is shown 

in Figure 5.4. Testing commenced October 8, 1983, and for reporting 

purposes, the last day of data collection was June 6, 1984. It is 

planned to continue the falling head tests indefinitely. Figures B.l 

through E.7 in Appendix C show pictures taken "before" and "after" 

testing. In each case, the "worst" side (i.e. that side with the most 

cracks, air bubbles, etc.) is shown. All testing was performed at a 

constant temperature of 21°C + 1°C. 
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5.2.3 Falling Head Results 

The results of the falling head tests are listed in Tables C.l 

through C.7 in Appendix C. Each table reports the following: 

1) Date: dates during which the test was performed 

2) Time: duration of test in minutes 

3) Plug length: length of bentonite in centimeters 

4) Initial Height: of water column at the beginning of the 
test in centimeters 

5) Final Height: of water column at the end of the end of the test 
in centimeters 

6) Qin: volume of water injected into bentonite in milliliters 

7) Q0ut: volume of water flowing out of the bentonite in grams 

8) K: hydraulic conductivity reported in both cm/min and darcys. 

Table 5.2 summarizes the falling head tests. The and Qout 

represent the total volumes of water flowing into and out of 

(respectively) the falling head permeameter. The hydraulic conduc

tivity values, K, are averages weighted with respect to time. 

5.2.4 Falling Head Summary 

All seven compacted bentonite plugs exhibited hydraulic conduc-

-9 
tivities in the order of 10 cm/sec when distilled water was used 

as both the mix water and the permeant (Table 5.9). The values 

reported in Tables 5.2 through 5.9 are a function of both the 

bentonite and the brass filter assembly (Figure 5.1). Permeability 

-4 
tests on these filter assemblies produced K values of 10 cm/sec 

order of magnitude. Because the experimental falling head measure

ments are five orders of magnitude lower than those of the 



Table 5.2 Falling Head Permeability Test 

Plug Initial Final 
Time Length Height Height 

Date (min) (em) (cm) (cm) 

10/8-13 7207 257. ,0 256. .8 

10/13-10/20 9775 256. .8 255. .7 

10/20-20/28 12080 255, .7 254. .1 

10/28-11/3 8796 254. .1 251. .9 

11/3-11/11 10897 257. .9 254, J 
11/11-11/18 10073 254. J 252, .0 

Averages: 11. .3 256. .0 254, .2 

Totals: 58828 

11/18-11/22 6210 252. .0 250, .1 

11/22-12/2 14200 250. .1 244, .8 

Averages: 13, .0 250, .7 246, .4 

Totals: 20410 

12/2-12/9 9855 13, .0 253, J 249, .4 

12/9-12/15 8670 13, .0 249, ,4 246, .4 

12/15-12/21 8970 13, .0 246, .4 243, .1 

12/21-1/9/84 26910 14, .1 257, .9 247, .3 

1/9-1/16 10086 14, .5 247, .3 243, .5 

1/16-1/24 11250 14. .5 254, .8 252, .9 

1/24-1/31 9900 14, .7 252, .9 248, .8 

1/31-2/7 10230 14, .9 248, .8 244, .7 

2/7-2/14 10050 15, .1 257, .1 252, .8 

2/14-2/21 10260 14, .8 252, .8 248, .3 

2/21-2/28 10105 15, .3 248, .3 244, .4 

2/28-3/7 11553 15, .8 256, .8 251, .4 

American Colloid: C/S Granular 

K K 
Qin Qout (cm/min (darcy 
(cc) (35 x 10 6) x 10 6) 

0.08 -0.18 0.023 0.37 

0.11 -0.15 0.095 1.50 

0.19 -0.35 0.113 1.77 
0.20 -0.10 0.214 3.37 

0.31 -0.08 0.248 3.91 

0.26 -0.15 0.229 3.61 

0.16 2.50 

1.15 -1.01 

0.19 -0.20 0.304 4.78 
0.49 -0.15 0.376 5.92 

0.35 5.57 

0.68 -0.35 

0.42 -0.04 0.432 6.80 

0.30 -0.11 0.347 5.47 
0.32 0.00 0.375 5.89 

1.05 -0.50 0.421 6.63 

0.38 -0.06 0.426 6.71 

0.51 -0.10 0.184 2.90 

0.38 -0.03 0.465 7.30 

0.40 -0.20 0.464 7.30 

0.44 -0.09 0.485 7.64 

0.69 -0.14 0.496 7.81 
0.12 -0.14 0.459 7.23 

0.52 -0.06 0.556 8.76 



Table 5.2 Falling Head Permeability Test - American Colloid: C/S/ Granular—Continued 

Date 
Time 
(min) 

Plug 

Length 
(cm) 

Initial 

Height 
(cm) 

Final 

Height 
(cm) (cc) h) 

K 

(cm/min 
x 10"6) 

K 

(darcy„ 
x 10"6) 

3/7-3/13 8200 15.0 251.4 247.5 0.33 -0.04 0.548 8.62 
3/13-3/20 10290 16.2 247.5 243.8 0.39 -0.23 0.454 7.15 
3/20-3/28 11790 15.8 257.6 253.1 0.47 -0.06 0.452 7.12 

3/28-4/4 10380 15.9 253.1 248.2 0.47 -0.12 0.571 8.99 

Averages: 15.1 252.1 247.7 0.45 7.04 

Totals: 178499 7.19 -1.92 

4/4-4/10 8370 16.0 248.2 244.8 0.32 -0.02 0.502 7.91 
4/10-4/17 9960 16.2 256.5 252.1 0.40 -0.09 0.536 8.43 

4/17-4/24 9990 16.6 252.1 251.0 0.43 -0.05 0.138 2.17 

4/24-5/1 10170 16.4 254.7 250.7 0.42 -0.05 0.486 7.65 

5/1-5/8 9810 16.6 250.7 246.9 0.37 -0.02 0.495 7.80 

5/8-5/22 20325 16.9 255.8 248.0 0.74 -0.03 0.494 7.78 

5/22-6/6 21725 16.8 248.0 240.2 0.85 -0.04 0.474 7.46 

Averages: 16.6 252.2 246.8 0.45 7.15 

Totals: 90350 3.53 -0.30 

H 
•vj 



Table 5.3 Falling Head Permeability Test 

Plug Initial Final 
Time Length Height Height 

Date (min) (em) (cm) (cm) 

10/8-10/13 7210 256, ,1 253, .9 
10/13-10/20 9761 253, .9 251, .4 

10/20-10/28 12075 251, .4 249, >6 

10/28-11/3 8796 249, ,6 244, .2 

11/3-11/11 10897 257, .2 253, .8 

11/11-11/18 10073 253, .8 250, .5 

Averages: 10, ,3 253, .6 250, .5 

Totals: 58812 

11/18/11/22 6210 250, .5 248, .5 

11/22-12/2 14200 248, .5 241, .3 

Averages: 12, .5 249, .1 243, .5 

Totals: 20410 

12/2-12/9 9855 12, >5 255, .2 250, .9 

12/9-12/15 8670 12, .5 250, .9 247, .9 

12/15-12/21 8970 12, ,5 247, .9 244, .6 

12/21-1/9/84 26910 14, .0 257, .9 243, .9 

1/9-1/16 10086 14, .3 243, .9 239, .5 

1/16-1/24 11250 14, .3 257, .3 251, .3 

1/24-1/31 9900 14, .1 251, .3 240 .4 

1/31-2/7 10230 14, .4 246, .4 242, .7 

2/7-2/14 10050 14, .0 256, .0 251 .2 

2/14-2/21 10260 14, .3 251, .2 246 .0 

2/21-2/28 10105 14, .7 246, .0 241 .2 

2/28-3/7 11553 14, .5 253, .8 248, .2 

Dresser Minerals: Arrowhead 

K K 
Qin Qout (cm/min (darcy 
(cc) (<£) x 10 6) x 10 6) 

0.22 -0.40 0.235 3.70 
0.24 -0.21 0.199 3.14 

0.19 -0.15 0.117 1.84 
0.51 0.02 0.489 7.70: 

0.34 -0.02 0.240 3.78 

0.32 0.07 0.255 4.02 

0.25 3.89 

1.82 -0.83 

0.16 -0.46 0.308 4.85 

0.70 -0.02 0.494 7.78 

0.44 6.89 

0.86 -0.48 

0.40 0.03 0.411 6.47 

0.30 -0.19 0.331 5.20 

0.33 -0.06 0.356 5.61 
1.35 -0.07 0.554 8.73 

0.43 -0.07 0.492 7.70 

0.59 -0.08 0.572 9.01 

0.46 -0.11 0.535 8.40 

0.35 -0.04 0.406 6.39 

0.53 -0.06 0.503 7.92 
0.49 -0.09 0.556 8.75 
0.45 -0.06 0.547 8.61 

0.71 -0.12 0.534 8.41 



Table 5,3 Falling Head Permeability Test - Dresser Minerals: Arrowhead—Continued 

Date 
Time 
(min) 

Plug 
Length 
(cm) 

Initial 
Height 
(cm) 

Final 
Height 
(cm) (cc) 

?out 
(cc) 

K 
(cra/min 
x 10~6) 

K 
(darcy 
x 10~a) 

3/7-3/13 8200 14.9 248.2 243.0 0.42 -0.02 0.734 11.15 
3/13-3/20 10290 15.5 243.0 238.2 0.46 -0.13 0.573 9.02 
3/20-3/28 11790 15.2 257.4 251.5 0.50 -0.13 0.570 8.98 
3/28-4/4 10380 15.3 251.5 245.8 0.58 -0.04 0.544 10.10 

Averages: 14.7 251.0 245.2 0.52 8.19 
Totals: 178499 8.35 -1.24 

4/4-4/10 8370 15.5 245.8 242.2 0.35 -0.07 0.521 8.21 
4/10-4/17 9960 15.7 254.7 249.8 0.49 -0.09 0.584 9.20 
4/17-4/24 9990 15.5 249.8 244.4 0.49 -0.14 0.647 1.01 
4/24-5/1 10170 15.9 255.2 250.0 0.51 -0.03 0.614 9.67 
5/1-5/22 30135 16.6 250.0 246.7 0.31 -0.22 0.140 2.20 
5/22-6/6 21725 15.9 246.7 237.3 1.01 -0.09 0.543 8.54 

Averages: 16.0 249.9 244.5 0.43 6.78 
Totals: 90350 3.16 -0.64 

NOTES: 

*Air bubble found in Tygon tubing above the clay plug 

M 
I—1 
VO 



Table 5.4 Falling Head Permeability Test 

Plug Initial Final 
Time Length Height Height 

Date (min) (cm) (cm) (cm) 

10/9-10/13 5731 257, ,0 256. .7 
10/13-10/20 9758 256. .7 256. .5 

10/20-10/28 12073 256, .5 255, .8 
10/28-11/3 8806 255. .8 255, .4 

11/3-11/11 10897 256. ,9 256, .5 

11/11-11/18 10073 256. .5 255. ,2 

Averages: 12, .5 256. .6 256, .3 

Totals: 57338 

11/18-11/22 6210 255. .2 254, .6 

11/22-12/2 14200 254. .6 252. .0 

Averages: 15, .0 254, .9 253, .3 

Totals: 20410 

12/2-12/9 9855 15, .0 255, .4 254, .1 

12/9-12/15 8670 15, .0 254. ,1 252, .8 

12/15-12/21 8970 15, .0 252, .8 251, .6 

12/21-1/9/84 26910 17, .1 251. >6 247, .1 

1/9-1/16 10086 17, ,0 247, .1 245, .4 

1/16-1/24 11250 17, .0 258, .3 255, .5 

1/24-1/31 9900 16, .8 255, .5 252, .9 

1/31-2/7 10230 17, .3 252, ,9 250, .7 

2/7-2/14 10050 17, .6 256, .0 254, .8 

2/14-2/21 10260 18, .1 254, .8 252, .2 
2/21-2/28 10105 18, .1 252, .2 248, .7 

2/28-3/7 11553 17, .8 254, .6 250, .5 

3/7-3/13 8200 18, .0 250, .5 248, .1 

3/13-3/20 10290 18, .9 248, .1 244, .9 

Federal Bentonite: Akwa Seal 

K K 

lib (cc) 
(cm/min 

x 10~6) 

(darcy 

x 10"6) 

0.01 -0.22 0.049 0.77 
0.03 -0.42 0.019 0.30 

0.08 -0.54 0.054 0.85 
0.05 -0.37 0.042 0.67 
0.09 -0.54 0.034 0.54 

0.09 -0.40 0.121 1.90 

0.05 0.84 

0.35 -2.49 

0.05 -0.35 0.108 1.71 

1.24 -0.56 0.207 3.26 

0.18 2.78 

1.29 -0.91 

0.14 -0.52 0.148 2.34 
0.13 -0.38 0.169 2.67 

0.12 -0.38 0.152 2.40 

0.43 -1.02 0.219 3.45 

0.17 -0.86 0.222 3.50 
0.28 -0.08 0.314 4.95 

0.23 -0.45 0.331 5.22 
0.23 -0.35 0.282 4.44 

0.15 -0.41 0.157 2.47 

0.28 -0.34 0.340 5.35 
0.31 -0.36 0.478 7.53 

0.27 -0.35 0.478 7.53 
0.37 -0.33 0.404 6.36 

0.30 -0.26 0.455 7.17 



Table 5.4 Falling Head Permeability Test - Federal Bentonite: Akwa Seal—Continued 

Date 

Time 
(min) 

Plug 

Length 
(cm) 

Initial 

Height 
(era) 

Final 

Height 
(cm) (Jc) 

K 

(cra/min 
x 10"6) 

K 

(darcy 

x 10"6) 

3/20-3/28 11790 18.9 252.5 248.8 0.35 -0.35 0.424 7.12 
3/28-4/4 10380 19.3 248.8 245.0 0.36 -0.37 0.547 8.61 

Averages: 17.8 252.5 250.3 0.32 5.06 

Totals: 178499 4.12 -6.81 

4/4-4/10 8370 19.8 245.0 242.3 0.26 -0.21 0.500 7.88 
4/10-4/17 9960 19.8 256.9 252.8 0.38 -0.24 0.611 9.62 

4/17-4/24 9990 19.3 252.8 248.7 0.33 -0.14 0.604 9.51 

4/24-5/1 10170 19.3 255.4 251.8 0.35 -0.28 0.515 8.11 

5/1-5/22 30135 20.4 251.8 251.0 0.08 -0.30 0.041 0.65 
5/22-6/6 21725 20.2 251.0 243.8 0.68 -0.33 0.518 8.15 

Averages: 20.0 252.1 248.5 0.38 5.93 

Totals: 90350 2.08 -1.50 

H1 
N3 



Table 5.5 Falling Head Permeability Test - Georgia Kaolin: Hi Jel #1 

Date 

Time 
(min) 

Plug 

Length 
(cm) 

Initial 

Height 

(cm) 

Final 

Height 
(cm) 

K 

(cra/min 

x 10"6) 

K 

(darcy 

x 10"6) 

10/9-10/13 5723 257.2 256.3 0.07 -0.10 0.121 1.90 

10/13-10/20 9760 256.3 254.6 0.18 -0.27 0.135 2.13 

10/20-10/28 12068 254.6 252.4 0.22 -0.27 0.142 2.24 

10/28-11/3 8809 252.4 250.3 0.21 -0.12 0.189 2.96 

11/3-11/11 10897 257.4 254.4 0.30 -0.12 0.213 3.35 

11/11-11/18 10073 254.4 251.4 0.28 -0.11 0.248 3.92 

Averages: 10.4 255.4 253.2 0.18 2.80 

Totals: 57330 1.26 -0.99 

11/18-11/22 6210 251.2 249.2 0.19 -0.4 0.294 4.63 

11/22-12/2 14200 249.2 243.0 0.58 -0.08 0.405 6.38 

Averages: 11.7 250.2 246.1 0.37 5.84 

Totals: 20410 0.77 -0.48 

12/2-12/9 9855 11.7 253.8 249.7 0.39 -0.29 0.377 5.94 

12/9-12/15 8670 11.7 249.7 246.5 0.60 -0.14 0.339 5.34 

12/15-12/21 8970 11.7 246.5 243.0 0.05 -0.11 0.364 5.73 

12/21-1/9/84 26910 12.0 257.1 246.0 1.07 -0.36 0.375 5.90 

1/9-1/16 10086 11.7 246.0 241.7 0.31 -0.01 0.389 6.13 

1/16-1/24 11250 11.3 255.2 249.8 0.51 -0.14 0.409 6.44 

1/24-1/31 9900 11.6 249.8 245.1 0.43 -0.07 0.423 6.67 

1/31-2/7 10230 11.2 245.1 241.1 0.41 -0.04 0.343 5.40 

2/7-2/14 10050 11.4 255.1 254.8 0.06 -0.27 0.025 0.40 

2/14-2/21 10260 12.0 254.8 245.2 0.89 -0.01 0.855 1.34 

2/21-2/28 10105 12.0 245.2 240.2 0.46 -0.04 0.465 7.33 

2/28-3/7 11553 12.0 255.8 249.5 0.54 -0.04 0.493 7.76 

3/7-3/13 8200 12.0 249.5 246.0 0.35 -0.06 0.393 6.19 

3/13-3/20 10290 12.0 246.0 241.2 0.46 -0.10 0.437 6.89 



Table 5.5 Falling Head Permeability Test - Georgia Kaolin: Hi Jell #1—Continued 

Date 
Time 
(min) 

Plug 
Length 
(cm) 

Initial 
Height 
(cm) 

Final 
Height 
(cm) (c"c) ?S5 

K 
(cm/min 
x 10~6) 

K 
(darcy 

x 10~6) 

3/20-3/28 11790 12.1 258.9 252.8 0.44 -0.09 0.466 7.33 
3/28-4/4 10380 12.1 252.8 247.8 0.53 -0.01 0.444 10.84 

Averages: 11.8 251.2 246.1 0.43 6.74 
Totals: 178499 7.50 -1.78 

4/4-4/10 8370 11.9 247.8 243.5 0.31 -0.06 0.474 7.46 
4/10-4/17 9960 12.0 254.0 248.8 0.47 -0.01 0.474 7.46 
4/17-4/24 9990 12.4 248.8 244.5 0.45 -0.15 0.412 6.48 
4/24-5/1 10770 12.5 256.2 251.4 0.46 -0.02 0.443 6.97 
5/1-5/22 30135 12.5 251.4 249.0 0.23 -0.11 0.076 1.19 
5/22-6/6 21725 12.5 249.0 244.1 0.97 -0.06 0.218 3.43 

Averages: 12.4 251.0 247.1 0.27 4.24 

Totals: 90350 2.89 -0.41 
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Table 5.6 Falling Head Permeability Test 

Plug Initial 

Time Length Height 
Date (min) (cm) (cm) 

10/8-10/13 5717 257, .8 

10/13-10/20 9761 257. .3 

10/20-10/28 12066 256, .2 

10/28-11/3 8812 253. .6 

11/30-11/11 10897 257, .7 
11/11-11/18 10073 255. .3 

Averages: 10, .4 256, .3 

Totals: 57326 

11/18-11/22 6210 251, .9 

11/22-12/3 14200 251. .3 

Averages: 11, .0 251, .6 

Totals: 20410 

12/2-12/9 9855 11, .0 255, .9 

12/9-12/15 8670 11, .0 252, .7 

12/15-12/21 8970 11, .0 249, .8 

12/21-1/9 26910 11, .8 252, .3 

1/9-1/16 10086 12, .0 242, .5 

1/16-1/24 11250 11, .6 255, .4 

1/24-1/31 9900 11, .6 250, .1 
1/31-2/7 10230 11, .8 245, .8 

2/7-2/14 10050 11, .2 256, .2 

2/14-2/21 10260 12, .0 251, .0 

2/21-2/28 10105 12, .0 247, .1 

2/28-3/7 11553 11, .8 257, .9 

3/7-3/13 8200 12 .4 250, .6 

3/13-3/20 10290 13 .0 246, .8 

International Mineral & Chemical: Rainbow Seal 

Final K K 

Height Qin 0. (cm/min (darcy 
(cm) (cc) (cc) x 10 ) x 10 ) 

257.3 0.03 -0.14 0.067 1.06 
256.2 0.10 -0.24 0.087 1.37 
253.6 0.28 -0.26 0.168 2.64 

250.8 0.26 -0.23 0.250 3.94 
255.3 0.29 -0.08 0.170 2.68 

251.9 0.19 -0.09 0.264 4.16 

255.3 0.17 2.74 

1.15 -1.04 

251.3 0.14 -0.25 0.081 1.27 

245.3 0.57 -0.24 0.357 5.63 

248.3 0.27 4.30 
0.71 -0.49 

252.7 0.41 -0.16 0.268 4.22 
249.8 0.23 -0.12 0.279 4.40 

246.6 0.28 -0.14 0.302 4.75 

242.5 0.93 -0.33 0.332 5.22 
239.3 0.37 0.86 0.301 4.70 

250.1 0.52 -1.21 0.412 6.49 

245.8 0.38 -0.15 0.387 6.10 
242.0 0.39 -0.23 0.343 5.39 
251.0 0.47 * 0.436 6.86 

247.1 0.46 -0.32 0.349 5.50 

242.6 0.35 -0.16 0.416 6.55 

250.6 0.62 -0.18 0.559 8.81 

246.8 0.37 -0.14 0.441 6.91 

242.5 0.43 -0.12 0.423 6.65 



Table 5.6 Falling Head Permeability Test - International Mineral & Chemical: Rainbow Seal 
—Continued 

Date 

Time 
(min) 

Plug 

Length 

(cm) 

Initial 

Height 
(cm) 

Final 

Height 
(cm) ?lrs (cc) 

?out 
(cc) 

K 

(cm/min 
x 10"6) 

K 

(darcy 

x 10~6) 

3/20-3/28 11790 12.5 254.2 248.8 0.49 -0.14 0.434 6.84 

3/28-4/4 10380 12.5 248.8 243.4 0.51 -0.13 0.503 7.92 

Averages: 12.0 251.1 247.5 0.39 6.09 

Totals: 178499 7.21 -2.67 

4/4-4/10 8370 12.0 243.4 240.4 0.35 -0.13 0.339 5.34 

4/10-4/17 9960 12.2 252.6 248.1 0.48 -0.09 0.421 6.62 

4/17-4/24 9990 12.4 248.1 243.0 0.45 -0.12 0.492 7.75 

4/24-5/1 10170 12.8 254.8 248.5 0.45 -0.13 0.601 9.47 

5/1-5/22 30135 12.4 248.5 248.0 0.05 -0.95 0.016 0.249 

5/22-6/6 21725 12.4 248.0 238.0 1.08 +0.059 0.448 7.06 

Averages: 12.4 249.0 244.4 0.31 4.93 

Totals: 90350 2.86 -0.83 

*Incorrect reading taken - value discarded. 
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Table 5.7 Falling Head Permeability Test - Slope Indicator: 1/2-inch Tablets 

Date 

Time 

(min) 

Plug 

Length 
(cm) 

Initial 
Height 

(cm) 

Final 
Height 

(cm) (cc) ?out5 (cc) 

K 
(cm/min 

x 10"6) 

K 
(darcy 

x 10~6) 

10/9-10/13 5712 253.9 253.0 0.03 -0.24 0.139 2.19 

10/13-10/20 9758 253.0 252.1 0.08 -0.45 0.066 1.04 

10/20-10/28 12065 252.1 250.6 0.05 -0.47 0.110 1.74 

10/28-11/3 8817 250.6 249.6 0.32 -0.28 0.101 1.59 

11/3-11/11 10897 257.2 255.4 0.17 -0.48 0.143 2.26 

11/11-11/18 10043 255.4 253.7 0.15 -0.30 0.148 2.34 

Averages: 11.7 253.7 252.4 0.12 1.84 

Totals: 57292 0.80 -2.22 

11/18-11/22 6240 253.7 252.8 0.09 -0.25 0.161 2.53 

11/22-12/2 14200 252.8 249.2 0.35 -0.59 0.285 4.49 

Averages: 14.8 253.3 251.0 0.25 3.90 

Totals: 20410 0.44 -0.84 

12/2-12/9 9855 14.8 256.2 253.9 0.24 -0.38 0.258 4.06 

12/9-12/15 8670 14.8 253.9 251.6 0.21 -0.33 0.296 4.66 

12/15-12/21 8970 14.8 251.6 249.7 0.19 -0.29 0.239 3.76 

12/21-1/9 26910 14.7 249.7 243.6 0.59 -0.88 0.258 4.06 

1/9-1/16 10068 14.7 243.6 241.3 0.23 -0.29 0.263 4.15 

1/16-1/24 11250 14.8 258.7 254.7 0.39 -0.35 0.391 6.15 

1/24-1/31 9900 14.7 254.7 251.9 0.26 -0.27 0.313 4.93 

1/31-2/7 10230 14.8 251.9 250.9 0.29 -0.50 0.109 1.72 

2/7-2/14 10050 14.7 259.2 256.2 0.34 -0.10 0.325 5.11 

2/14-2/21 10260 14.9 256.2 252.6 0.33 -0.34 0.392 6.17 

2/21-2/28 10105 15.4 252.6 249.1 0.31 -0.26 0.405 6.38 

2/28-3/7 11553 15.0 260.1 255.3 0.46 -0.34 0.461 7.26 

3/7-3/13 8200 15.2 255.3 252.2 0.31 -0.11 0.432 6.80 

3/13-3/20 10290 15.2 252.2 248.6 0.34 -0.22 0.405 6.38 



Table 5.7 Falling Head Permeability Test - Slope Indicator: 1/2-inch Tablets—Continued 

Date 

Time 
(min) 

Plug 

Length 

(cm) 

Initial 

Height 

(cm) 

Final 

Height 

(cm) cS> 

K 

(cm/min 

x 10~6) 

K 
(darcy 

x 10"e 

3/20-3/28 11790 15.3 258.0 253.3 0.39 -0.19 0.454 7.15 

3/28-4/4 10380 15.5 253.3 249.2 0.39 -0.22 0.464 7.30 

Averages: 14.9 254.1 250.7 0.36 5.70 

Totals: 178499 5.27 -5,07 

4/4-4/10 8370 16.3 249.2 246.4 0.36 -0.04 0.420 6.61 
4/10-4/17 9960 16.3 259.0 254.6 0.38 -0.13 0.534 8.40 

4/17-4/24 9990 16.2 254.6 250.4 0.37 -0.13 0.514 8.09 

4/24-5/1 10170 16.5 254.7 250.6 0.39 -0.20 0.503 7.91 
5/1-5/22 30135 16.7 250.6 249.6 0.09 -0.43 0.042 0.67 

5/22-6/6 21725 17.3 249.6 240.0 0.85 -0.28 0.596 9.38 

Averages: 16.7 252.1 247.8 0.37 5.80 
Totals: 90350 2.44 -1.21 



Table 5.8 Falling Head Permeability Test - Whitaker , 1 
Clark and Daniels: 149 Bentonite 325 Mesh 

Plug Initial Final K K 

Date 

Time 
(min) 

Length 
(cm) 

Height 
(cm) 

Height 
(cm) rlrS (cc) 

(ci 

X 

n/min 
10"6) 

(darcy, 
x 10~6) 

10/8-10/13 5707 251, .8 250. 2 0, .00 -0 .36 0, .287 4, .52 

10/13-10/20 9758 250, .2 251. 5 0, .03 -0, .51 t t 

10/20-10/28 12063 251, .5 250. 0 0, .13 -0 .45 0, .128 2 .01 

10/28-11/3 8821 250, .0 249. 1 0, .09 -0, .20 0, .105 1 .65 

11/3-11/11 10897 256 .0 255. 0 0, .16 -0 .62 0 .092 1 .45 

11/11-11/18 10073 255 .0 252. 8 o, .16 -0 .33 0 .221 3 .48 

Averages: 13 .5 252 .4 251. 4 0 .15 2 .43 

Totals: 57,319 0. 57 -2 .47 

11/18-11/22 6210 252 .8 252. 0 0 .05 -0 .28 0 .133 2 .09 

11/22-12/2 14200 252 .0 249. 3 0 .30 -0 .44 0 .198 3 .12 

Averages: 13 .7 252 .4 250. 7 0 .18 2 .81 

Totals: 20410 0. 35 -0 .72 

12/2-12/9 9855 13 .7 256 .7 254. 7 0 .21 -0 .44 0 .207 3 .26 

12/9-12/15 8670 13 .7 254 .7 253. 5 0 .14 -0 .30 0 .142 2 .23 

12/15-12/21 8970 13 .7 253 .5 251. 5 0 .17 -0 .24 0 .230 3 .63 

12/21-1/9 26910 15 .0 251 .5 246. 6 0 .47 -0 .89 0 .209 3 .29 

1/9-1/16 10086 15 .5 246 .6 244. 5 0 .22 -0 .31 0 .250 3 .94 

1/16-1/24 11250 15 .2 256 .5 252. 2 0 .42 -0 .29 0 .435 6 .84 

1/24-1/31 9900 15 .1 252 .2 249. 1 0 .31 -0 .30 0 .360 5 .66 

1/31-2/7 10230 15 .3 249 .1 247. 6 0 .34 -0 .21 0 .172 2 .71 

2/7-2/14 10050 15 .0 256 .9 252. .8 0 .37 -0 .22 0 .459 7 .22 

2/14-2/21 10260 15 .4 252 .8 249. ,1 0 .39 -0 .21 0 .422 6 .64 

2/21-2/28 10105 15 .5 249 .1 245. 6 0 .34 -0 .17 0 .414 6 .52 

2/29-3/7 11553 16 .1 255 .4 252. ,2 0 .46 -0 .32 0 .334 5 .26 

3/7-3/13 8200 16 .0 252 .2 249. ,0 0 .30 -0 .19 0 .457 7 .48 

3/13-3/20 10290 16 .5 249 .0 245. ,7 0 .33 -0 .21 0 .408 6 .42 



Table 5.8 Falling Head Permeability Test - Whitaker, Clark and Daniels: 149 Bentonite 325 tfesh 

—Continued 

Date 

Time 
(rain) 

Plug 
Length 
(cm) 

Initial 
Height 
(cm) 

Final 
Height 
(cm) (cc) f0U<S (cc) 

K 

(cm/min 
x 10~6) 

K 
(darcy 
x 10"6) 

3/20-3/28* 11790 16.5 245.7 -0.19 

3/28-4/4 10380 16.5 254.0 248.9 0.48 -0.24 0.615 9.68 

Averages: 15.6 237.7 234.8 0.32 5.05 

Totals: 178499 4.95 -4.54 

4/4-4/10 8370 16.9 248.9 246.4 0.29 -0.13 0.388 6.11 

4/10-4/17 9960 17.0 256.9 252.8 0.37 -0.19 0.522 8.23 

4/17-4/24 9990 16.9 252.8 249.2 0.35 -0.17 0.463 7.29 

4/24-5/1 10170 16.8 249.2 252.1 -0.31 -1.05 t t 

5/1-5/22 30135 17.5 252.1 249.4 0.25 +0.74 0.119 1.88 

5/22-6/6 21725 17.8 249.4 241.3 0.79 -0.48 0.515 8.11 

Averages: 17.3 251.4 247.8 0.35 5.47 

Totals: 90350 1.74 -1.28 

NOTES: 

^Inconsistent data - results discarded. 

*Falling head standpipe refilled before final reading was taken. 

to 
10 
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Table 5.9 Summary of Falling Head Permeability Tests 

Company Q 
Product (cc) 

K K 

in, %ut (da?^6x 
cc) (gm; x 10 ) x 10 ) 

American Colloid 12.55 -3.58 6.59 6.23 
C/S Granular 

Dresser Minerals 14.19 —3.19 7.43 7.02 
Arrowhead 

Federal Bentonite 7.84 -11.71 4.72 4.46 
Akwa-seal 

Georgia Kaolin 12.42 -3.66 5.70 5.38 
Hi-Jell #1 

International 11.93 -5.03 5.43 5.13 
Minerals & Chem. 
Rainbow Seal 

Slope Indicator 8.95 -9.34 5.28 4.99 
1/2" Tablets 

Whitaker, Clark & 7.61 -9.01 4.86 4.59 
Daniels, 149 
Bentonite 325 Mssh 



filters, calculations revealed that the hydraulic conductivity of 

bentonite exerts much more influence on the falling head results than 

does the filter. Therefore, the values reported in Tables 5.2 through 

5.9 are essentially the hydraulic conductivity of the compacted 

bentonite plug. 

In addition to hydraulic conductivities, Table 5.9 reports the 

volume of water flowing into the pernteameter (Q, ) and the mass of 
xn 

the water flowing out (Qout)« T*1© positive Q^n quantities indi

cate that water flowed into the permeameters, while the negative 

Qout quantities indicate that no water flowed out of the 

permeameters. The negative Qout quantities are more than can be 

accounted for by evaporation. Evaporation was controlled by two 

means. First, the outflow was collected in a rubber-stoppered, 

Erlenmeyer flask. The narrow bottle-neck and rubber stopper combined 

to minimize air circulation over the outflow and thereby minimize the 

evaporation potential. Second, a thin layer of vacuum pump oil was 

applied to both the inflow and outflow water surfaces to further 

restrict water evaporation. In addition, the room where testing was 

conducted was tenq>erature (21°C + 1°C) controlled. It is con

cluded that the negative outflow represents distilled water that was 

drawn into all seven permeameters. The negative outflow may be an 

indication that the bentonite plugs are not 100% saturated, i.e. some 

pore spaces contain both air and liquid phases. Some evidence of this 

is observed in Figures E.l through £.7, where the pictures reveal air 

gaps and cracks in the bentonite plugs. Because saturation is less 

than 100%, the bentonite plugs will continue to adsorb water until an 
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equilibrium condition is achieved (presumably 100% saturation). 

Permeability tests at saturations less than 100% result in low K 

values because entrapped pore air limits the volume of water that a 

pore space of given cross-sectional area can transmit. Therefore, as 

100% saturation is achieved, the hydraulic conductivities for the 

compacted bentonite plugs are expected to increase. 

The experimental results (Table 5.9) are compared to hydraulic 

conductivities reported in several publications. Gureghian et al. 

—8 
(1983) report a bentonite hydraulic conductivity of 4.32 x 10 

m/day, which is equivalent to 5 x lO-*1 cm/sec. This value was 

originally used in a report published by Woodward-Clyde Consultants 

(ONWI 290). The testing procedure and the type of bentonite used to 

obtain this hydraulic conductivity value are not mentioned. 

Pusch et al. (1962) subjected American Colloid Company type MX-80 

(a Wyoming Na-rich bentonite) and Erbsloh Ca-rich bentonite to hydrau

lic conductivity and ion diffusivity experiments. The bentonites were 

wetted, compacted and then subjected to "constant" head permeability 

testing. The water used for wetting and percolation was "Allard's 

solution", a synthetic groundwater that is considered to be represent

ative of groundwater found in a Swedish repository. Hydraulic conduc-

-12 —14 
tivities for the Na-bentonites are 10 to 10 m/sec (which is 

equivalent to 10"*^ to 10~12 cm/sec), depending upon the density 

of the compacted bentonite plug. 

Singh (1982) subjected fourteen Canadian clays and clay mixtures 

to a simulated nuclear waste repository environment. Among other 
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tests, the clays were subjected to a permeability test performed in 

accordance with ASTM standards. Part 19 of 1981. Of the fourteen 

clays, six are considered montmorillonite-mineral dominant; these 

clays exhibited hydraulic conductivities in the 10~6 to 10-9 

cm/sec order of magnitude when mixed and tested with de-ionized 

water. Three of the six clays are predominantly Na-rich bentonites 

_g 
and exhibited permeabilities in the 10 cm/sec order of magnitude. 

Tests with synthetic granite water decreased the hydraulic conduc-

—8 
tivity one order of magnitude (to 10 cm/sec) in two of the three 

Na-rich bentonites, while the other hydraulic conductivity remained in 

_g 
the 10 cm/sec order of magnitude. 

Hodges et al. (1982) tested Na and Ca rich bentonites mixed with 

quartz sand and compacted into plugs. A reference "basalt" ground 

water was used in the testing. Depending upon the density of the 

compacted bentonite, hydraulic conductivities ranged from 10~** to 

10 cm/sec. 

Westsik et al. (1982) performed constant head permeability tests 

on compacted Na and Ca-rich bentonites and Na-bentonite/quartz sand 

mixtures. A synthetic basaltic ground water was used in all tests. 

Compacted Na-bentonites exhibited hydraulic conductivities in the 

—13 
10 cm/sec range; overall, the range of experimental results was 

10~10 to 10~13 cm/sec. 

Chris Jepsen of American Colloid Company performed a falling head 

test on a compacted plug of 20% bentonite and 80% silica sand. 

De-ionized water was used to wet the bentonite/sand admixture prior to 
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Standard Proctor compaction. The coefficient of permeability is in 

—8 —9 
the 10 to 10 cm/sec range. 

Table 5.10 lists the previously reported hydraulic 

—8 —13 
conductivities. A range of values exists from 10 to 10 

cm/sec, depending upon the "bentonite", testing method, water used for 

mixing and permeant, compacted density, etc. The results of this 

_g 
research (K = 10 cm/sec) fall in the higher range of reported 

hydraulic conductivity values. Several factors may contribute to 

these high experimental K values. 

First, the method of constructing and emplacing the bentonite 

plugs may have affected the test results. Bentonite was wetted and 

compacted in a Harvard Miniature mold using a Standard Proctor energy 

input. The compacted bentonite was extruded from the mold and trimmed 

to fit the 1 inch I.D. PVC falling head permeameter. Except for 

American Colloid and Slope Indicator, all the bentonite plugs sepa

rated or cracked at the interface between successive bentonite compac

tion layers as the plugs were being inserted in the PVC permeameters. 

Air gaps existed between the PVC wall and the bentonite plug because 

of the inability to trim the bentonite to fit the "exact" inside 

diameter of the permeameter. The cracks and air gaps are readily 

visible in Figures E.l through £.7. These cracks and air gaps could 

have provided channels of high permeability such that water would 

percolate and fill these "voids" more quickly than it would percolate 

through the "intact" bentonite. If this did occur, the hydraulic 

conductivity would be initially "high" at the beginning of the test 
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Table 5.10 Summary of Hydraulic Conductivies 
Reported for Na-Bentonites 

Source 
Hydraulic Conductivity 

(cm/sec) 

Gureghian et al. 

Pusch et al* 

Singh 

Hodges et al. 

Westsik. et al. 

Jepsen 

5 x 10"11 

1CT10 to 10~12 

10~9 

10"11 to 10"13 

10"13 

10"8 to 10~9 



136 

and would decrease to lower values as the voids filled with water. 

Tables 5.2 through 5.8 do not support this hypothesis. Instead, the 

initial hydraulic conductivities are low and as the tests proceeded, 

they generally increased. 

The second reason that these experimental values may be higher 

than the reported values is the design of the falling head 

permeameters. Host falling head (and constant head) permeameters hold 

the soil sample in a rigid container so that the volume remains 

constant throughout the test. The bentonite plugs in this research 

were constrained laterally (by the PVC tubing) and supported on the 

outflow end (by the brass filter asemblies), but were unconstrained 

and free to expand vertically. The free swelling plugs may be 

adsorbing interlayer water and not simply saturating pore space. If 

such is the case, water will continue to flow into the permeameters 

(through the burets and outflow beakers) indefinitely with little or 

no outflow. The height of the plugs increased from an initial (after 

saturation was attempted) height of 10 to 13 cm to a "final" height of 

12 to 20 cm. Bentonite is known for its swelling potential in the 

presence of free water (Mitchell, 1976) and if confined, the swelling 

potential of bentonite produces a swelling pressure (Winterkorn and 

Fang, 1975, p. 305). The swelling pressure acts to decrease void 

space, which results in a decrease in hydraulic conductivity as the 

flow path diameters decrease (Pusch, 1982). A bentonite plug that is 

confined may exhibit a lower hydraulic conductivity than a plug free 

to swell (other factors held constant). 
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In conclusion, these experimental values may be anomalous due to 

both saturation conditions that are less than 100% and also testing 

conditions that allow the bentonite plugs to expand. Future testing 

should consider a method that will restrict the expansion of plugs to 

test this hypothesis; however, it is unlikely that 100% saturation can 

be attained except with very long-term tests. In addition, if the low 

hydraulic gradients lead to interlayer water adsorption instead of 

flow rate, then Darcy's Law is violated and the falling head calcula

tions of hydraulic conductivity are inappropriate. 

5.3 Radial Permeameter Testing 

5.3.1 Introduction 

Radial permeameter testing allows a comparison to be made of the 

permeability of intact rock to that of a compacted bentonite plug. 

The radial permeameter is essentially a triaxial loading frame 

designed to stress rock cylinders both axially and clrcumferentlally 

to a desired stress state to simulate a depth of burial. Distilled 

water is injected into holes drilled into a rock cylinder (while in 

the triaxial stress state) and the flow rate into and out of the rock 

is measured for various injection pressures. Once a flow rate has 

been established, the "rock bridge" is cored out and replaced by a 

compacted bentonite plug. Distilled water is then injected into the 

rock cylinder containing the bentonite plug and the flow rate into and 

out of the permeameter Is measured and compared to the flow rates 

while the rock bridge was in place. Figure 5.5 is a cross-section of 

a radial permeameter; this equipment is described in South and Daemen 
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(1984). Figure 5.6 is a typical cross-section of a rock cylinder 

containing a rock bridge and a clay plug. Radial permeameter results 

provide a measure of bentonite plug efficiency when compared to the 

intact rock. 

5.3.2 Procedure - Radial Permeameter 

The first step in Radial Permeameter testing was to select a rock 

specimen to test. Next* rock cylinders were prepared using the 

general method which is outlined below: 

(1) A 6-inch diameter rock core is drilled from a boulder. Care 

is taken to avoid joints and fractures to insure a specimen free of 

discontinuities. 

(2) The rock core is cut to a length of approximately 12 inches 

and the flat surfaces prepared according to ISRH standards (Rock 

Characterization, Testing, and Honitoring, 1981). 

(3) One Inch diameter holes are drilled from the center of both 

the top and bottom of the rock cylinder leaving a "rock bridge" in the 

approximate middle of the specimen. The rock bridge surfaces (bottom 

of the 1 inch holes) are ground parallel to the ends of the rock 

cylinder. 

(4) The rock cylinder is coated with a water-resistant epoxy. 

The rock cylinder was then "loaded" into a permeameter and 

stressed to a desired stress state. For a complete description of 

test procedures, consult South and Daemen (1984). The following 

sections contain the test procedures used on each of the three rock 

specimens.' 
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Figure 5.6 Sample SGE-2-1 - dimensions. 
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5.3.2.1 Sample HTS-TPTS-102. This is a sample of Topopah Spring 

Tuff from the Nevada test site. The results of this experiment are 

presented in Tables C.l and 5.12. Figure 5.7 gives the sample 

dimensions. Testing began on April 4, 1983. The sample was subjected 

to an average of 8.4 MPa axial, 7.0 MPa confining and 1.7 MPa water 

injection pressures for 4 days. Next, the water injection pressure 

was increased to 3.4 MPa, holding the axial pressure at 8.4 MPa and 

the confining pressure at 6.4 MPa. The mass balances at this point 

were approximately -100%. The decision was made to increase the 

permeameter*s bottom pressure from atmospheric to 3-4 MPA in an 

attempt to saturate the sample from both the top and the bottom. This 

was continued for approximately 1 month. On June 6, 1983, testing was 

resumed with 8.6 MPa axial, 6.1 MPa confining, and 1.9 MPa injection 

pressures and no bottom pressure; this phase of the testing continued 

for 50 days. The annulus pressure was released by mistake on July 4. 

On July 25, 1983, the axial pressure was increased to 24.0 MPa, the 

confining pressure to 18.6 MPa and the injection pressure to 10.0 

MPa. This phase of the testing lasted until August 2, 1983. At this 

point, the confining pressure was dropping almost 3.9 MPa/day and the 

decision was made to unload the sample and check for cracks In the 

epoxy coating and/or rock itself. After unloading, visual inspection 

revealed cracks in both the epoxy top and bottom of the sample, which 

may have provided a conduit for confining fluids to escape to the 

axial hole. 
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Figure 5.7 Sample MTS-TPTS-102 - dimensions. 
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5.3.2.2 Sample SGE-2-1. This sample was collected from Sentinel 

Bluffs, Washington. The results of this experiment are presented in 

Tables C.2 through C.5 and 5.13. Figure 5.6 gives the sample 

dimensions, including the initial clay plug dimensions. Testing began 

on February 21, 1983. The sample was subjected to an average of 8.8 

MPa axial pressure, 7.0 MPa confining pressure and a constant head 

water injection pressure of 5.7 MPa for 17 days in order to saturate 

the rock with distilled water. On March 9, the axial, confining and 

injection pressures were increased to 22.9, 19.7 and 10 MPa, 

respectively, to simulate a 3000 foot (approximately) depth of 

burial. This phase of the test continued for 17 days. 

On March 25, the rock bridge was cored out and replaced with a 

clay plug and brass filter assembly (Figure 5.1). The clay plug was 

constructed by dropping 10 Volclay bentonite tablets (produced by 

American Colloid Company) onto a brass filter (Figure 5.1) and 

allowing the clay tablets to saturate with distilled water and swell 

for approximately 10 days. On April 8, a falling head of distilled 

water was connected to the permeameter and testing was resumed at 22.9 

MPa axial, 19.4 MPa confining pressures and an average head of 237.9 

cm. 

On August 24, 1983, the Volclay plug was removed and replaced by a 

plug made of compacted C/S granular bentonite (produced by American 

Colloid Company). The bentonite was compacted in the Harvard 

Miniature Mold using a Standard Proctor energy input and a water 

3 
content of 20.53%; the dry unit weight was 77.69 lbs/ft . The 
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bentonite plug was extruded and trimmed to fit the 1-inch internal 

diameter hole of the basalt rock core. 

Backpressure saturation was used in an attempt to saturate the 

plug to a saturation near 100%. The backpressure was provided by a 

constant head pressure intensifier; the saturation conditions are 

listed in Table 5.11. 

Table 5.11 Backpressure Saturation Conditions 

Top Pressure Bottom Pressure Time of Application 
(MPa/Psi) (MPa/psl) (hours) 

0.69/100 0.62/90 12 

1.38/200 1.31/190 12 

2.07/300 2.00/290 7 

2.76/400 2.69/390 15 

Calculations from graphs by Black and Lee (1973) reveal that the 

saturation should be 99+%. 

On September 16, 1983, a falling head of water was connected to 

the permeameter and falling head tests commenced. 

On January 10, 1984, the falling head testing was disconnected and 

a constant-head water pressure intensifier was connected to provide a 

higher hydraulic gradient. This testing continues to date. 

5.3.2.3 Sample SGB-2-4-1. Testing commenced on August 9, 1983 on 

sample SGE-2-4-1, a basalt from either the Grande Basalts or Frenchman 

Springs member of the Wanapom Basalts on the Hanford Reservation. The 

results of this experiment are presented in Tables C.6 and C.7 and 
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5.14. The sample was subjected to an average of 10.6 HPa axial, 6.8 

HPa confining and 3.2 HPa water injection pressures. On September 25, 

the axial and confining pressures were increased to 22.9 and 19.5 HPa, 

respectively, while the water injection pressure was increased 3.8 

HPa. On October 8, the water injection pressure was increased to 6.9 

HPa, while the axial and confining pressures were held at 22.9 HPa and 

19.5 HPa, respectively. On October 14, the rock bridge was cored out 

and replaced by a compacted C/S Granular bentonite plug. The 

bentonite was compacted in the rock cylinder using the Standard 

Proctor energy input and a water content of 22.3%. The plug should 

have had a dry density of approximately 75 pcf. 

On October 24, 1984, a constant-head pressure intensifier was 

connected to the radial permeameter to provide water injection 

pressure. Constant head permeability tests on this sample continue to 

date. 

5.3.3 Radial Permeameter Results 

5.3.3.1 Introduction. The data accumulated to date are presented 

in Tables C.l through C.7. These tables contain columns that list the 

following: 

(1) Date: Date(s) over which data was collected. Tests were 
usually run overnight. 

(2) Elapsed time: Total time test ran. 

(3) Axial stress: Axial stress on the rock sample. Ideally 
constant, in fact the axial stress varied slightly 
through the test. Values shown are averages. 
Variation is on the order of IX, and is linked to 
variation in confining stress. 
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(4) Confining stress: Stress applied about the annulus of the 
sample; it varies by about 2%. Usually confining 
stress decreases as the test proceeds, probably due to 
slight leakage through the end seals of the sample. 

(5) Top pressure: Pressure at which water was injected into the 
top hole of the sample. The value shown was the 
average over the test. Top pressure may vary by 0.10 
MPa due to 0-ring friction in the pumps. If a falling 
head test was used, the pressure is reported as centi
meters of distilled water head. 

(6) Flow rate in: This is the amount of water that was injected 
into the top hole as measured by the pump divided by 
the elapsed time. Actual amounts injected (cc) are 
shown. 

(7) Flow rate out: This is the amount of water flowing out of the 
bottom hole as collected in a flask and divided by the 
elapsed time. Actual amounts collected Cgms) are shown. 

This is the volume of water that was injected into the 
annulus to maintain a confining pressure, reported in 
(cc). 

This is the volume of water that flowed into the radial 
permeameter, reported in (cc). 

This is the volume of water that flowed out of the 
radial permeameter, reported in (gms). 

If applicable, this was calculated from appropriate 
equations and reported in (x 10~6 cm/mln) and (x 
10-6 darcy). 

(12) Mass balance: Comparison of amount pumped in and amount 
flowing out. Ideally, the amount flowing out should 
equal the amount pumped in for steady-state conditions. 
Practically, it rarely does. Mass balance is calcu
lated as a percentage [(Mass out - Mass in)/(Mass in) x 
100%]. The calculation is made assuming the density of 
water to be 1 gm/cc. A negative percentage 
indicates more water pumped in than out. Percentages 
are often positive, indicating more water flowing out 
than pumped in. This condition is probably due to 
leakage through the end seals of water from the annulus. 

Also presented are Tables 5.12 through 5.14, entitled "Summary of Test 

Results", which are one-page summaries of the entire test sequence. 

(8) VA: 

(9) Vjt 

(10) V0: 

(11) K: 
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Average flow rake In, average flow rate out, and mass balance are 

given for each combination of axial stress, confining stress, and top 

hole injection pressure. Where applicable, hydraulic conductivities 

are calculated and reported. The averages are weighted with respect 

to time. All experiments were performed at 21° + 1°C. 

5.3.3.2 Sample HTS-TPTS-102. Table C.l contains data on rock 

sample saturation and Table 5.12 is a summary of test results. 

5.3.3.3 Sample SGB-2-1. Table C.2 contains data on rock sample 

saturation. Table C.3 contains data on the falling head permeability 

tests performed on the Volclay tablet bentonlte plug. Table C.4 con

tains data on the falling head permeability tests performed on the 

compacted C/S Granular bentonite plug. Table C.5 contains data on the 

constant head permeability tests performed on the compacted C/S Gran

ular bentonite plug. Table 5.13 contains a summary of test results. 

5.3.3.4 Sample SG-2-4-1. Table C.6 contains data on rock sample 

saturation. Table C.7 contains data on the constant head permeability 

tests performed on the compacted C/S Granular bentonite plug. Table 

5.14 contains a summary of test results. 

5.3.4 Analysis of Kadial Permeameter Results 

Two radial permeameters were used and accumulated almost 30 total 

months of rock and bentonite permeability data. Three rock cylinders 

were prepared: two basalts and one tuff. Three bentonite plugs were 

tested. One plug was formed by dropping Volclay tablets into the rock 

cylinder and allowing the tablets to swell with distilled water. The 

other two plugs were formed by compacting moist C/S Granular ben-



Table 5.12 Summary of Test Results for Sample NTS-TPTS-102 

Rock Bridge 

ax 8.4 
7.0 

8.4 8.6 
6.4 6.7 

24.0 
18.6 

Flow Rate In, Q 
(x 10" cc/min) 

1.7 
4.0 
1.9 

10.0 

7.87 
4.66 

0.49 

3.59 

Flow Rate Out, Q 
(x 10 cc/roin) 

1.7 
4.0 
1.9 

10.0 

-0.14 
-0.32 

1.65 
6.50 

Mass Balance 
(%) 

1.7 

4.0 

1.9 
10.0 

-105.3 

-92.9 
15.6 

-3.2 

o = axial stress (MPa); a = confining stress (MPa); Pf = top hole injection pressure (MPa). 
3X C t 



Table 5.13 Summary of Test Results for Sample SGE-2-1 - Radial Permeaineter Test 

Rock Bridge Plug. C/S Granular Bentonlte Plug 

ax 
8.8 
7.0 

22.9 

19.5 
2 2 . 1  
18.9 

22.4 

19.4 

2 2 . 1  
19.5 

2 2 . 1  
19.6 

22.0 
19.6 

Flow Rate In, Q 

(x 10 cc/min) 

5.7 MPa 

10.0 MPa 

237.9 cm 1^0 

233.4 cm H20 

0.7 MPa 

1.3 MPa 

2.7 MPa 

0.04 

0.02 
0.09 

0.07 

0.14 

0.20 
0.23 

Flow Rate Out, Q 

(x 10 cc/min) 

5.7 MPa 

10.0 MPa 

237.9 cm H20 

233.4 cm H20 

0.7 MPa 

1.3 MPa 

2.7 MPa 

-0.01 
0.03 

0.04 

-0.02 
0.11 

0.10 
0.09 

Mass Balance (%) -109 -76 -82 -134 -21 -50 -58 

oflX = axial stress (MPa); ac = confining stress (MPa); Pj. « top hole injection pressure. 



Table 5.15 Summary of Test Results for Sample SGE-2-4-1 - Radial Permeameter Test 

Rock Bridge C/S Granular Bentonlte Plug 

o 10.6 22.9 22.9 23.2 23.1 21.9 21.8 21.7 

6.8 19.4 19.5 19.5 19.3 19.7 19.6 19.5 

Flow Rate In, Q 

(x 10 cc/min) 

3.4 MPa 

3.8 MPa 

6.9 MPa 

0.55 MPa 

0.78 MPa 

1.2 MPa 

2.7 MPa 

4.1 MPa 

0.04 

0.00 
0.00 

0.08 
0.04 

0.07 

0.12 
0.15 

Flow Rate Out, Q 

(x 10 cc/min) 

3.4 MPa 

3.8 MPa 

6.9 MPa 

0.55 MPa 

0.78 MPa 

1.2 MPa 

2.7 MPa 

4.1 MPa 

-0.02 
-0.02 

-0.01 
0.04 

0.04 

0.01 
0.05 

0.01 

Mass Balance (%) -143 N.A. N.A. -47 0 -119 -54 -94 

<J = axial stress (MPa); o_ = confining stress (MPa); P.. = top hole injection pressure, 
ax c c 
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tonite. Of the two compacted plugs, one was compacted in-sltu while 

the other was compacted in the Harvard Miniature Mold, extruded and 

trimmed to fit the rock cylinder. 

5.3.4.1 Analysis of Rock Flow Results. Table 5.15 summarizes the 

flow rate data for the three rock cylinders that were tested (prior to 

removal of the rock bridge). Water injected into the radial permea-

meters by the constant head pressure intensifiers could travel three 

possible flow paths to reach the outflow collection breaker. First, 

water could have flowed through the rock specimen, including the rock 

bridge. This was the flow path thut is desired, as it models flow 

through intact rock. Second, water could have flowed along the 

expoxy/rock interface and either "bypassed" the rock entirely or 

flowed partly through the rock and partly along the interface. 

However, this flow path should have been restricted by the confining 

and axial stresses, which were greater than the water injection 

pressure; thus the stress state should have sealed the epoxy/rock 

interface. Third, water could have flowed between the epoxied sample 

and the end platens, thereby circumventing the rock sample entirely. 

The epoxied sample is separated from the end platens and loading 

piston by neoprene gaskets and the stress state should have closed off 

any leakage around the sample. Therefore, at least theoretically, the 

water injected into the radial permeameter should have flowed into the 

rock specimen. In reality, the water flow was most likely a combina

tion of all three possible flow paths. 



Table 5.15 Summary of Flow Rate Data for Rock Cylinders Tested in the Radial Permeameters 

NTS-TPTS-102 SGE-2-1 SGE-2-4-1 

ax 
8.4 

7.0 

8.4 

6.4 

8.6 
6.7 

24.0 

18.6 
8.8 
7.0 

22.9 

19.5 

10.6 
6 .8  

22.9 

19.4 

22.9 

19.5 

Flow Rate In, Q 

(x 10" cc/min) 

P. 1 
rt

 

1.7 MPa 
4.0 MPa 

1.9 MPa 

10.0 MPa 

5.7 MPa 

10.0 MPa 

3.4 MPa 

3.8 MPa 

6.9 MPa 

7.87 

4.67 

0.49 

3.59 

0.04 

0.02 
0.04 

0.0 
0.0 

Flow Rate Out, Q 

(x 10" cc/min) 

1.7 MPa 

4.0 MPa 

1.9 MPa 

10.0 MPa 

5.7 MPa 

10.0 MPa 

3.4 MPa 

3.8 MPa 

6.9 MPa 

-0.14 

-0.32 

1.65 

6.50 

-0.01 
0.03 

-0.02 
-0.02 

-0.01 

°ax = ax*al stress (MPa); oc = confining stress (MPa); Pc = top hole Injection pressure. 
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As evidenced by values under the Flow Rate In heading (Table 

5.15), the tuff (NTS-TPTS-102) was the most permeable to distilled 

water injection. The Flow Rate Zn decreased with time (Table 5.15) 

even though the water injection pressure was more than doubled. This 

suggests that water was initially injected into pores, fissures, 

drilling-induced fractures, etc., and with time, these "voids" become 

saturated. As the axial, confining and water injection pressures were 

increased to 24.0, 18.6 and 10.0 HPa, respectively, the in-flow rate 

did increase, but it did not reach the in-flow magnitudes achieved at 

lower stress states and water injection pressures. 

The basalts (samples SGE-2-1 and SGE-2-4-1) proved practically 

impermeable to distilled water injection. The in-flow rates are two 

orders of magnitude lower than those obtained for the tuff and are at 

the limits of measurable flow. The small in-flow may be attributed to 

filling pores and fissures at or near the rock surfaces which were 

exposed to injected water. As with the tuff, when these voids were 

saturated, the flow rate decreased to zero. For example, Sample 

_3 
SGE-2-4-1 exhibited an inflow of 0.04 x 10 cc/min at axial, 

confining and water injection pressures of 10.6, 6.8 and 3.4 HPa, 

respectively; as the axial and confining pressures were increased to 

_3 
22.9 and 19.5 MPa, the flow rate dropped to 0.00 x 10 cc/min, even 

though the water injection pressure was increased to 6.9 HPa. Some of 

the flow rate decrease may be attributed to "void-closure" induced by 

the higher stress state. 
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The in-flow difference between the basalt and tuff may be a 

function of porosity and density differences. The tuff had megascop-

ically visible pores and vessicles, while the basalts had no visible 

pores and were considerably denser than the tuff. 

All three rock cylinders exhibited little or no out-flow (Table 

5.15). In all cases, the rock cylinders, initially, sucked water into 

the permeameters similarly to the falling head permeameters (Section 

5.2). The tuff did exhibit some outflow (Table 5.15) but only after 

the outflow end of the sample was subjected to water injection. Once 

the injection pressure was removed, the tuff exhibited an out-flow 

rate greater than the in-flow rate. This suggests that the out-flow 

water simply "drained" from voids below the rock bridge. Chemical 

analysis of the out-flow water was performed by Copper State 

Analytical Labs and is presented in Table 5.16. Comparison of Table 

5.16 with "distilled" water analysis (Table 4.1) shows that the water 

flowing out of the tuff carried dissolved calcium, sodium, potassium 

and silica. This indicates that the distilled water "dissolved" the 

tuff as the water permeated, or at least came in contact with, the 

rock surfaces. 

Table 5.16 Chemical Analysis of Water Flowing Out 
of sample NTS-TPTS 102 

pH 5.20 mgs/L 

K 111.10 mgs/L 

Si02 35 mgs/L 

Ca 36.95 mgs/L 

Hg 0.085 mgs/L 

KTa 29.75 mgs/L 

Fe 0.010 mgs/L 

(mgs/L - milligrams/liter) 
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Sample SGE-2-1 did exhibit some outflow, but analysis of test data 

(Table C.3) reveals that the positive average outflow is due to one 

reading, while the other outflow readings (four) exhibited zero or 

negative volumes of outflow water. 

5.3.4.2 Analysis of Bentonite Plug Flow Results. Table 5.17 

summarizes the flow rate data for the three bentonite plugs that were 

tested. Water injected into the permeameters could have traveled the 

three flow paths possible for the intact rock, namely through the rock 

cylinder, along the rock/expoxy interface and between the rock 

specimen and end platens. In addition, with a bentonite plug 

installed in the rock, the injected water could have traveled through 

the plug or along the plug/rock wall interface. Injected water could 

have conceivably traveled in any combination of the five possible flow 

paths. As with the rock bridge testing, the stress state should have 

closed off water flow both along the rock/epoxy interface and also 

between the rock and end platens. Thus, the majority of flow should 

have occurred through the rock, through the bentonite plug, and along 

the plug/rock interface. Only basalts were tested with bentonite 

plugs; the tuff sample (NTS-TPTS-102) developed a confining pressure 

leak and was removed from the radial permeameter before a bentonite 

plug was emplaced and was replaced with a basalt cylinder (sample 

SGE-2-4-1). Because the inflow rates were so low for the basalt 

cylinders with rock bridges, it was assumed that any water injected 

into the permeameter passed into the bentonite plugs and not into the 

basalts. As such, flow rate considerations neglected or discounted as 



Table 5.17 Summary of Flow Rate Data for Bentonite Plugs Tested in Rock Cylinders 

in Radial Permeameters 

Rock 
Sample 

Clay Plug 
Type 

Water 
Pressure 

(cc/min 
x 10"J) 

^QUt 
(cc/min 
x 10 "*) 

Mass 

Balance 
[(out - in)/in] 

Hydraulic 

Conductivity 
(cm/sec x 10 ) 

SGE-2-1 Volclay 238.9 cm 0.09 0.04 -59% 10 

SGE-2-1 C/S Granular 233.4 cm 0.07 -0.02 -134% 6.8 

SGE-2-1 C/S Granular 0.66 MPa 0.14 0.11 -21% 0.52 

SGE-2-1 C/S Granular 1.33 MPa 0.20 0.10 -50% 0.24 

SGE-2-1 C/S Granular 2.72 MPa 0.23 0.09 -58% 0.11 

SGE-2-4-1 C/S Granular 0.55 MPa 0.08 0.04 -47% 0.25 

SGE-2-4-1 C/S Granular 0.78 MPa 0.04 0.04 0% 0.17 

SGE-2-4-1 C/S Granular 1.21 MPa 0.07 0.01 -81% 0.04 

SGE-2-4-1 C/S Granular 2.70 MPa 0.12 0.05 -54% 0.06 

SGE-2-4-1 C/S Granular 4.10 MPa 0.15 0.01 -94% 0.01 

H 
m 
ON 



insignificant any water flow into the basalt, along the basalt/epoxy 

interface or between the sample and end platens. The ability to 

distinguish flow through the plug from flow along the plug/basalt 

interface was not possible with this experimental method. Therefore, 

permeability calculations assumed that the interface was not a prefer

ential flow path and that the bentonite plug behaved as a homogeneous, 

porous medium that transmitted water uniformly across a given 

cross-section. 

The negative mass balances in Table 5.17 indicate that more water 

flowed into the permeameters than flowed out. In an attempt to 

account for this negative mass balance, analyses were performed on the 

compacted C/S Granular plug installed in sample SGE-2-1. At the 

compacted density of 77.69 pcf and initial moisture content of 20.53%, 

the initial saturation was approximately 47.1% and the void ratio was 

1.18. On March 28, measurements revealed that the one-inch diameter 

plug (2.54 cm) was approximately 10 cm in length and had a volume of 

3 3 
approximately 51 cm of which 33.0 cm was void volume. At the 

initial degree of saturation, approximately 23.2 cc water is required 

to saturate the void space in the 10 cm long plug. Summing the Q^n 

and Qout from Sept. 16, 1983 (beginning of testing for this plug) 

until March 30, 1984, revealed that 29.3 cc of water flowed in and 

only 8.3 cc of water flowed out for a net loss of 21.0 cc of water. 

All of this 21.0 cc "missing" inflow can be accounted for by void 

saturation of this plug. Additional water could have flowed into the 

rock, along the rock/epoxy interface and between the rock and end 
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platens. If a modest 0.04 cc/min "system inflow" were assumed, an 

additional 0.4 cc of water could be accounted for during the 7-month 

test period. If such was the case, the plug was only 95% saturated at 

the time measurements were made. Errors in determining specific 

gravity, dry density, moisture content and plug length could increase 

or decrease the degree of saturation, but it appears that this plug 

was still adsorbing water and will continue to do so until a saturated 

condition exists. Similar analysis could be performed on the other 

two plugs if the appropriate data were available. 

The hydraulic conductivities reported in Table 5.17 were calcu

lated using the familiar equation for constant-head flow derived from 

Darcy's Law. The injection pressure was converted to centimeters of 

water head (cm). The volume of water flowing out of the permeameter 

(Q ) was used (instead of Q, ), because some injected water water 
o in 

both was adsorbed by swelling clay particles and also infiltrated pore 

spaces (for saturation conditions less than 100%). Sample calcula

tions may be found in Appendix D. 

From Table 5.17, the Volclay tablet plug exhibited a slightly 

greater permeability than the C/S Granular compacted plug when the 

falling head permeameter test was performed. These radial permeameter 

values, particularly the compacted C/S Granular plug, compared favor

ably with results from the falling head tests described in Section 

5.2. American Colloid C/S Granular (Table 5.9) exhibited a hydraulic 

-9 
conductivity of 6.6 x 10 cm/sec in a falling head test compared to 

_9 
the 6.8 x 10 cm/sec exhibited by the same material when tested in 
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the radial permeameter using a falling head of distilled water. The 

densities for the falling head and radial permeameter C/S Granular 

plugs were 75.1 and 77.7 pcf, respectively. KIo density determination 

was performed on the Volclay plug. 

Both the Volclay Tablets and C/S Granular products were supplied 

by American Colloid Company and were essentially the same bentonite, 

the only difference being that the Volclay was compressed into 

tablets. The slightly higher Volclay tablet hydraulic conductivity 

may have been a function of plug density. The plug was "constructed" 

by dropping ten tablets onto a brass filter assembly (Figure 5.1) and 

allowing the tablets to swell and saturate with distilled water. This 

construction would probably result in a plug that contained larger 

water and air voids than a compacted plug. Also, the Volclay/basalt 

interface would seem more permeable than the compacted plug/basalt 

interface. It is believed, however, that the difference in hydraulic 

_9 
conductivities, 3 x 10 cm/sec, between the Volclay Tablet plug and 

the compacted C/S Granular plug is insignificant when compared to the 

low flow volumes. This small difference could have easily arisen from 

experimental errors so that for practial purposes, the hydraulic 

conductivity for the Volclay plug and the C/S Granular were equal. 

A comparison of hydraulic conductivities can be made for the 

compacted clay plugs tested in basalt samples SGE-2-1 and SGE-2-4-1. 

Both basalt cylinders exhibited very small flow rates (Table 5.15) and 

could be considered impermeable to water injection at the pressures 

used in this testing. The clay plugs were constructed from C/S 
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Granular bentonlte and compacted using the Standard Proctor Energy 

3 
input (12375 ft lbs/ft ) and an initial water content of approxi

mately 20%. The bentonite plug in SGE-2-1 was compacted in the 

Harvard Miniature mold, extruded and trimmed to fit the one-inch diam

eter hole cored into the basalt rock cylinder. Upon insertion into the 

hole, the bentonite plug broke into two pieces due to a plug diameter 

that was slightly greater than the hole diameter. The plug installed 

in SGE-2-4-1 was compacted in the hole. The energy input was scaled 

so that the plug was compacted at Standard Proctor energy specifica

tions. These two plugs were intended to represent two different 

methods of seal installation. One method uses precompacted bricks 

that are placed in a shaft seal or bulkhead. The seal made of 

bentonite bricks would require some stacking or tiering of brick and 

would produce air gaps at the shaft/seal interface (as was produced 

when the plug was trimmed and inserted into SGE-2-1). The other seal 

construction method involves in-situ placement and compaction as was 

produced in SGE-2-4-1. 

The constant head intensifiers supplied roughly the same water 

injection pressure for three different tests. Table 5.18 summarizes 

the three pressures and associated hydraulic conductivities which are 

compared. In every case, the bentonite plug compacted in-situ (sample 

SGE-2-4-1) exhibited a hydraulic conductivity 0.5-1 orders of magni

tude lower than the bentonite plug that was extruded and trimmed to 

fit the rock specimen (sample SGE-2-1). This observation suggests 

that the extruded/trimmed plug may have had a preferential flow path -
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possibly along the plug/rock interface - that did not exist in the 

plug compacted in-situ. 

A comparison of the hydraulic conductivities reported in Table 

5.18 (constant head values) with those in Table 5.9 (Summary of 

Falling Head Tests) reveals that the constant head radial permeameters 

produced results that were one to two orders of magnitude lower than 

the falling head results. In addition, as the injection pressures 

increased, the flow rates (both in and out) did not increase as 

Darcy's Law would suggest. 

According to Davis and DeWiest (1966, p. 162), the hydraulic 

conductivity is a function of average pore size (d), a shape factor 

(c), and fluid properties (Y,V)- Given a uniform material, compacted 

to a specific dry density (resulting in a specific void ratio and, if 

compaction was uniform, a specific average pore size), the hydraulic 

conductivity should be a constant. Therefore, an increase in hydrau

lic head should increase the flow through the plug. Figures 5.8 and 

5.9 are plots of flow rate vs. injection pressure for compacted 

bentonite plugs- installed in samples SGE-2-1 and SGE-2-4-1. Notice 

that both the actual inflow and outflow rates are less than the 

calculated theoretical flow rates. Also, the negative mass balances 

(more water injected in than flowed out) are clearly depicted by the 

difference between the actual Q, and Q . curves. 
in ^out 

Mitchell (1976) discusses some apparent experimental deviations 

from Darcy's Law (p. 349). Two concepts have been used to explain the 

nonlinearity between flow rate and hydraulic gradient. The first Is 
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Table 5.18 Summary of Constant Head Pressures and Hydraulic 
Conductivities for Compacted C/S Granular Bentonite 
Plugs 

Pressure Range Sample SGE-2-1 Sample SGE-2-4-1 
(MPa) (k x 10 cm/sec) (k x 10" cm/sec) 

0.55 - 0.78 0.52 0.25* 
0.17 

1.21 - 1.33 0.24 0.04 

2.70 - 2.72 0.11 0.06 

4.10 N.A. 0.01 

*Two tests performed - one at 0.55 MPa and another at 0.78 MPa. 

N.A. - not applicable - no test performed at this pressure range. 
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Figure 5.8 Flow rate vs. injection pressure for compacted American 
Colloid C/S Granular plug installed in basalt core 
SGE-2-1. 
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Figure 5.9 Plow rate vs. injection pressure for compacted American 
Colloid C/S Granular Plug installed in basalt core 
SGE-2-4-1. 
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non-Newtonian water flow properties. The second is particle migration 

that leads to blocking of flow paths. Newtonian fluids with laminar 

flow exhibit a shearing stress that is proportional to the velocity 

gradient and the coefficient of viscosity (Vennard and Street, 1975). 

A Newtonian fluid, in this case water, should flow in response to a 

hydraulic gradient from higher to lower energy levels. However, 

researchers discovered the apparent existence of a "threshold hydrau

lic gradient" below which flow could not be detected in some 

fine-grained soils, thus violating Newtonian Laws. According to 

Mitchell (1976), researchers now attribute the concept of 

non-Newtonian water behavior to experimental errors, consolidation and 

swelling effects and bacterial growth (pp. 349-350). 

The second concept, migration of particles that leads to blockage 

of flow paths may cause deviations from Darcy's Law. Mitchell (1976, 

p. 350) reports that particles may migrate under "moderate" values of 

hydraulic gradient, provided that the particles are not part of the 

"load-carrying" skeleton of the soil mass. As testing proceeded, the 

flow rate generally decreased as particles migrated and clogged flow 

passages. 

Mitchell (1976) reports that internal swelling and clay particle 

dispersion may account for changes in flow rate. Due to the double 

layer effect (Chapter 2), flow behavior may be quite sensitive to the 

type of concentration of ions in the permeant fluid. Recall that the 

double layer is inversely proportional to cation valence and concen

tration; therefore, distilled water which is low in ions should 
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produce a "thick" double layer. This "swelling" would tend to 

restrict fluid flow between clay particles by adsorbing water on the 

clay surfaces, thus decreasing the flow rate. 

Olsen (1962) computed hydraulic conductivities for six soils using 

the well-known Kozeny-Carman equation and compared these theoretical 

values with experimental results. He found that the experimental and 

theoretical values varied significantly - up to 50001. Olsen examined 

the following factors for a possible explanation of the observed 

discrepancies: 

(1) Deviations from Darcy's Law 

(2) Electrokinetic coupling 

(3) High viscosity of pore water 

(4) Tortuous flow paths 

(5) Unequal pore sizes. 

Analysis revealed that the possible effects of (1) and (2) are 

insignificant when compared to the magnitude of discrepancies. The 

effects of (3) and (4) were not consistent with the discrepancies 

between theoretical and measured flow rates. To estimate the effect 

of unequal pore sizes, Olsen introduced the "domain" or "cluster" 

concept. 

According to Olsen, fine-grained soils are considered to be 

composed of clusters of clay particles (agglomerates). The 

intra-cluster pore radius is smaller than the inter-cluster pore 

radius so that fluid flow is predominately between the clusters 

through the inter-cluster pores. Depending upon the initial void 
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ratio, measured flow rates were higher or lower than theoretical 

values calculated from the Kozeny-Carman equation. Olsen was able to 

attribute variations of flow rate to unequal pore size using the 

cluster concept. 

Analysis of experimental results leads to the conclusion that the 

apparent deviations from Darcy's Law may be explained by a combination 

of two factors - particle migration and changing pore sizes. Particle 

migration could occur as the clay plug approached 100% saturation and 

clay particles were surrounded by pore water. Clay particles 

completely surrounded by water could be driven by hydraulic head 

through pore spaces. These "hydrated-clays" could migrate until they 

reached a "choke-point" and clogged either the plug or the brass 

filter assembly (Figure 5.1). Some evidence for particle migration 

exists. In late Harch, 1984, a colloidal suspension was observed in 

the outflow collection flask of sample SGE-2-1. The suspension was 

light brown and appeared to be hydrated bentonite. It is possible 

(and very likely) that the suspension is made up of bentonite 

particles that adhered to the rock wall as the bentonite plug was 

inserted into the one-inch diameter hole. As water flowed through the 

plug, the bentonite was hydrated and carried into the outflow flask. 

The outflow flask for sample SGE-2-4-1 has no such colloidal 

suspension; however, the tygon tubing leading to the flask appeared to 

have a "front" of similar looking material migrating toward the 

flask. Recall that sample SGE-2-4-1 had the C/S Granular material 

compacted in-situ, above the brass filter assembly, so that any 
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bentonite found in the outflow flask migrated through the plug and 

filter assembly. If particle migration is occurring, future flow 

rates should continue to decrease as more flow paths are clogged. 

The changing pore size concept may further account for non-Darcian 

flow behavior. Consider a uniformly compacted bentonite plug 10 cm in 

length. If a hydraulic pressure of 1.0 MPa is used to inject water, 

the hydraulic gradient is 0.1 MPa/cm plug length. The total stress 

(o^,) at 100% saturation is the sum of effective stress (a*) and pore 

water pressure (v). At the inflow end of the plug, effective stress 

is zero and the pore water pressure is 1.0 MPa. At the outflow end of 

the plug, the pore water pressure is atmospheric or zero gauge and the 

effective stress is 1.0 HPa. The effective and pore water stresses 

can be determined at any point along the plug length; notice, however, 

that the effective stress increases with distance from the inflow 

boundary to a maximum at the outflow boundary. Because the void ratio 

is inversely proportional to effective stress (as supported by 

Terzaghi's 1-D Consolidation Theory), the void ratio, and thus the 

average pore diameter, should decrease with increasing effective 

stress. Thus, near the inflow end, the plug has a high void ratio 

that decreases to a minimum at the outflow end where the effective 

stress is largest. Because the hydraulic conductivity is directly 

proportional to the square of average pore size, if the average pore 

size varies with not only plug length, but also water injection 

pressure, then the hydraulic conductivity is expected to vary both 

within the length of the plug and also with water injection pressure. 
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Mitchell (1976, p. 351) recommends testing conditions that approx

imate as closely as possible the expected field conditions. If flow 

rates and hydraulic conductivities vary with injection pressure, 

future tests should use hydraulic gradients that are representative of 

expected repository environments. 

5.3.4.3 Comparison of Flow Results with Previous Results. A 

comparison of flow rate data was made with results obtained by South 

and Daemen (1984). 

The Topopah Spring Tuff (sample NTS-TPTS-102) was compared with 

sample NTS-TPTS-101, a tuff from the same location and formation. The 

results of both tests, at similar stress and injection pressures, are 

listed in Table 5.19. For similar stress and injection conditions, 

the results reported by South were 0.5-2 orders of magnitude greater 

than those determined in this research. 

South and Daemen (1984) also report mass balances (Q0U£ ~ 

Q^n/Q^n) that were closer to zero (i.e. water injected in equalled 

water flowing out of permeameter). A note in the results of sample 

NTS-TPTS-101 indicates that several joints intersected the sample. 

These joints may account for the higher flow rates. The large 

variance in this data suggests that further testing on Topopah Springs 

Tuff is appropriate, particularly because the testing method was very 

similar. 

The Sentinel Gap Basalt (sample SGE-2-4-1) was compared with 

sample SGE-2-2, a basalt from the same location and formation. The 

results of both tests, at similar stress and injection pressures, are 



Table 5.19 Comparison of Experimental Flow Rate Results for Topopah Springs Tuff 

NTS-TPTS-101 (South) NTS-TPTS-101 (Sawyer) 

ax 8.6 
6 . 6  

23.4 

19.6 
8.4 

7.0 

8.4 
6.4 

24.0 

18.6 

Flow Rate In, Q 

(x 10 cc/min) 

1.8/1.7 MPa 

3.5/4.0 MPa 

10/10 MPa 

37.12 

72.75 
135.20 

7.87 

4.67 

3.59 

Flow Rate Out, Q 

(x 10 cc/min) 

1.8/1.7 MPa 

3.5/4.0 MPa 
10/10 MPa 

39.43 

76.47 

-0.14 

-0.32 
138.62 6.50 

o_„ = axial stress (MPa); o„ = confining stress (MPa); P.. = top hole injection pressure (the two 
oX C C 

values are pressures used by South/Sawyer, respectively. 
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listed in Table 5.20. The results for these basalt samples reveal 

very low flow rates. Notice that the outflow rates are larger for 

both samples, indicating an annular pressure leak (possibly) to the 

outflow flask. South reported difficulty in obtaining consistent 

mass balances, as was encountered in this research. 

The flow rates through bentonite plugs were compared. South cal

culated the permeability of a Volclay Tablet plug constructed in a 

granite rock cylinder under an injection pressure of 1.0 MPa and 

_9 
determined a hydraulic conductivity of 9.2 x 20 cm/sec. This 

value is roughly one to two orders of magnitude higher than hydraulic 

conductivities calculated for compacted C/S Granular plugs constructed 

in basalt rock cylinders at similar stress and water injection 

pressures. Due to the number of experimental variables involved (i.e. 

different rock types, different stress and water injection pressures, 

different permeability calculation methods), it is difficult to 

explain the difference in results. However, this difference may be in 

part due to the difference in plug construction methods and the rock 

types. South used a Volclay Tablet plug and a granite rock cylinder 

both of which exhibit higher flow rates than compacted plugs and 

basalt rock cylinders. 

5.A Summary and Conclusions 

Permeability testing was designed to compare fluid flow through 

bentonite plugs to that flow through intact rock. 



Table 5.20 Comparison of Experimental Flow Rate Results for Sentinel Gap Basalts 

»t* 

SGE-2-2 (South) SGE-2-1 (Sawyer) 

a 22.7 22.9 
cf 19.0 19.5 

Flow Rate In, Q 10.3/10.0 MPa 0.01 0.02 

(x 10" cc/min) 

Flow Rate Out, Q 10.3/10.0 MPa 0.07 0.03 

(x 10 cc/min) 

aax = axial stress (MPa); ac = confining stress (MPa); Pt = top hole injection pressure (the two 

values are pressures used by South/Sawyer, respectively. 
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Two areas of experimental research were conducted: 1) Falling 

head permeability tests on compacted bentonite plugs, and 2) Radial 

permeaineter testing of both intact rock cylinders and bentonite plugs. 

The hydraulic conductivities determined from falling head tests 

were in the higher range of values reported in the literature. 

_9 
Experimental values were in the 10 cm/sec order of magnitude, 

_8 —13 
while various researchers reported values of from 10 to 10 » 

depending on the testing procedures and conditions. 

Radial permeameter testing revealed that the Sentinel Gap basalt 

exhibited flow rates up to two orders of magnitude lower than flow 

rates through Topopah Springs tuff at similar stress and water injec

tion pressures. The results of the basalt testing were similar to 

results reported by South and Daemen (1984); however, the tuff results 

did not correlate well with previous work. 

Compacted bentonite plugs tested in the radial permeameters under 

constant head water injection exhibited hydraulic conductivities in 

the lO"1® - 10~** cm/sec order of magnitude. The plug compacted 

in-situ exhibited lower flow rates than the plug that was compacted, 

extruded and trimmed to fit the rock cylinder. Analysis of flow rates 

vs. Injection pressure revealed apparent deviations from Darcy's Law. 

The deviations have been attributed to particle migration and unequal 

pore size. 

Flow rates through C/S Granular compacted bentonite plugs are two 

orders of magnitude higher than flow rates through Sentinel Gap 

basalts (at similar stress and water injection pressures). No 
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bentonite plugs were tested in the Topopah Springs Tuff, but compari

son with plugs installed in basalts indicates that the bentonite 

should be less permeable than the tuff. 

The following are recommendations for future permeability tests: 

(1) A "synthetic" or site-specific water should be used for the 

permeant. Physio-chemical interactions (particularly the double layer 

phenomenon) are important in testing bentonites. Distilled or 

de-ionized water will yield hydraulic conductivities that are conser

vative when compared to results obtained using permeants containing 

mono- and di-valent cations. 

(2) The pressure gradient expected in the repository environment 

should be used for constant head permeability tests. The water 

injection pressure tends to consolidate clay plugs, thus decreasing 

the hydraulic conductivity. If the water injection pressure produces 

a hydraulic gradient that is higher or lower than "field" conditions, 

the flow rates and hydraulic conductivities determined from laboratory 

measurements will be anomalous. 

(3) Different methods of compacting bentonite plugs should be 

attempted. Mitchell (1976, p. 247) indicates that the hydraulic 

conductivity is a function of coropactive effort and method. 

Therefore, future tests might compare impact, static and kneading 

compactive efforts in an attempt to optimize the hydraulic 

conductivity. 

(4) The volume of compacted bentonite plugs should be held 

constant during permeability tests. If plugs are allowed to expand 
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during testing, the void closure induced by swelling pressures is 

minimized and the hydraulic conductivity will be greater than plugs 

that have a constant volume. If possible, measurements should be made 

of the pore pressure in the plug; then these measurements can be 

related to the total stress and swelling pressure generated by the 

volumetrically confined plug. 



CHAPTER SIX 

STRENGTH TESTING 

6.1 Introduction 

The main concern with geologic disposal is that nuclear wastes 

that are contained in the repository may escape at unacceptable levels 

into the biosphere. The most probable escape mechanism is dissolution 

of the waste and migration of radionuclides to the biosphere through 

flowing groundwaters. Any failure of a seal could allow a shaft or 

borehole to become a preferential migration-flow path for 

radionuclides. Therefore, the mechanical strength of the seal or plug 

is an important engineering property that needs to be quantified. 

Three fundamental repository failure modes exist. The first is 

failure of the bulk repository host rock that would allow migration of 

radionuclides to the surface. The second mode is failure along the 

plug-host rock interface. The last mode is failure of the plug 

itself. Figure 6.1 is a schematic representing the three failure 

modes. Repository failure may be initiated by high hydraulic heads 

acting on the plugs and host rock. Testing will involve the last two 

failure modes. 

Any testing of plugs or seals must take into consideration the 

probable field conditions that the plug will experience. The 

predicted field conditions should be reproduced by the testing 

procedure. Two limiting field conditions are envisioned. The first 

176 
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GROUND LEVEL 

BOREHOLE OR SHAFT 

COLUMNAR JOINTING 

FLOU SURFACE 

REPOSITORY LEVEL 

Figure 6.1 Schematic of the three fundamental repository host rock 
failure modes that will allow radionuclides to migrate 
from the repository. 
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Is immediately after construction of the shaft or borehole seal before 

groundwaters have infiltrated and saturated the sealing materials. In 

this condition the sealing material has pore volumes that contain a 

gas as well as a fluid phase and are referred to as unsaturated 

conditions (this assumes that installation will not be at 

saturation). The second limiting condition is at some time after 

construction where groundwaters have completely infiltrated the 

sealing materials. This condition has pore volumes that contain only 

a fluid phase and are referred to as saturated conditions. A 

situation corresponding to the first condition results if the heat 

generated by the emplaced waste drives water away from the repository 

area, and causes drying, resulting again in unsaturated conditions. 

Researchers generally agree that "soil strength" is adequately 

explained by the Mohr-Coulomb Failure Theory (Mitchell, 1976). It 

states that: 

t = c + atani(> (6.1) 

where the shear stress at failure (t) is a function of both a cohesion 

intercept (c), the normal stress (?) on the failure plane and a 

friction angle ($). Failure is a result of critical combinations of 

shear and normal stresses. Work in soil mechanics by Terzaghi, 

Casagrande, Taylor, etc., forwarded both theoretical and experimental 

conclusions that the strength of a soil (c and <f>) is generally not an 

inherent soil characteristic, but is dependent upon a number of 

factors (Lambe, 1969). 
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Therefore, the values of cohesion and angle of friction or a soil 

are not constant, but depend upon: 

(1) composition, 

(2) drainage conditions, 

(3) stress loading path, 

(4) stress history of the soil, 

(5) strain rate, etc. (Mitchell, 1976). 

For testing purposes the bentonite was considered a "soil" whose 

engineering behavior was governed by the above factors. A testing 

program was designed to provide fundamental data on the strength of 

both the bentonite plug and the plug-rock interface. Strength testing 

was divided into two areas: (1) Direct Shear Testing, which 

determined the relative strength of the bentonite borehole plug, and 

(2) Swelling Pressure Testing, which determined the swelling pressures 

generated by hydrating compacted bentonite samples. 

6.2 Direct Shear Testing 

6.2.1 Introduction 

Direct Shear testing is a method used to determine the shear 

resistance or strength along a predetermined failure surface. Shear 

failure can be regarded as a continuous process that builds up to a 

peak (or maximum) resistance and with subsequent shear displacement 

will produce a lower residual resistance. "Shear failure" as used in 

this paper will refer to a condition where the peak shear strength is 

equalled or exceeded. 
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For testing purposed, the Mohr-Coulomb theory governs failure in soils 

and is given by equation 6.2. 

t = c* + a*tan<f»*, (6.2) 

where t = shear resistance, c* = effective cohesion, a* = effective 

normal stress, and <f>* = effective angle of internal friction. The 

basic Direct Shear testing method is outlined below and additional 

details of the actual testing procedure will be given later in this 

section. First, a sample of soil is placed in a shear box which is 

split horizontally into two halves. The horizontal dividing "split" 

defines the shear failure surface. A vertical compressive load is 

applied to the top of the box and maintained at a constant value while 

a horizontal force is applied to the lower box. The horizontal force 

is applied at a constant strain rate until the soil is caused to shear 

along the horizontal dividing split. The vertical load, horizontal 

load and the relative shear box displacements are measured and 

recorded. The procedure is then repeated for various vertical 

compressive loads and the results plotted as x vs. a to obtain 

cohesion (c) and angle of internal friction (<J>) data for a given soil 

test condition (Sowers, 1979). 

6.2.2 Test Procedure 

The University of Arizona's Large-scale Direct Shear machine 

(Wykeham-Farrance) was used to shear samples and the HP 7035B recorder 

measured the horizontal load and displacements. The vertical loads 

(load normal to the shear failure surface) were applied using both the 
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hydraulic loading frame, which supplied a minimum vertical load of 

approximately 1000 lbs, and "free weights" wich supplied approximately 

127 lbs, 211 lbs, and 338 lbs. A strain rate of 0.048 in/ntin was used 

in all testing. 

American Colloid C/S Granular bentonite and distilled water was 

used in all Direct Shear testing. Shear molds (to hold the samples 

while shearing) were made of quick-setting rock bolt cement (F-181 

Bolt Anchor Sulfaset produced by Randustrial Corporation). 

Direct Shear testing was divided into four phases: 1) clay/clay 

unsaturated, 2) clay/basalt unsaturated, 3) clay/clay saturated, and 

4) clay/basalt saturated. The clay/clay tests determine the shear 

strength of the bentonite clay, while the clay/basalt tests determine 

the shear strength of the bentonite clay in contact with a piece of 

Columbia Plateau basalt. The unsaturated tests refer to samples with 

pore volumes that contain both fluid and gas phases while the 

saturated tests refer to pore volumes with only a fluid phase. 

The procedures of the four Direct Shear testing phases are 

summarized below: 

6.2.2.1 Clay/Clay Unsaturated. The clay/clay unsaturated tests 

represent a borehole plug before groundwaters have entirely filled the 

pore spaces. This shear test models the unsaturated shear strength of 

the plug. Clay plugs were constructed by compacting bentonite in a 

Standard Proctor Compaction Mold according to ASTM D-698-78 

procedures. The plugs were then extruded and placed in the shear 

molds. The cylindrical plugs had dimensions of approximately 4 inch 
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diameters and 4.6 inch lengths. Ten clay plugs were sheared along the 

longitudinal axis of the cylinder at various normal stresses. The 

clay/clay unsaturated peak and residual shear stress results are 

plotted in Figures 6.2 and 6.3, respectively. 

6.2.2.2 Clay/Basalt Unsaturated. The clay/basalt tests represent 

the interface between the repository wall-rock and a plug. The 

unsaturated pore volume represents a field condition prior to 

groundwater saturation or after some water has been driven away from 

saturated areas. This shear test models the unsaturated shear 

strength between the plug and wall rock. Several different methods 

were attempted to simulate the plug/basalt interface. The best method 

involved coring a four inch diameter basalt plug, halving the basalt 

plug along its longitudinal axis (so that two half-cylinders 

resulted), placing a half-cylinder in a Standard Proctor Hold and 

compacting bentonite juxtaposed with the basalt. The resulting 

bentonite/basalt cylinder (1/2 bentonite, 1/2 basalt) was extruded and 

placed in the shear molds. Six clay/basalt cylinders were sheared 

along the longitudinal axis at different normal stresses. The 

clay/basalt unsaturated peak and residual shear stress results are 

plotted in Figures 6.4 and 6.5, respectively. 

6.2.2.3 Clav/Clay Saturated. The clay/clay saturated tests 

represent a borehole plug when groundwaters have filled all pore 

spaces. This test models the saturated shear strength of the plugs. 

Clay plugs were compacted according to ASTM D-698-78 procedures and 

extruded. PVC pressure cells (4 inches internal diameter) were 
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constructed and the extruded clay plugs were placed in the cells and 

connected to a constant-head, distilled water, pressure intensifier. 

Black and Lee (1973) describe a method of backpressure saturation to 

increase saturations in triaxially tested soil samples. Based on 

average initial saturations of approximately 60%, Black and Lee 

indicate that pressures of 200-300 psi applied for a time period of 8 

hours to almost 1 month are necessary to achieve 99-100% saturation. 

Several attempts, made over a one week period, to pressurize the PVC 

pressure cells failed because water leaked along the threaded caps. 

The PVC pressure cells were abandoned and two compacted plugs were 

placed in a steel pressure vessel at 300 psi for approximately 12 

hours. The plugs were removed and tested. A third compacted plug was 

placed in the steel pressure cell at 350 psi for almost 51 hours. 

Three other plugs were compacted and placed under pressures up to 700 

psi for 4-7 days. The six clay plugs were then sheared at different 

normal loads. The clay/clay saturated peak and residual shear stress 

results are plotted in Figures 6.6 and 6.7, respectively. 

6.2.2.A Clay/Basalt Saturated. The clay/basalt saturated tests 

represent the interface between the host wall-rock and a plug when 

groundwaters have filled the pore spaces. This shear test models the 

saturated shear strength between the plug and wall-rock. Clay/basalt 

plugs were compacted as in the clay/basalt unsaturated tests and 

placed in the steel pressure cell. Two clay/basalt plugs were placed 

under 600 psi water pressure for approximately 94 hours; two other 

plugs were placed under 700 psi water pressure for approximately 72 
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hours. As one plug was being removed from Its compaction mold, the 

clay/basalt interface was disturbed (the shear test result for this 

sample was considerably lower than the other three tests). Two other 

clay/basalt cylinders were compacted and placed under 500-700 psi for 

48 hours and stored under water at zero gage pressure for 7 days. The 

five clay/basalt cylinders were sheared at different normal loads. 

The clay/basalt saturated peak and residual shear stress results are 

plotted in Figures 6.8 and 6.9, respectively. 

6.2.3 Results of Direct Shear Tests 

The Direct Shear Test data for a particular normal load was 

recorded as displacement vs. shear load. These graphs were analyzed 

to determine a peak shear resistance point and a residual shear 

strength (i.e. strength remaining after peak shear strength failure). 

The shear and normal loads were converted to stresses and plotted as 

normal stress vs. normal shear strength (Figures 6.2-6.9). A linear 

least squares analysis was performed on each data set to determine a 

best fit Mohr-Coulomb failure envelope. The linear equation and 

coefficient of variation are listed on each figure. The results for 

each of the four direct shear tests are listed below. 

6.2.3.1 Clay/Clav Unsaturated. Figure 6.2 reveals a peak shear 

strength of c = 13.7 psi and $ = 24°. Displacement dial gages 

indicated that compaction occurred during forward shearing with slight 

dxlatancy upon reverse shearing. Figure 6.3 reveals a residual shear 

strength of c = 1.8 psi and = 30°. The moisture contents of the 

clay plugs ranged from 22-28% which is approximately 17-23% "wet" of 
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optimum moisture content for C/S Granular compacted according to 

Standard Proctor specifications. The dry densities ranged from 75-80 

pcf. 

6.2.3.2 Clay/Basalt Unsaturated. Figure 6.4 reveals a peak shear 

strength of c = 0.4 psi and <f> a 18°. Figure 6.5 reveals a residual 

shear strength of c = 0.6 psi and ()> a 19°. The figures indicate 

that the peak and residual strengths were approximately equal. The 

moisture content of the clay portion ranged from 23-30%, which is 

18-25% wet of optimum moisture content for Standard Proctor results. 

The dry densities were approximately 80 pcf. 

6.2.3.3 Clay/Clay Saturated. Figure 6.6 reveals a peak shear 

strength of c = 13.5 psi and <f> = 14°. Figure 6.7 reveals a residual 

shear strength of c = 4.4 psi and 4> = 15°. Saturations ranged from 

88 to 97%; dry unit weights ranged from 67 to 82 pcf. 

6.2.3.4 Clay/Basalt Saturated. Figure 6.8 reveals a peak shear 

strength of c = 7.9 psi and '<{> a 6°. Figure 6.9 reveals a residual 

shear strength of c = 3.3 psi and <f = 10°. Saturations ranged from 

93-124%; dry unit weights ranged from 75 to 89 pcf. 

6.2.4 Analysis of Direct Shear Results 

Tables 6.1 and 6.2 contain summaries of peak and residual shear 

strength results. The values of "c" are in psi and $ is in degrees. 

2 
The coefficient of variation, R , is an indicator of how well 

2 
the data is approximated by the equation. A R value of unity 

indicates a very good fit between the data and the equation. Tables 

2 
6.1 and 6.2 report R values of 0.78 for clay/clay saturated to 0.99 
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Table 6.1 Peak Shear Strengths. Summary of c and <f> Values. 

Test Unsaturated Saturated 
2 c <{> 2 c tp 

R (psi) (degrees) R (psi) (degrees) 

Clay/clay 0.89 13.7 24 0.78 13.5 24 

Clay/basalt 0.94 0.4 18 0.92 7.9 6 

Table 6.2 Residual Shear Strengths. Summary of c and $ Values, 

Test 

Clay/clay 

Clay/basalt 

Unsaturated Saturated 

R 

0.97 

0.93 

c 
(psi) 

1 .8  

0.6 

* 
(degrees) 

30 

19 

R 

0.82 

0.99 

c 
(psi) 

<t> 
(degrees) 

4.4 15 

3.3 10 

NOTE: In Tables 6.1 and 6.2, the clay is American Colloid C/S 
Granular bentonite, and the basalt is from either the Grande Basalts 
or Frechman Springs of the Wanapom Basalts, Hanford, Washington. 

for clay/basalt saturated. Overall, the coefficients of variation 

indicate a good linear approximation of the experimental data as was 

predicted by the Mohr-Coulomb strength theory. 

Table 6.1, Summary of Peak Shear Strength, reveals several 

interesting results. First, the clay/clays strength is greater than 

the clay/basalt strength for both saturated and unsaturated 

conditions. This implies that the clay/basalt interface would fail in 

shear before the clay plug under any field conditions. Second, the 

unsaturated conditions produced greater friction angles than saturated 
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conditions for both clay/clay and clay/basalt tests. This means that 

as water content and saturation level increase in a plug, the stress 

normal to a failure surface is less critical to the overall plug 

strength than in "drier" conditions. Third, as saturation increased, 

the clay/basalt interface developed more adhesion while the clay/clay 

cohesion remained essentially unchanged. 

The same relationships that apply to the Peak. Shear Strength 

(Table 6.1) can be applied to the Residual Shear Strength. Table 6.2 

is a Summary of Peak Shear Strength results. 

A comparison between peak (Table 6.1) and residual (Table 6.2) 

results yields several general trends. First, upon shear failure, the 

cohesion (or adhesion) decreased in all cases except the clay/basalt 

unsaturated where the adhesion was essentially unchanged. This would 

be expected as particle bonds (cementation, electrostatic, and primary 

valence) were stretched and ruptured (Mitchell, 1976, p. 319). This 

is important in plug strength considerations because plug 

"displacement" due to driving mechanisms will decrease the cohesion 

within the clay and the adhesion between the wall rock and plug. 

Second, the residual angles of friction (4>) increased 1° to 6° 

over the peak values. This may be due to experimental error 

introduced by lack of instrument sensitivity. However, if the clay 

saturations were less than 100%, the increase in friction angle may be 

explained by dissipation of pore air pressure and the effective stress 

concept. 

For saturation conditions less than 100%, the pore pressure in a 

partially saturated soil is given by equation 6.3. 
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v = ya - x(ya - yw) (6.3) 

where v = pore pressure 

Va = air pore pressure 

= water pore pressure (generally negative) 

x e an empirical parameter representing the portion of the pore 

difference (y - V ) that contributes to the effective 
a w 

stress, x = 1 for saturated soils. 

Upon shear failure, a conduit would exist for the dissipation of 

positive pore air pressure. The air could have escaped to the 

atmosphere or dissolved into surrounding free water. If this 

occurred, the pore pressure would reduce to the value given by 

equation 6.4. 

y = -x(-yw) 

= x(yw) 
(6.4) 

Because the pore space would contain both air at atmospheric pressure 

and water, the water pressure would be negative or capillary 

(Mitchell, 1976, p. 189). The effective stress (a*) on the failure 

plane would be given by equation 6.5. 

o• = aT  - y 

(6.5) 
— (Ij — (X |Jyf) 

where cr* = effective stress 

a = total stress 
T 
xy = pore water pressure 

w 
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A negative or capillary water pressure would tend to increase the 

effective stress (a* > so that the frictional component of the 

Hohr-Coulomb equation (6.2) would increase even though the applied 

normal load remained constant. Thus, the coefficient of friction 

(tan^*) would appear to have increased when in reality, the effective 

stress increased due to a negative pore water pressure. 

The effective stress concept and partially saturation could also 

explain why unsaturated test conditions produced higher angles of 

friction (<f>). As saturation increases, the negative pore water 

pressure decreases until at 100% saturation, the pore water pressure 

is positive. As the pore water pressure increased (i.e. from 

capillary to positive), the effective stress would decrease and the 

friction angle component (tan<j>*) would appear to decrease. 

Two interesting observations were made during the direct shear 

testing: 

(1) For unsaturated clay/clay testing, the shearing force 

compacted the plug until the peak shear strength was exceeded, at 

which point a planar failure surface developed. This failure mode 

resembled a "progressive" failure with portions of the plug shearing 

until a critical shear stress was reached and then the entire plug 

failed in shear. 

(2) For saturated clay/clay testing, the plug did not produce a 

failure surface normal to the applied vertical load. Figure 6.10 Is a 

cross-section drawing of a saturated clay/clay sample after shearing. 

The relative movement, indicated by arrows, was approximately parallel 
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4 3/4" 

Failure Planes 

Figure 6.10 Cross-section of a saturated American Colloid bentonite 
plug after shear failure. 
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to the applied vertical load. One slip plane corresponded closely to 

a layer produced by the compaction method. This failure mode was 

noticed on all six saturated clay/clay plugs and indicates a complex 

shearing mechanism. 

6.2.5 Summary and Conclusions 

Five limits are recognized to the Direct Shear Testing: 

(1) The direct shear machine does not put a "pure shear" force on 

the test samples. This conclusion is based on the observation that 

the top shear box tends to rotate or dip in the direction of 

shearing. The rotation or dipping indicates a vertical component to 

the shearing force, or a "shearing" component to the normal force. 

(2) The clay/basalt tests used basalt surfaces that were cut with 

a diamond saw blade that produced a very smooth surface. Field 

borehole and shaft conditions may be very different depending upon how 

the penetrations are produced. Therefore* the actual clay/basalt 

interface friction angle for a field installation may be higher than 

observed in laboratory testing. 

(3) The "saturated" tests (both clay/clay and clay/basalt) 

produced saturations ranging from 88 to 124%. Saturations greater 

than 100% are theoretically impossible so the errors must be in 

laboratory measurements - possibly misreading a scale weight or 

variabililty in product properties (i.e. specific gravity). 

Saturations less than 100% tend to generate pore air pressures and 

negative pore water pressures. The effect is that the "normal stress" 

may be greatly increased - particularly with negative pore water 
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pressures. It is quite possible that "true" or actual saturations of 

100% are impossible to attain, because as the saturating pressure 

(often 300 psi or more) is released, pore air which is dissolved in 

the pore fluid comes out of solution and lowers the saturation. The 

only way to overcome the pore air dissolution phenomenom is to shear 

the sample under the saturating pressure, which is not possible with 

this testing machine. 

(4) The shear strength is a function of strain rate (Mitchell, 

1976, p. 292). The faster the test, the higher the soil strength. A 

strain rate of 0.048 in/min was used. A slower rate would allow the 

dissipation of excess pore water pressures. 

(5) The Direct Shear Tests are designed to give only "relative" 

strengths between the clay and basalt and not design quality 

parameters. Because the clay/basalt interface appears to have the 

lowest strength, additional strength tests should focus on "push-out" 

tests (Stormont and Daemen, 1983). Bentonite plugs could be compacted 

in drilled holes and pushed out while measuring displacements and 

forces. Additional study should also focus on the stress distribution 

in a vertically-loaded, laterally-confined plug; of particular 

interest is the stress normal to the plug wall interface. 

6.3 Swelling Pressure Testing 

6.3.1 Introduction 

The last area of Strength Testing, Swelling Pressure Testing, 

determines the swelling pressures generated by hydrating compacted 

bentonite clay plugs. 
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The swelling pressures generated by bentonites may prove a useful 

characteristic as air voids, rock fractures, and waste canister cracks 

could be filled in by the expanding bentonites (Pusch, Eriksen, and 

Jacobsen, 1982). Conversely, if the swelling pressure is too high, 

fractures and joints may be propagated, which may have a deleterious 

effect on waste isolation and even on the stability of the waste 

repository. 

Hontmorillonite (the predominant mineral in bentonites) has an 

unbalanced electronic charge in its crystal structure (Mitchell, 

1976). The unbalanced charge can be satisfied by cations, hydrated 

cations and polar fluids (e.g. water). As water is adsorbed between 

successive "sheets" of montmorillonite crystals, the crystal lattices 

are separated from one another with a resulting expansion or 

swelling. This swelling (or dispersion) can be best explained by the 

diffuse double layer theory developed in Chapter 2, section 3. The 

thickness of the double layer is directly proportional to the square 

root of both increasing dielectric constant and temperature, but 

inversely proportional to the square root of increasing cation 

concentration and cation valence. If water is the electrolyte, an 

increase in temperature results in a decrease in dielectric constant 

such that the double layer thickness is not greatly influenced. Other 

factors held constant, the cation concentration and valence control 

the double layer thickness. It is possible to reverse the swelling 

process and cause flocculation of clay particles by increasing cation 

valence and/or the pore water cation concentration. 
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When a compacted bentonite sample has access to free water it will 

swell until its internal forces are in equilibrium with the 

surroundings. If the bentonite is confined, a swelling pressure will 

develop (Winterkorn and Fang, 1975). The internal forces acting on 

bentonite are due to both osmotic pressure and the initial saturation 

conditions (Mitchell, 1976, pp. 240, 264-65). 

The osmotic pressure is related to the diffuse double layer. 

Differences in cation concentration and/or valence between the 

bentonite particles and pore fluid result in an osmotic pressure. For 

example, if the cation concentration at the midplane between two 

montmorillonite particles is greater than the pore fluid 

concentration, then pore water will flow and be adsorbed between the 

particles in an attempt to reduce the concentration imbalance between 

the two systems. The pore fluid will continue to be adsorbed and 

expand the montmorillonite particles until an equilibrium point is 

reached, i.e. either equal cation concentrations or until some 

external force prevents further swelling of the clay particles 

(Mitchell 260-265). A similar analysis can be performed for 

differences in cation valence. 

Internal forces caused by initial saturation conditions are 

related to the total stress concept. Partially saturated soils (i.e. 

less than 100%) develop a negative or capillary pore water pressure 

that causes the effective intergranular stress (o*) to be greater than 

that which is developed in completely "dry" or completely saturated 

soils (Cemica, 1982). An increase in saturation will reduce both the 
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negative pore water pressure and also the effective stress which may 

allow a soil to swell under certain stress conditions. 

Therefore, as water is adsorbed in a partially saturated, 

compacted bentonite, the saturation increases, the negative pore 

pressure and effective stress decrease, and the bentonite, if 

unconfined, will swell until equilibrium is achieved. This 

equilibrium is a function of both osmotic pressure and initial 

saturation conditions. Research was designed to investigate several 

aspects of bentonite swelling pressure behavior. The procedures are 

outlined below. 

6.3.2 Testing Procedure 

The swelling pressure tests have been performed using the Soil 

Test FHA Volume Change meter. This device is essentially a frame with 

a displacement-reading dial gage attached to a proving ring. A 

bentonite sample was compacted in a circular, aluminum ring and loaded 

into the swell meter. Porous stones were placed on the top and bottom 

of the compacted bentonite. The proving ring (1000 lbs capacity) was 

placed in contact with the bentonite (through an aluminum seat) and 

adjusted. Distilled water was poured into a plastic container 

surrounding the bentonite/aluminum ring. Water was absorbed into the 

bentonite through holes in the aluminum ring and the porous stones. 

Research by Giuffre et al. (1981) indicates that the swelling 

pressure is a function of dry unit density. Dry density is a function 

of "soil" type, compactive energy, and initial water content. 

American Colloid C/S Granular Bentonite was used in all swelling 
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pressure bests. An impact energy effort was used to compact the 

bentonite in the swell meter and to vary the dry density. The initial 

water content was varied between 19 and 41%, which is 8-30% wetter 

than Harvard Miniature Hold results at Standard Proctor energy 

effort. The mix and pore water was either distilled water or 5000 ppm 

NaCl solution. 

For the first fourteen tests, distilled water was used to both mix 

the bentonite prior to compaction and to saturate the compacted 

bentonite during the test. Bach bentonite test was allowed to swell 

for approximately seven days. The results are plotted in Figures 

6.11-6.24 as swelling pressure (in psi) vs. natural log of time (in 

minutes). 

The next 4 tests used the 5000 ppm IfaCl solution to both mix and 

to saturate the bentonite samples. Each sample was allowed to swell 

for approximately seven days. The results are plotted in Figures 

6.25-6.28. 

Finally, three tests used distilled water to mix the bentonite and 

the 5000 ppm HaCl solution to saturate the compacted bentonite during 

testing. The results are plotted in Figures 6.29-6.31. 

6.3.3 Results of Swelling Pressure Tests 

The results of all swelling pressure tests are plotted in Figures 

6.11-6.31. The tests that used distilled water for both mixing and 

saturating the bentonite (Figures 6.11-6.24) had an initial moisture 

content range of 19-41% and a dry density range of 66-96 pcf. The 

tests that used the 5000 ppm NaCl solution for both mixing and 
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saturating the bentonite (Figures 6.25-6.28) had an initial moisture 

content range of 28-32% and a dry density range of 74-96 pcf. The 

tests that used distilled water for mixing the bentonite and the 5000 

ppm NaCl solution for the saturating solution (Figures 6.29-6.31) had 

an initial moisture content of 22-25% and a dry density range from 

74-95 pcf. 

6.3.4 Analysis of Swelling Pressure Results 

Analysis of test results is divided into three areas corresponding 

to the water (either distilled or 5000 ppm NaCl solution) used to mix 

and saturate the American Colloid bentonite. 

6.3.4.1 Distilled Water Mix/Distilled Water Saturation. Figures 

6.11-6.24 reveal that the peak swelling pressure ranged from 36 to 183 

psi at dry densities of 69 pcf and 96 pcf, respectively. Swelling 

pressure test results for Figures 6.17 and 6.20 appear anomalously 

low. Originally it was thought that a particular bentonite sample was 

responsible for the low results. Both low results were obtained with 

batch #2 bentonite obtained from American Colloid in September 1983. 

However, chemical analysis and subsequent testing revealed that the 

low results were due to experimental error introduced by excessive 

tightening of the aluminum seal. The result was that the two 

compacted bentonites had an unknown load placed on them that was not 

measured or recorded by the proving ring. 

6.3.4.2 5000 ppm NaCl Mix/5000 ppm NaCl Saturation. Figures 

6.25-6.28 reveal that the peak swelling pressures ranged from 42 to 

266 psi, at dry densities of 74 pcf and 96 pcf, respectively. 
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6.3.4.3 Distilled Water Mix/5000 ppm tTaCl Saturation. Figures 

6.29-6.31 reveal that the peak swelling pressure ranged from 25 to 180 

psi at dry densities of 75 pcf and 95 pcf, respectively. 

Comparison of the three sets of test results (summarized in 

Figures 6.32 through 6.34) reveals that the bentonites that were mixed 

and saturated with the salt solution exhibited the highest swelling 

pressures. Those bentonites mixed with distilled water and saturated 

with the salt solution exhibited the lowest swelling pressures, while 

the bentonites mixed and saturated with only distilled water exhibited 

slightly higher swelling pressures. This indicates that mixing the 

bentonite with an electrolyte solution will generate a higher swelling 

pressure. According to Mitchell (1976, p. 265), the larger the 

difference between the midplane cation and equilibrium solution 

concentration, the greater the swelling pressure. In terms of this 

research, the experiments using only distilled water (Figures 

6.11-6.24) or only the salt solution (Figures 6.25-6.28) should have 

the highest positive cation concentration difference and thus exhibit 

the highest swelling pressures. As previously noted, this was the 

experimental observation; however, testing with only a salt solution 

(recall that this means mixing and saturating the compacted bentonite 

with 5000 ppm NaCl solution) should produce results very similar to 

testing with only distilled water, because the concentration 

difference is only due (ideally) to the difference between the mix 

water concentration, plus any free salts on the bentonite particles, 

and the saturating solution. Clearly the concentration difference for 
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either of these two tests should be only the free salts on the 

bentonite particles (other factors held constant). Therefore, the 

swelling pressures for these two tests should be Identical. 

Comparison of peak swelling pressure data on Figures 6.32 through 6.34 

reveals that the salt solution testing produced a peak swelling 

pressure 80 psi greater than the distilled water testing (at 96 pcf 

dry density). No explanation for this anomalous result is readily 

observable. It is recommended that additional testing be performed, 

particularly on the salt solution testing because only four tests were 

performed (as compared to the 14 tests performed for the distilled 

water testing). The results for distilled water mixing and salt 

solution saturation (Figures 6.29-6.31) revealed the lowest swelling 

pressures, as predicted by theory. The results were, however, only 

slightly lower than those obtained from the distilled water testing 

(Figures 6.11-6.24). Figure 6.35 summarizes the peak swelling 

pressure vs. dry density results from Figures 6.32 through 6.34. 

Future swelling tests should consider using a higher capacity 

swell meter, because the FHA meter has only a 1000 lb proving ring, 

and at a stress of 250 psi (upper range of salt solution tests), the 

ring is stressed to almost 1500 lbs. 

6.3.5 Swelling Pressure Recommendations 

The following recommendations are suggested for future swelling 

pressure testing: 

1) Research by Kassif et al. (1969) indicates that the swelling 

pressure is also a function of volumetric strain. As volumetric 
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strain and initial moisture content increase, the swelling pressure 

decreases. The swelling meter used in this testing approached a 4% 

volumetric strain at a swelling pressure of 250 psi. According to the 

research of Kassif et al. on disturbed clays, at zero percent 

volumetric strain (i.e. no swelling) and 20% initial moisture content, 

swelling pressures could be 100% greater than swelling pressures 

generated at 4% volumetric strains. This suggests that bentonite 

plugs or seals that are completely constrained laterally and 

vertically may generate significantly higher swelling pressures than 

this research indicated. Figure 6.36 is a plot of swelling pressure 

vs. volumetric strain for the FHA volume change meter. 

2) Mitchell (1976, p. 240) indicates that swelling pressure is 

related to soil structure or fabric. He notes that soils compacted 

dry of optimum generate more swelling potential than those compacted 

wet of optimum at the same dry density. This difference is attributed 

to differences in soil structure. Future tests should consider 

compacting dry of optimum to determine if any additional swelling 

pressure may be generated. Also, the effect of compactlve effort 

(i.e. static, impact and dynamic) on swelling pressure should be 

investigated. 

3) An interesting phenomenon was noticed when compaction was done 

near the swelling meter. A Standard Proctor Compaction sample was 

being prepared on a counter top near the swelling meter; as compaction 

proceeded, the lab technician noticed that the swelling pressure 

decreased. Subsequent investigation showed that the swelling pressure 
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had decreased almost 7% from its peak value. The swelling test was 

allowed to continue, but the sample never re-swelled to its former 

peak pressure. The compactive effort probably produced vibrations 

that caused realignment of the clay particles such that settlement 

took place. This observed decrease in swelling pressure indicates 

that swelling pressures might prove sensitive to dynamic loading such 

as induced by earthquakes, blasting or heavy construction equipment. 

Future tests should investigate this phenomenon because a loss of 

swelling pressure could jeopardize repository integrity. 

6.4 Summary and Conclusions 

Strength testing of bentonite borehole plugs was divided into two 

areas: 1) direct shear testing, and 2) swelling pressure tests. 

Direct shear testing determined the relative strength of the 

compacted bentonite vs. the repository wall rock. Two limiting 

conditions were used in testing. Unsaturated conditions referred to 

bentonite pore volumes that contained both fluid and gas phases and 

saturated conditions referred to pore volumes with only a fluid 

phase. For unsaturated and saturated shear tests using basalt, the 

compacted bentonite exhibited higher cohesion (c) and angles of 

friction (<£) than tests on the bentonite/basalt interface. 

Swelling pressure testing determined the magnitude of swelling 

pressure generated by compacted, hydrating bentonite samples. Results 

indicate that swelling pressure increases with increasing dry 

density. The addition of a cation to the bentonite prior to 

compaction appears to increase the swelling pressure. 



236 

The following recommendations are suggested: 

1) Bentonite plug "push-out" tests" should be performed, 

particularly if the plug/wall rock interface strength is being relied 

upon to prevent plug displacement. 

2) Future bentonite swelling pressue tests should attempt to use a 

zero-volumetric strain (i.e. constant volume) pressure 

determinations. Peak swelling pressures determined by zero-strain 

will be significantly higher than the 250 psi swelling pressure 

determined at 4% volumetric strain. 

3) Test results and theory indicate that swelling pressure may be 

increased by adding cations to the bentonite prior to compaction and 

saturation. The use of a "mix water" containing a concentration of 

cations greater than the expected in-situ groundwater should produce 

bentonite plugs with a high swelling pressure potential. Conversely, 

the use of bentonite seals near or in salt-rich formations should 

decrease the swelling effectiveness. 

4) Test results indicate that compacted bentonite plugs may "lose" 

swelling pressure if subjected to dynamic loading. Future tests 

should consider probable dynamic loading mechanisms, frequencies and 

amplitudes to determine the effect on bentonite structure and swelling 

pressure. 



CHAPTER SEVEN 

SUMMARY AND CONCLUSIONS 

The need for safe, reliable disposal of radioactive wastes is 

widely acknowledged by this nation's scientific community, the defense 

sector, commercial producers and users of atomic energy, and informed, 

concerned individuals. The United States Department of Energy is 

considering final disposal of high-level radioactive wastes in 

geological-stable, deep underground, mined repositories. When the 

design capacity is realized, the repository will be closed permanently 

and all surface penetrations including shafts and boreholes will be 

backfilled and sealed. Repository seals are expected to prevent 

penetrations from becoming preferential ground water flow paths and to 

retard the migration of any escaping radionuclides. Bentonite is 

being considered as a candidate for a multi-component engineered 

seal. Argonne National Laboratory and the United States Nuclear 

Regulatory Commission sponsored and funded research designed to study 

the permeability and sealing performance of bentonite borehole plugs. 

Bentonite is a term used to describe a clay material composed 

predominantly of the smectite mineral montmorillonite. 

The following points summarize the results of this research on 

seven bentonite samples and a literature search. 

1) Structurally and chemically, montmorillonite is a gibbsite 

sheet sandwiched between two silica tetrahedron sheets. Isomorphous 

237 
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substitution results in a net negative charge on the montmorillonite 

particle. Positively charged ions (cations) are adsorbed on the 

montmorillonite surface to satisfy the negative charge. 

2) In the presence of free water or other polar fluids, 

montmorillonite will exchange cations of different or like valence and 

develop a diffuse double layer. Cation exchange and the diffuse 

double layer can explain the wide range of engineering properties 

exhibited by montmorillonites. 

3) Chemical analyses reveal that bentonites and montmorillonites 

exhibit a wide range of values within constituent components (Tables 

3.1-3.4). 

4) The following reference tests were performed: 

a) Shrinkage Limit 

b) Plastic Limit 

c) Liquid Limit 

d) Specific Gravity of Solids 

e) Moisture Density Relations 

Experimental results reveal a wide range of values among the seven 

bentonites (Table 4.11). Experimental and published results varied 

significantly depending upon the adsorbed cation, mix water, curing 

time, temperature of testing, and test technician. 

5) Falling head permeability tests were performed on all seven 

bentonites. The bentonites were compacted to a point slightly wet of 

optimum moisture content for the Standard Proctor Compaction test. 

Difficulty in saturating the bentonite was encountered. Hydraulic 

-9 
conductivities, K, were in the order of 10 cm/sec. 
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6) Radial permeameter testing was performed on a volcanic tuff and 

basalt. The basalt exhibited a flow rate two orders of magnitude 

lower than the tuff. 

7) Radial permeameter tests proved that bentonite plugs compacted 

in the basalt cores are more permeable to water flow than the intact 

-9 
basalt. The hydraulic conductivity of the plugs varied from 10 to 

10-11 cm/sec, depending upon the water injection pressure. 

8) Direct shear testing was performed on compacted bentonite plugs 

and compacted bentonite juxtaposed with basalt. The compacted 

bentonite plugs yielded the highest peak and residual shear strength 

values (c and under both saturated and unsaturated conditions. 

9) Hydrated compacted bentonites generate a swelling pressure, 

when confined, that is a function of dry density, initial water 

content and cation concentration of the saturating fluid. Swelling 

pressures in excess of 250 psi were measured with a displacement 

reading swell meter; if the bentonite is confined to zero-volumetric 

strain, much higher swelling pressures are expected. 

Based on experimental research, bentonite is a material that needs 

further examination as a possible construction material in a 

multi-component engineered barrier. In experimental testing, the 

permeability of compacted bentonite approaches that of intact rock. 

In the actual repository environment where the in-situ rock contains 

naturally occurring joints, fissures, faults, bedding planes, etc., 

compacted bentonite seals may prove more efficient in limiting 

groundwater ingress and egress than the host rock, provided they don't 
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dry out and crack. The shear strength of compacted bentonite 

(expressed as c and $) is low compared to that of the majority of 

rocks. Therefore, bentonite seals should be used in conjunction with 

a stronger, stiffer bulkhead such as concrete or with sufficient 

"overburden" in the form of backfills, waste rock, etc., to prevent 

seal displacement initiated by high hydraulic heads. The swelling 

pressure generated by confined, compacted bentonite is sufficient to 

close cracks and air voids in a seal and if allowed to "free-swell" 

(i.e. no load on the free surface), bentonite could expand and fill 

cracks in waste canisters and also fractures and joints in the host 

rock. Careful study is necessary to insure that the swelling pressure 

generated by a volumetrleally confined bentonite seal will not have a 

deleterious effect on waste isolation and the repository stability. 

Serious difficulties were encountered in testing bentonites. 

These difficulties are related to fundamental test assumptions and the 

nature of bentonite. The wide range of test results warrants both 

extreme caution in the planned use of bentonite as a seal component 

and also further testing. 

Suggestions for future research are: 

1) Further laboratory tests need to be performed on bentonites 

using a water that is site-specific or at least representative of 

groundwater expected in a repository environment. Reference, 

permeability and strength testing that uses a water containing 

representative cations and anions will yield more realistic 
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predictions of how a bentonite seal will function in the repository 

groundwater environment. 

2) The temperature effects on bentonite properties need to be 

identified. Reference, permeability and strength testing should be 

performed at the temperature extremes expected in the repository 

environment. 

3) The permeability should be measured as a function of both dry 

density and compactive effort. Static, impact and dynamic compaction 

methods should be considered. 

4) Flow rate tests should be performed on dry bentonite plugs to 

determine the time period necessary for bentonite to swell and seal 

the plug/wall rock interface and any cracks in the plug. 

5) Swelling pressure measurements should be performed for 

volumetrically confined, compacted plugs. 

6) Swelling pressure may be an anisotropic property and 

experiments should be made to determine the swelling pressure normal 

and perpendicular to compaction layers. 

7) The relationship between swelling pressure and pore pressure is 

complex. A permeability test that measures swelling pressure and pore 

water pressure could provide insight into this problem. 

8) Finally, quality control of bentonite is necessary due to the 

wide variance in chemical and engineering properties. Chemical 

analysis and x-ray diffraction of bentonite samples should be used as 

a possible tool for quality control. 
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Figure A.3 Liquid limit curve for Federal Benbonite. 
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Figure A.6 Liquid limit curve for Slope Indicator. 
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Table C.l Radial Permeameter Test Results for Sample NTS-TPTS-102, Rock Bridge 

Confin Top Flow Rate Flow Rate 
Elapsed Axial ing Pres

In 1 
Out 

Time Stress Stress sure (x 10"J (x 10~J vA v0 
Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gm) 

4/3-4/4 1392 8.4 7.0 1.7 7.19 -0.46 1.02 10.01 -0.64 
4/4-4/5 1673 8.4 7.0 1.6 9.45 -0.50 1.09 9.45 -0.83 
4/5-4/6 1023 8.4 7.0 1.7 4.96 0 0.98 4.96 0.05 
4/6-4/7 867 8.4 7.0 1.7 9.34 -0.60 0.68 8.10 -0.52 

Totals: 4955 3.77 32.52 -1.94 
Weighted Averages: 8.4 7.0 1.7 7.87 -0.14 
Mass Balance: -105. 3% 

4/7-4/8 1426 8.4 7.0 3.4 8.40 -0.54 0.92 11.98 -0.77 
4/8-4/9 1540 8.4 7.0 3.7 8.20 -0.53 1.03 12.63 -0.81 
4/9-4/10 1524 8.4 7.0 3.6 7.51 -0.50 1.04 11.45 -0.76 
4/10-4/11 1449 8.4 6.9 3.6 7.34 -0.47 1.00 10.63 -0.68 
4/11-4/12 1484 8.4 6.9 7.7 7.46 -0.46 1.26 11.07 -0.68 
4/12-4/14 2655 8.4 6.7 3.3 3.93 -0.42 - 10.46 -1.13 

4/14-4/15 1344 8.4 7.0 3.5 4.41 -0.36 1.53 5.92 -0.48 
4/15-4/18 4495 8.4 6.5 3.6 3.60 -0.39 2.48 16.19 -1.77 
4/18-4/20 2796 8.4 6.7 3.5 2.91 -0.36 2.08 8.15 -1.02 
4/20-4/27 10,192 8.2 5.8 3.4 2.25 -0.28 4.90 22.98 -2.87 
4/27-5/2 7149 8.3 6.1 4.9 2.50 -0.23 3.97 17.85 -1.66 
5/2-5/5 4202 8.4 6.5 4.2 2.30 -0.03 2.64 9.68 -0.11 

Totals: 40256 22.85 148.99 -12.74 
Weighted Averages: 8.4 6.4 4.0 4.66 -0.32 
Mass Balance: 107.41% 

The Ruska pump was connected to the bottom plug and up to 3 MPa was pumped Into the bottom. The Red 
pressure intensifier was then connected to the bottom plug and pressure was kept at between 3,0 and 



Table C.l Radial Permeameter Test Results for Sample NTS-TPTS-102, Rock Bridge—Continued 

Confin- Top Flow Rate Flow Rate 
Elapsed Axial ing Pres- In Out 
Time Stress Stress sure (x 10~ (x 10 Vj- Vq 

Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gm) 

3.5 MPa, while the top pressure was kept at between 3.0 and 4.0 MPa. This step was done in order to 
improve the Flow Rate Out, by speeding up sample saturation. 

6/6-6/9 4153 8.6 6.1 1.8 0.02 3.77 2.95 0.09 15.66 
6/9-6/10 1445 8.6 6.6 1.7 0.30 2.43 1.39 0.44 3.52 
6/10-6/11 1216 8.6 6.7 1.7 0.44 2.15 1.05 0.53 2.62 
6/11-6/12 1217 8.6 6.6 1.6 0.34 2.92 NR 0.41 3.55 
6/12 Computer down 

6/12-6/13 929 8.6 6.7 1.8 0.58 1.86 0.99 0.54 1.75 
6/13-6/14 1080 8.6 6.7 1.8 0.59 1.74 0.91 0.64 1.88 
6/14-6/15 1674 8.6 6.4 1.7 0.02 1.80 1.63 1.24 3.02 
6/15-6/16 1444 8.6 6.6 1.8 0.69 1.67 1.21 1.00 2.41 
6/16-6/17 1428 8.6 6.6 1.8 0.05 1.56 1.13 0.66 2.23 
6/17-6/18 1393 8.6 6.6 1.8 0.65 1.60 1.18 0.90 2.23 
6/18-6/19 1431 8.6 6.6 1.8 0.67 1.57 1.14 0.96 2.24 
6/19-6/20 1474 8.6 6.6 1.9 0.59 1.48 1.10 0.87 2.18 
6/20-6/21 1479 8.6 6.7 1.8 0.43 1.45 1.95 0.64 2.15 
6/21-6/22 1385 8.6 6.6 1.7 0.67 1.46 1.10 0.93 2.02 
6/22-6/23 1389 8.6 6.6 1.7 0.39 1.47 1.10 0.54 2.04 
6/23-6/24 1445 8.6 6.6 1.6 0.35 1.35 1.15 0.50 1.95 
6/24-6/25 1343 8.6 6.6 1.8 0.50 1.44 1.30 0.67 1.93 
6/25-6/26 1451 8.6 6.6 1.8 0.78 1.39 1.20 1.13 2.01 

6/26-6127 1515 8.6 6.6 1.7 0.22 1.31 1.18 0.34 1.98 

6/27-6/28 1387 8.6 6.7 2.1 1.10 1.27 0.82 1.53 1.76 
6/28-6/30 2542 8.6 6.3 1.7 0.24 1.43 1.88 0.62 3.63 
6/30-7/1 1431 8.6 6.2 1.9 0.85 1.37 1.52 1.22 1.96 



Table C.l Radial Permeameter Test Results for Sample NTS-TPTS-102, Rock Bridge—Continued 

Confin Top Flow Rate Flow Rate 
Elapsed Axial ing Pres In 3 

Out 
Time Stress Stress sure (x 10~J (x 10"J vA vx vo 

Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gm) 

7/1-7/2 1516 8.6 6.8 1.9 0.69 1.26 1.29 1.04 1.91 
7/2-7/3 1410 8.6 6.4 1.9 0.42 1.82 1.14 0.42 1.82 
7/3-7/4 1652 8.6 6.8 1.9 0.97 1.36 0.38 1.60 2.24 
7/4 Annular pressure released by mistake. 

7/4-7/5 881 8.5 6.6 2.1 1.04 0.90 0.91 0.92 0.79 
7/5-7/6 1429 8.5 6.9 2.0 0.53 1.44 1.19 0.76 2.06 
7/6-7/7 1855 8.5 6.8 2.0 0.83 1.39 1.44 1.54 2.57 
7/7-7/8 1044 8.5 6.9 2.0 0.69 1.35 0.58 0.72 1.41 
7/8-7/9 1290 8.5 6.8 2.0 1.08 1.25 1.39 1.39 1.61 
7/9-7/10 1526 8.5 6.8 2.1 0.51 1.56 1.24 0.78 2.38 
7/10-7/11 965 8.5 6.9 2.0 0.77 1.31 0.93 0.74 1.26 
7/11-7/12 1546 8.5 6.8 2.0 0.57 1.47 1.23 0.88 2.28 
7/12-7/13 1374 8.5 6.8 2.0 0.73 1.47 1.15 1.00 2.02 
7/13-7/14 1493 8.5 6.8 2.0 0.68 1.34 1.30 1.02 2.00 
7/14-7/15 1348 8.5 6.8 2.0 0.61 1.48 1.21 0.82 2.00 
7/15-7/17 2924 8.5 6.5 1.8 0.53 1.44 2.30 1.56 4.20 
7/17-7/18 1461 8.5 6.8 2.0 1.07 1.24 1.26 1.56 1.81 
7/18-7/19 1396 8.5 6.9 2.2 0.66 1.40 1.65 0.92 1.96 
7/19-7/20 1417 8.6 7.17 2.2 0.62 1.51 0.69 0.88 2.14 
7/20-7/21 1534 8.5 6.7 2.3 0.67 1.36 1.51 1.03 2.08 
7/21-7/22 1318 8.5 6.8 2.2 0.71 1.49 1.31 0.94 1.97 
7/22-7/23 1486 8.5 6.7 2.3 0.94 1.49 1.49 1.40 2.22 
7/23-7/24 1635 8.6 6.7 2.1 0.48 1.50 1.60 1.06 2.46 
7/24-7/25 1255 8.6 6.9 2.2 0.92 1.35 0.95 1.15 1.70 

Totals: 68006 56.02 40.53 111.61 
Weighted Averages: 8.6 6.7 1.9 0.49 1.65 
Mass Balance: 15.6% 



Table C.l Radial Permearaeter Test Results for Sample NTS-TPTS-102, Rock Bridge—Continued 

Confin Top Flow Rate Flow Rate 
Elapsed Axial ing Pres

In 1 
Out 

Time Stress Stress sure (x 10~J (x 10 J vA h V0 
Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gni) 

7/25-7/26 905 24.6 19.0 10.0 5.17 2.75 3.19 4.68 2.49 
7/26-7/27 1398 24.3 18.5 10.0 4.15 5.13 4.15 5.80 7.17 
7/27-7/28 1515 24.1 18.4 10.0 3.62 6.56 4.64 5.49 9.94 
7/28-7/29 1384 24.0 18.5 10.0 3.67 7.04 4.33 5.08 9.75 
7/29-7/30 1583 23.9 18.3 10.0 2.99 7.30 5.03 4.73 11.56 
7/30-7/31 1316 23.8 18.9 10.0 3.38 7.30 4.17 4.45 9.61 
7/31-8/1 1338 23.8 18.7 10.0 3.41 7.27 4.09 4.55 9.70 
8/1-8/2 1528 23.9 18.7 10.0 2.98 7.24 4.72 4.55 11.06 

Totals: 10,962 34.32 39.33 71.28 
Weighted Averages: 24.0 18.6 10.0 3.59 6.50 
Mass Balance: -3.2% 

Testing discontinued because annular (confining) pressure was dropping = 3 MPa/day. Sample was 
found to contain several cracks in the epoxy on the sample ends. 

NOTES: Bottom pressure is always zero, unless noted otherwise. is volume of water added to 
annulus; Vj- is volume of water pumped into top hole; VQ is volume of water flowing from bottom 
hole. NR means "not recorded". 



Table C.2 Radial Permeameter Test Results for Sample SGE-2-1, Rock Bridge 

Confin Top Flow Rate Flow Rate 
Elapsed Axial ing Pres

In 
Out 

Time Stress Stress sure (x 10 3 (x 1Q-5 vA VI v0 
Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gm) 

2/21-2/23 2762 8.8 7.1 3.5 0.06 -0.01 0.41 0.17 -0.04 
2/23-2/24 1605 8.8 7.2 6.0 0.12 -0.01 0 0.19 -0.01 

2/24 Computer down. 
2/25-2/28 4225 8.8 7.0 6.0 0.03 -0.04 0.30 0.12 -0.18 
2/28-3/2 2842 8.8 7.0 6.0 0.05 0 0.51 0.14 -0.01 
3/2-3/3 1580 8.8 7.1 6.0 0 0.01 0 0 0.01 
3/3-3/6 4275 8.8 6.9 6.0 0.02 0 0.33 0.08 0.02 
3/6-3/9 4057 8.8 6.9 6.1 0.02 -0.01 0.31 0.10 -0.04 

Totals: 21,346 1.86 0.80 -0.25 
Weighted Averages: 8.8 7.0 5.7 0.04 -0.01 
Mass Balance :: -109.4% 

3/9-3/12 4232 23.4 19.5 10.0 0.04 0.18 0 0.19 0.77 
3/12-3/15 4145 22.5 19.0 10.0 0.03 0 1.09 0.11 0.02 
3/15-3/18 4322 23.0 19.6 10.0 0.01 0 0.53 0.03 0.02 
3/18-3/21 4463 22.9 19.7 10.0 0.02 0 0.40 0.09 0 
3/21-3/25 5666 22.9 19.6 10.0 0.01 -0.01 0.51 0.05 -0.04 

Totals: 22,828 2.53 0.47 0.73 
Weighted Averages: 22.9 19.5 10.0 0.02 0.03 

Mass Balance :: -75,7% 

to 
CO 
o 



Table C.3 Radial Permemameter Test Results for Sample SGE-2-1, with Volclay Bentonite 
and Falling Head 

Plug 

Confin Top Flow Rate Flow Race Perme Perme
Elapsed Axial ing Pres

I n  -3 
Out ability ability 

Time Stress Stress sure (x 10 J  (x 10 3  VA  VI V0 (x 10~b  (x 10"6  

Date (min) (MPa) (MPa) (cm) cc/min) cc/min) (cc) (cc) (gm) cm/min) darcy) 

4/8-4/9 1425 23.0 19.8 251.1 0.49 -0.10 0.00 0.70 -0.14 3.08 48.49 
4/9-4/10 1529 23.0 19.7 246.1 0.16 -0.07 0.18 0.25 -0.10 1.04 16.37 

4/10-4/11 1440 22.5 17.6 244.0 0.11 0.55 N.A. 0.16 0.79 0.73 11.49 

4/11-4/12 1580 23.0 19.7 242.0 0.14 0.02 0.18 0.22 0.04 0.91 14.33 
4/12-4/14 2661 22.9 19.7 239.5 0.09 0.06 0.05 0.25 0.16 0.62 9.76 
4/14-4/15 1355 23.0 19.7 237.6 0.12 0.10 0.62 0.12 0.10 0.52 8.19 
4/15-4/18 4474 22.9 19.7 234.9 0.09 0.02 0.14 0.42 0.10 0.62 9.76 
4/18-4/20 2865 22.9 19.7 231.3 0.12 0.04 0.24 0.33 0.11 0.64 10.08 

Totals: 17,329 1.41 2.45 0.63 
Weighted Averages: 22.9 19.7 238.9 0.14 0.04 0.89 14.02 

4/20-4/27 10,189 22.9 19.4 220.0 0.08 0.03 0.88 0.86 0.30 0.58 9.2 
4/27-5/2 7167 22.9 19.5 217.7 0.09 0.03 0.43 0.61 0.19 0.65 10.2 

5/2-5/11 12,974 22.9 19.3 243.2 0.10 0.04 1.00 1.36 0.50 0.69 10.9 
5/11-5/17 8695 22.9 19.5 231.6 0.10 0.04 0.48 0.84 0.35 0.68 10.51 
5/17-5/24 10,000 22.8 19.4 222.4 0.09 0.05 0.63 0.93 0.45 0.65 10.16 
5/24-5/27 4315 22.9 19.6 215.8 0.08 0.03 0.67 0.35 0.14 0.58 9.2 

5/27-5/31 5790 22.8 19.6 252.0 0.13 0.04 NR 0.76 0.26 0.84 13.2 
5/31-6/14 19,790 21.9 16.0 238.2 0.09 0.04 0.91 1.88 0.89 0.63 9.84 
6/14-6/16 3060 21.5 19.0 227.1 0.09 0.04 1.77 0.27 0.21 0.59 9.24 
6/16-6/17 1470 21.6 19.4 225.2 0.07 0.00 0.65 0.10 0.00 0.50 7.90 

6/17-6/20 4295 21.6 19.4 253.5 0.11 0.03 0.56 0.48 0.14 0.66 10.48 
6/20-6/22 2870 21.6 19.6 249.7 0.10 0.03 0.36 0.28 0.09 0.59 9.29 

6/22-6/24 2847 21.6 19.6 247.1 0.08 0.03 0.12 0.23 0.08 0.54 8.45 
6/24-6/27 4348 21.6 19.5 243.8 0.09 0.03 0.43 0.39 0.13 0.57 8.97 

6/27-6/30 3970 21.6 19.5 254.9 0.10 0.03 0.48 0.39 0.12 0.58 9.16 



Table C.3 Radial Permemameter Test Results for Sample SGE-2-1, with Volclay Bentonite Plug 
and Falling Head—Continued 

Date 

Elapsed 
Time 
(min) 

Axial 
Stress 
(MPa) 

Confin
ing 

Stress 
(MPa) 

Top 
Pres

sure 
(cm) 

Flow Rate 

1 0  -3 (x 10 J  

cc/min) 

Flow Rate 
Out 

(x 10~J  

cc/min) 
vA  

(cc) cIS> 
V0 

(gm) 

Perme
ability 
(x 10"6  

cm/min) 

Perme
ability 
(x 10"6  

darcy) 

6/30-7/5 7179 21.6 19.5 249.8 0.08 0.04 0.32 0.56 0.29 0.52 8.22 
7/5-7/8 4339 21.6 19.5 245.1 0.09 0.03 0.31 0.37 0.15 0.47 7.36 
7/8-7/12 5703 21.6 19.5 241.6 0.07 0.05 0.36 0.41 0.27 0.41 6.39 

7/12-7/19 10,014 21.6 ** 251.1 0.08 0.04 6.31 0.82 0.36 0.50 7.85 
7/19-7/27 11,232 21.6 19.2 243.0 0.07 0.04 0.98 0.80 0.42 0.45 7.14 
7/27-8/3 10,104 21.6 19.4 235.3 0.07 0.04 0.38 0.69 0.36 0.46 7.30 

Totals: 150,351 18.03 13.38 5.70 
Weighted Averages: 22.1 18.9 237.9 0.09 0.04 0.59 9.29 

Mass Balance: -81.9% 

8/3-8/10 10038 21.7 19.5 251.3 0.09 0.04 0.63 0.88 0.41 0.53 8.29 
8/10-8/17 10720 21.7 19.3 243.1 0.06 0.04 0.85 0.68 0.39 0.44 6.93 
8/17-8/24 9615 21.7 19.4 236.3 0.06 0.03 0.70 0.57 0*32 0.40 6.28 

Totals: 30373 2.18 2.13 1.12 
Weighted Averages: 21.7 19.4 243.7 0.07 0.04 0.46 7.17 

Totals: 198,053 21.62 17.96 7.45 
Weighted Averages: 22.10 19.1 238.9 0.09 0.04 0.60 9.41 

Plug removed and replaced with compacted C/S Granular Bentonite Clay Plug. 

to 
00 
M 



Table C.3 — Notes 

NOTES: 

NR -  not recorded.  

Bottom pressure i s  always 0  MPa.  

VA  is  volume of  water added to  annulus.  Vj i s  volume of  water pumped into top hole .  VQ  is  volume of  

water f lowing from bottom hole .  

*  -  Water may have leaked into the col lect ion f lask -  value discarded for calculat ion purposes.  

** — Annulus pressure released by mistake.  



Table C.4 Radial Permeameter Test Results for Sample SGE-2-1 with C/S Granular Clay Plug 
and Falling Head 

Date 

Confin-  Top 
Elapsed Axial  tng Pres-

Time Stress  Stress  sure 
(min)  (MPa) (MPa) (cm) 

Flow 
Rate 

In 
(x  10 
cc/mln)  

-3 

Flow 

Rate 

Out 
(x  10 
cc/min)  

-3 

Perme
abi l i ty  
(x 10" 6  

cm/tnin)  

Perme
abi l i ty  
(x 10" 6  

darcy)  & vi 
(cc)  

V0 
(gm) 

9/16-9/21 7350 21.0 19.5 233.4 0 .13 0.14 0.77 12.13 0.77 0.99 1.02 
9/21-9/23 2914 21.0 19.7 237.5 0.09 -0.01 0.54 8.50 0.00 0.26 -0.02 
9/23-9/26 4355 21.1 19.4 234.8 0 .08 -0.01 0.35 5.55 0.88 0.33 -0.04 
9/26-9/28 2424 21.1 19.5 232.1 0 .09 0.07 0.62 9.71 0.70 0.22 0.17 

Totals:  17043 2 .35 1.80 1.13 
Weighted Averages:  21.0 19.5 234.3 0 .10 0.07 0.60 9.48 

9/28-9/30 3131 22.9 19.6 229.3 0 .09 -0.07 0.56 8.78 0.24 0.28 -0.22 
9/30-10/3 4346 22.8 19.5 226.0 0 .09 -0.01 0.50 7.92 0.54 0.35 -0 .02 
10/3-10/5 2875 22.9 19.7 236.1 0 .10 -0.01 0.57 8.98 0.50 0.29 -0 .04 
10/5-10/8 4010 22.8 18.8 233.1 0 .07 -0 .01 0.43 6.75 0.27 0.30 -0.03 
10/8-10/10 3445 22.8 19.5 230.2 0 .08 -0.01 0.47 7.42 0.49 0.26 -0 .02 

10/10-10/12 2178 22.9 19.6 228.1 0 .06 0.03 0.38 5.92 0.17 0 .13 -0.07 
10/12-10/14 2843 22.8 19.5 239.4 0 .09 -0.01 0.71 11.12 0.29 0.25 -0.02 
10/14-10/19 7493 22.8 19.6 235.5 0 .06 +0.01 0 .31 0.50 0.23 0.42 +0.04 
10/19-10/21 2849 22.9 19.6 232.5 0.06 -0.01 0.36 5.71 0.17 0.16 -0.04 
10/21-10/24 3929 22.8 19.5 238.6 0.07 -0 .01 0.44 6.95 0.35 0.28 -0.04 
10/24-10/26 2915 23.8 19.5 236.3 0 .05 -0.01 0.27 4.27 0.24 0.15 -0.03 
10/26-10/28 3335 23.3 19.5 235.0 0.04 0 0 .20 3.22 0.35 0.14 0.00 
10/28-10/31 4424 22.9 19.5 233.2 0.05 0.01 0.32 5.09 0.39 0.23 0.06 
10/31-11/2 2878 22.8 19.5 231.2 0 .05 -0.05 0.32 5.00 0.34 0.13 -0.14 
It /3-11/5* 3198 22.8 19.5 237.4 0 .07 0.02 0.52 8.14 0.48 0.21 -0.06 
11/5-11/9 6005 22.8 19.5 234.8 0 .04 -0.00 0.29 4.55 0.47 0.25 -0 .02 
11/9-11/11 2424 22.8 19.5 232.6 0 .04 0.00 0.43 6.75 0.24 0.10 0.01 



Table C.4 Radial Penneameter Test Results for Sample SGE-2-1 with C/S Granular Clay Plug 
and Falling Head—Continued 

Flow Flow 
Confin Top Rate Rate Perme Perme

Elapsed Axial  ing Pres
I n  i  

Out abi l i ty  abi l i ty  
Time Stress  Stress  sure (x  10~ 3  (x  10" 3  (x  10" 5  (x  10" 6  vA V0 

Date (min)  (MPa) (MPa) (cm) cc/min)  cc/min)  cm/min) darcy)  (cc)  (cc)  (gni)  

11/11-11/14 4745 22.8 19.5 237.3 0 .06 0.01 0.40 6.33 0.20 0.28 0.05 
11/14—11/16t  2705 22.8 18.4 235.2 +0.05 0.00 0.31 4.76 4.78 0.14 -0 .01 
11/16-11/18 2865 22.8 19.4 233.9 +0.05 0.00 0.27 4.26 0.65 0.13 0.01 
l l /18-l l /22t  5860 22.2 16.2 231.6 0 .04 0.02 0.38 6.00 7.99 0.26 0.11 
11/22-11/27 6786 22.1 19.5 228.1 0 .06 0.01 0.35 5.53 0.47 0.40 0.05 
11/27-11/30 4491 22.1 19.7 238.8 0 .06 0.00 0.61 6.65 0.23 0.28 -0.02 

Totals:  89730 20.08 5.42 -0 .45 
Weighted Averages:  22.8 19.3 233.8 0 .06 0.00 0.39 6.12 

11/30-12/7 10080 22.10 19.54 234.4 0 .06 0.01 0.364 5.73 0.28 0.58 0.06 
12/7-12/9 2705 22.11 19.58 231.0 0 .04 0 0.290 4.57 0.17 0.11 0 
12/9-12/12 4445 22.11 19.53 229.1 0 .05 -0.01 0.386 6.07 0.33 0.21 -0 .03 
12/12-12/14 2690 22.11 19.54 237.5 0 .08 -0.01 0.449 7.07 0.30 0.22 -0.03 
12/14-12/20 8536 22.10 19.40 234.2 0 .05 0.00 0.370 5.83 0.60 0.43 0.02 
12/20-12/21 1758 22.10 19.60 231.4 0 .05 -0.03 0.223 3.51 0.15 0.08 -0.05 
12/21-12/22 1449 22.12 19.60 238.7 0 .12 0.09 0.734 1.16 0.25 0.17 0.13 
12/22-12/23 1127 22.10 19.60 237.5 0 .04 -0.12 0.174 2.74 0.11 0.05 -0.14 
12/23-12/24 1540 22.10 19.60 237.0 0 .06 0.01 0.238 3.74 0.17 0.09 0.01 
12/24-12/27 4100 22.10 19.60 236.5 0 .05 0.00 0.055 0.867 0.23 0.22 0.01 
12/27-12/29 2958 22.10 19.70 234.4 0 .06 0.01 0.751 1.18 0 0 .18 0.02 
12/29-12/30 1681 22.10 19.60 232.2 0 .02 S 0.171 2.69 0.12 0.03 § 
12/30-12/31 1225 22.10 19.60 231.5 0 .08 -1.40 0.424 6.67 0.29 0.10 -1.72 
12/31-1/2 2734 22.10 18.8 230.2 0 .06 1.91 0.339 5.34 3.14 0.16 5.22 
1/2-1/3 1494 22.00 18.70 228.9 0 .07 -1 .89 0.430 6.76 4.45** 0.10 -2.82 
1/3-1/4 1688 22.08 19.52 227.8 0 .04 2.40 0.312 4.92 0.42 0.07 3.97 



Table C.4 Radial Permeameter Test Results for 
and Falling Head—Continued 

Sample SGE-2-1 with C/S Granular Clay Plug 

Date 

Confin-  Top 
Elapsed Axial  ing Pres-

Time Stress  Stress  sure 
(min)  (MPa) (MPa) (cm) 

Flow 
Rate 

In 
(x  10 
cc/min)  

-3  

Flow 
Race 
Out 

(x  10 
cc/min)  

-3  

Perme
abi l i ty  
(x 10" 6  

cm/min) 

Perme
abi l i ty  
(x 10" 6  

darcy)  <VA 
VI  

(cc)  
V0 

(gm) 

5 .13 0.26 0.06 2.69 
19.28 0.93 0.37 -11.55 

12.20 3.23 -4.21 

1/4-1/5 
1/5-1/10 

1173 
1720 

Totals:  53103 
Weighted Averages:  

22.10 19.60 227.1 
22.10 19.30 224.9 

22 .1  19.5 232.5 

0 .05 
0.22 

0.06 

2.29 
-6.72 

-0.08 

0.326 

1.225 

0.38 6.05 

Totals:  159,876 
Weighted Averages:  22.4 19.4 233.4 

0 .7  -0.02 
0.41 6.45 

34.63 10.45 -3 .53 

NOTES: 

*  

t  

§ 

November 2 ,  not  restarted unti l  November 3 .  

^Leak in valve c losing caused pressure drop.  

50 cc  water loss  in Q o u t  beaker -  possibly knocked over by person or persons unknown. 
** 

Leak.  

i s  volume of  water added to  annulus.  Vj i s  volume of  water pumped into top hole .  Vq is  volume of  

water f lowing from bottom hole .  



Table C.5 Radial Permeameter Test Results for Sample SGE-2-1 with C/S Granular Clay Plug 
and Constant Head 

Confin Top Flow Rate Flow Rate 

Elapsed Axial ing Pres
In-3 

Out 

Time Stress Stress sure (x 10 J (x 10"J vA VI V0 
Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gm) 

1/11/-1/14 4647 22.1 19.53 0.68 0.45 0.38 0.35 2.1 1.77 

1/14-1/16 2886 22.1 19.61 0.65 0.18 0.18 0.13 0.51 0.52 

1/16-1/18 2824 22.1 19.61 0.88 0.17 0.14 0.04 0.47 0.40 

1/18-1/20 2822 22.09 19.45 0.91 0.16 0.15 0.48 0.46 0.41 

1/20-1/23 4333 22.12 19.66 0.85 0.12 0.11 0.12 0.51 0.47 

1/23-1/25 2798 21.96 17.33 0.84 0.12 0.07 3.49* 0.34 0.19 

1/25-1/27 2865 22.11 19.19 0.86 0.10 0.12 0.99 0.30 0.33 

1/27-1/30 2955 22.10 19.55 0.65 r 0.08 0.28 t 0.23 

1/30-2/1 2804 22.11 19.59 0.57 0 0.05 0.17 0 0.15 

2/1-2/4 4021 22.11 19.64 0.58 0.37 0.07 0.05 1.5 0.29 

2/4-2/6 3137 22.10 19.61 0.62 0.15 0.06 0.14 0.47 0.18 

2/6-2/8 2892 22.11 19.64 0.64 0.09 0.09 0.10 0.26 0.25 

2/8-2/10 2911 22.11 19.62 0.65 0.01 0.06 0.08 0.42 0.16 

2/10-2/13 4328 22.11 19.64 0.56 0 0.06 0.25 0 0.26 

2/13-2/15 2802 22.11 19.65 0.57 0.26 0.07 0.11 0.74 0.19 

2/15-2/17 2681 22.13 19.80 0.58 0 0.08 0.22 0 0.21 

2/17-2/20 4585 22.13 19.42 0.49 0 0.03 0.60 0 0.14 

2/20-2/22 3182 22.12 19.59 0.43 £ 0.06 0.20 _0 0.20 

Totals: 59473 7.80 8.08 6.35 

Weighted Averages: 22.1 19.5 0.66 0.14 0.11 

2/22-2/24 2532 22.13 19.58 1.36 0.4660 0.19 0.28 1.18 0.47 

2/24-2/27 4398 22.11 19.66 1.34 0.2592 0.13 0.05 1.14 0.55 

2/27-2/29 2818 22.09 19.59 1.34 0.2200 0.11 0.20 0.62 0.31 

2/29-3/2 2854 22.10 19.62 1.34 0.1857 0.09 0.22 0.53 0.27 

3/2-3/5 4415 22.11 19.68 1.31 0.1767 0.09 0 0.78 0.39 



Table C.5 Radial Permeameter Test Results for Sample SGE-2-1 with C/S Granular Clay Plug 
and Constant Head—Continued 

Confin Top Flow Rate Flow Rate 

Elapsed Axial ing Pres
In-3 

Out 

Time Stress Stress sure (x 10 J (x 10~J vA Vi vo 
Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gm) 

3/5-3/7 2762 22.10 19.66 1.34 0.19 0.09 0 0.53 0.24 

3/7-3/9 2672 22.10 19.56 1.36 0.18 0.07 0.20 0.47 0.18 

3/9-3/12 4457 22.09 19.58 1.36 0.18 0.10 0.25 0.80 0.45 

3/12-3/14 2755 22.06 19.64 1.34 0.15 0.05 0.08 0.42 0.14 

3/14-3/16 3054 22.04 19.68 1.32 0.16 0.10 0.15 0.48 0.29 

3/16-3/19 4371 22.03 19.65 1.32 0.16 0.07 0 0.70 0.31 

3/19-3/21 2820 22.04 19.61 1.32 0.20 0.11 0.23 0.56 0.32 

3/21-3/23 2804 22.03 19.68 1.30 0.12 0.06 0 0.33 0.18 

3/23-3/26 4376 22.04 19.67 1.31 0.15 0.11 _0 0.65 0.46 

Totals: 47088 1.66 9.19 4.56 

Averages: 22.1 19.6 1.33 0.20 0.10 

3/26-3/28 2889 21.99 19.64 2.70 0.33 0.16 0 0.94 0.47 

3/28-3/30 2791 21.94 19.59 2.63 0.23 0.15 0.16 0.64 0.40 

3/30-4/2 4269 21.95 19.66 2.64 6.25 0.10 0.00 26.68§ 0.41 

4/2-4/4 3243 21.97 19.61 2.68 0.33 0.13 0.12 1.06 0.43 

4/4-4/6 2499 21.95 19.58 2.79 0.18 0.02 0.16 0.44 0.06 

4/6-4/9 4300 21.95 19.67 2.85 0.15 0.10 0.00 0.66 0.43 

4/9-4/11 3000 21.95 19.63 2.83 0.13 0.11 0.12 0.40 0.34 

4/11-4/13 2731 21.95 19.61 2.83 0.14 0.09 0.05 0.39 0.24 

4/13-4/16 4355 21,96 19.61 2.82 0.14 0.09 0.14 0.63 0.40 

4/16-4/18 2823 21.95 19.65 2.82 0.13 0.10 0.00 0.36 0.28 

4/18-4/20 2721 21.94 19.63 2.82 0.14 0.10 0.04 0.39 0.26 

4/20-4/24 5703 21.93 19.61 2.61 0.10 0.10 0.12 0.55 0.56 

4/24-4/25 1620 21.96 19.65 2.77 0.12 0.06 0.00 0.19 0.10 

4/25-4/27 2885 21.94 19.70 2.77 2.06 0.08 0.00 5.94 0.23 



Table C.5 Radial Permeameter Test Results for Sample SGE-2-1 with C/S Granular Clay Plug 
and Constant Head—Continued 

Date 

Elapsed 
Time 
(min) 

Axial 
Stress 
(MPa) 

Confin

ing 
Stress 
(MPa) 

Top 

Pres

sure 
(MPa) 

Flow Rate 

In-3 (x 10 J 

cc/min) 

Flow Rate 
Out 

(x 10~J 

cc/min) 

vA 
(cc) 

VI 
(cc) 

V0 
(gm) 

4/27-4/30 4337 21.95 19.70 2.76 0.15 0.09 0.00 0.64 0.38 

4/30-5/4 5799 21.94 19.60 2.72 0.31 0.09 0.15 1.78 0.55 
5/4-5/7 4271 21.94 19.65 2.73 0.15 0.07 0.00 0.65 0.31 

5/7-5/9 3077 21.96 19.62 2.73 0.13 0.05 0.06 0.41 0.16 

5/9-5/11 3143 21.94 19.59 2.69 0.09 0.04 0.10 0.29 0.11 
5/11-5/16 7082 21.95 19.64 2.69 0.14 0.09 0.10 0.96 0.66 
5/16-5/18 2911 21.96 19.66 2.68 0.14 0.10 0.00 0.40 0.28 

5/18-5/21 4448 21.96 19.64 2.68 0.15 0.09 0.00 0.65 0.42 
5/21-5/23 2738 21.96 19.60 2.65 0.10 0.06 0.00 0.27 0.17 
5/23-5/28 7183 21.95 19.53 2.65 0.13 0.07 0.13 0.92 0.47 

Totals: 90,818 1.45 19.56 8.14 

Weighted Averages: 22.0 19.6 2.72 0.23 0.09 

Confining pressure valve leaked. 

^Pressure intensifier reading of "volume in" was misread. 

§ 
Volume In is anamalous. 

NJ 
CO 
>£> 



Table C.6 Radial Permeameter Test Results for Sample SGE-2-4-1, Rock Bridge 

Confin Top Flow Rate Flow Rate 
Elapsed Axial ing Pres

In 1 
Out 

Time Stress Stress sure (x 10 J (x 10~J vA vo 
(gin) Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) 
vo 

(gin) 

8/9-8/10 1067 10.6 6.8 3.2 0.02 -0.02 0.44 0.02 -0.02 

8/10-8/11 1467 10.6 6.8 3.2 0.45 -0.06 0.30 0.66 -0.09 

8/11-8/12 1722 10.6 6.9 3.5 0.01 -0.03 0.23 0.01 -0.06 
8/12-8/13 1301 10.6 6.8 3.4 0.01 -0.05 0.23 0.01 -0.06 

8/13-8/14 1770 10.6 6.8 3.4 0.01 -0.03 0.25 0.02 -0.05 

8/14-8/17 4393 10.6 6.7 3.3 0.03 -0.02 0.55 0.15 -0.09 

8/17-8/19 2312 10.6 6.8 3.4 0.15 -0.02 0.34 0.48 -0.05 

8/19-8/22 4421 10.6 6.7 3.4 0.16 -0.02 0.48 0.71 -0.09 

8/22-8/24 2870 10.6 6.8 3.3 0.00 -0.03 0.35 0.01 -0.08 
8/24-8/26 2766 10.6 6.8 3.4 0.00 -0.02 0.29 0.01 -0.06 

8/26-8/30 5943 10.6 6.8 3.3 0.07 -0.03 0.42 0.02 -0.19 

8/30-9/2 4222 10.7 6.8 3.5 0 +0.02 0.43 0 0.09 

9/2-9/6 5371 10.6 6.8 3.3 0 +0.01 0.43 0 0.06 
9/6-9/13 9878 10.5 6.6 3.5 0 -0.01 0.96 0 -0.13 

9/13-9/143 1470 10.6 6.9 3.5 - -0.03 0.08 9.67 -0.04 
9/14-9/16 2525 10.6 6.8 3.5 0 -0.01 0.34 0 0.03 

9/16-9/19 4144 10.6 6.8 3.4 0.00 -0.01 0.37 0.01 -0.05 

9/19-9/21 3356 10.6 6.9 3.4 0 -0.02 0.20 0 -0.06 
9/21-9/23 2734 10.6 6.8 3.3 0.00 -0.02 0.15 0.01 -0.04 

9/23-9/25 2459 10.6 6.7 3.7 0.12 -0.03 0.35 0.30 -0.07 

Totals: 66191 7.19 2.42 -1.05 

Weighted Averages: 10.6 6.8 3.4 0.04 -0.02 

9/25-9/28 2820 23.3 19.1 4.1 0 -0.00 1.30 0 -0.01 
9/28-9/30 2963 22.9 19.8 3.8 0 -0.02 0.31 0 -0.07 

9/30-10/3b 4636 22.8 19.3 3.8 - -0.02 1.40 - -0.10 



Table C.6 Radial Periueameter Test Results for Sample SGE-2-4-1, Rock Bridge—Continued 

Confin Top Flow Rate Flow Rate 

Elapsed Axial ing Pres
In 3 

Out 

Time Stress Stress sure (x 10 J (x 10"3 vA vx V0 
Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gm) 

10/3-10/5 2885 22.8 19.6 3.7 0 -0.02 0.88 0 -0.06 

10/5-10/8 3981 22.8 19.5 3.7 £ -0.01 0.52 0^ -0.03 

Totals: 17285 4.41 0 -0.27 

Weighted Averages: 22.9 19.4 3.8 0 -0.02 

Top pressure Increased to 1000 psi. 

10/8-10/10 3469 22.9 19.6 6.9 0 0 0.28 0 0 
10/10-10/12 2244 22.9 19.4 6.8 0 -0.02 1.71 0 -0.05 

10/12-10/14 2857 22.9 19.4 6.9 2 -0.01 0.85 0_ -0.04 

Totals: 8570 2.84 0 -0.09 

Weighted Averages: 22.9 19.5 6.9 0 -0.01 

NOTES: 

a) Electricity failure caused coniputer to change readings. 

b) No reading for Vj. 

Bottom pressure is always 0 MPa. 

VA is volume of water added to annulus. Vj is volume of water pumped into top hole. Vq is 

volume of water flowing from bottom hole. 

to 
VO 



Table C.7 Radial Perineameter Test Results 
and Constant Head 

Confin Top 

Elapsed Axial ing Pres
Time Stress Stress sure 

Date (min) (MPa) (MPa) (MPa) 

10/24-10/26 2851 23.2 19.5 0.40 
10/26-10/28 3372 23.2 19.5 0.26 
10/28-10/31 4388 23.2 19.5 0.30 
10/31-11/2 2514 23.2 19.4 0.63 
11/2-11/5 4264 23.2 19.5 0.50 
11/5-11/9 6021 23.2 19.5 0.36 
11/9-11/11 2306 23.2 19.5 0.57 
11/11-11/14 4840 23.2 19.4 0.73 

11/14-11/16 2675 23.2 19.5 0.58 
11/16-11/18 2877 23.2 19.5 0.67 
11/18-11/22 5867 23.2 19.5 0.72 

11/22-11/27 6797 23.2 19.5 0.50 
11/27-11/30 4490 23.2 19.6 0.88 

Totals: 53262 

Weighted Averages: 23.2 19.5 0.55 

11/30-12/7 10105 23.15 19.51 0.81 
12/7-12/9 2700 22.97 18.20 0.79 
12/9-12/12 4447 23.07 19.36 0.82 

12/12-12/14 2698 23.10 19.47 0.85 
12/14-12/20 8529 23.10 19.30 0.70 

Totals: 28479 

Weighted Averages: 23.1 19.3 0.78 

Sample SGE-2-4-1 with C/S Granular Clay Plug 

Flow Rate Flow Rate 

In Out 
(x 10"J (x 10"J vA vr v0 
cc/min) cc/min) (cc) (cc) (gm) 

0.67 -0.18 0.37 1.92 -0.52 
0 -0.09 0.21 0 -0.31 
0 +0.08 0.39 0 +0.36 

+0.17 -0.13 0.45 0.42 -0.33 
+0.19 -0.05 0.34 +0.82 -0.20 
0 +0.38 0.38 0 +2.27 
0.00 +0.25 0.27 -0.01 +0.58 
+0.11 +0.00 0.39 0.55 +0.09 

0.00 +0.00 - 0 +0.01 
0.18 0.01 0.76 0.52 +0.02 
0 0.00 0.38 0 +0.02 
0.00 -0.01 0.48 0.01 -0.08 
0.00 +0.07 0.1 0.01 0.33 

4.52 4.26 2.24 
0.08 0.04 

0.05 0.03 0.45 0.49 0.34 
0 0.09 3.83 0 0.23 
0.14 0.04 0.79 0.63 0.17 
0 0.04 0.57 0 0.11 
0.00 0.03 1.05 0.02 0.29 

6.69 1.14 1.14 
0.04 0.04 

to 
vo 
ro 



Table C.7 Radial Permeameter Test Results for Sample SGE-2-4-1 with C/S Granular Clay Plug 
and Constant Head—Continued 

Confin- Top Flow Rate Flow Rate 

Elapsed Axial ing Pres- In Out 
Time Stress Stress sure (x 10 (x 10 VA Vj VQ 

Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gm) 

12/20-12/21 1764 23.11 19.58 1.28 0.01 0.05 0.26 0.01 0.09 

12/21-12/22 1500 23.15 19.61 1.13 0.00 -0.02 0.14 0.00 -0.03 

12/22-12/23 1460 22.48 19.65 1.22 0.00 0.08 18.18* 0.00 0.12 

12/24-1/10 Computer system down i and no readings of water volume injected (V available. 
1/11-1/14 4607 22.0 19.51 1.40 0.18 0.01 0.38 0.82 0.07 

1/14-1/16 2880 22.0 19.61 1.40 0.11 -0.03 0.15 0.31 -0.09 

1/16-1/18 2822 21.99 19.50 1.38 0.10 0.04 0.33 0.27 0.12 

1/18-1/20 2829 21.98 19.32 1.38 0.13 0.01 0.45 0.37 0.02 

1/20-1/23 4336 21.96 19.14 1.40 0.10 0 2.3 0.42 0 

1/23-1/25 2824 22.01 19.53 1.42 0.08 -0.02 0.26 0.22 -0.06 

1/25-1/27 2873 21.95 19.16 1.43 0.08 -0.01 1.06 0.22 -0.03 
1/27-1/30 4370 21.96 19.64 1.06 0.03 0.03 0.14 0.11 0.13 

1/30-2/1 2809 21.96 19.43 1.29 0.02 0.04 0.54 0.07 0.11 

2/1-2/4 4025 21.81 19.52 1.18 0.07 -0.03 0.38 0.27 -0.01 

2/4-2/6 3140 21.71 19.60 1.17 0.05 0.04 0.11 0.17 0.13 

2/6-2/8 2883 21.71 19.64 1.17 0.07 0.02 0.06 0.20 0.06 

2/8-2/10 2909 21.72 19.59 1.17 0.08 0.05 0.11 0.24 0.14 

2/10-2/13 4327 21.74 19.58 1.17 0.05 0.04 0.22 0.22 0.17 

2/13-2/15 2800 21.74 19.62 1.08 0.04 0.01 0.07 0.11 0.02 

2/15-2/17 2688 21.76 19.75 0.96 0.03 0.07 0 0.08 0.19 

2/17-2/20 4499 21.75 19.54 0.96 0.08 -0.00 0.48 0.38 -0.02 

2/20-2/22 3107 21.75 19.57 0.97 0.07 -0.08 0.18 0.22 -0.24 

Totals: 65452 25.80 4.71 0.89 

Weighted Averages: 21.9 19.7 1.21 0.07 0.01 

2/22-2/24 2532 21.78 19.54 2.82 0.19 0.01 0.34 0.47 0.02 



Table C.7 Radial Pertneameter Test Results for Sample SGE 2-4-1 with C/S Granular Clay Plug 
and Constant Head—Continued 

Confin- Top Flow Rate Flow Rate 
Elapsed Axial ing Pres- In Out 
Time Stress Stress sure (x 10 (x 10" Vj VQ 

Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gn>) 

2/24-2/27 4394 21.76 19.58 2.89 0.13 0.20 0.20 0.59 0.86 
2/27-2/29 2817 21.76 19.57 2.91 0.12 0.07 0.14 0.35 0.21 
2/29-3/2 2843 21.77 19.59 2.91 0.11 0.07 0.14 0.32 0.19 
3/2-3/5 4419 21.77 19.63 2.89 0.09 0.05 0 0.41 0.24 
3/5-3/7 2767 21.79 19.57 2.89 0.14 0.06 0.12 0.38 0.17 
3/7-3/9 2678 21.76 19.58 2.87 0.11 0.07 0.13 0.29 0.18 
3/9-3/12 4460 21.75 19.55 2.86 0.11 0.06 0.13 0.50 0.28 
3/12-3/14 2757 21.76 19.48 2.91 0.09 0.05 0.24 0.26 0.13 
3/14-3/16 3075 21.73 19.65 2.92 0.07 0.02 0.05 0.23 0.06 
3/16-3/19 4332 21.75 19.62 2.88 0.13 0.07 0.09 0.55 -0.29 
3/19-3/21 2810 21.77 19.58 2.80 0.12 0.06 0.16 0.34 0.18 
3/21-3/23 2845 21.77 19.59 2.77 0.07 0.04 0 0.20 0.12 
3/23-3/26 4368 21.79 19.58 2.75 0.12 0.04 0^ 0.53 0.16 

Totals: 47097 1.74 5.42 2.51 
Weighted Averages: 21.8 19.6 2.70 0.12 0.05 

3/26-3/28 2891 21.74 19.49 4.16 0.17 -0.02 0.28 0.50 -0.05 
3/28-3/30 2792 21.70 19.55 4.18 0.09 0.00 0.17 0.24 0.01 
3/30-4/2 4271 21.73 19.59 4.11 0.01 0.01 0.00 0.04 0.03 
4/2-4/4 3246 21.71 19.37 4.09 0.24 0.04 0.58 0.77 0.12 
4/4-4/6 2497 21.72 19.53 4.10 0.02 0.02 0.20 0.04 0.05 
4/6-4/9 4304 21.72 19.63 4.05 0.05 -0.08 0.00 0.20 -0.33 
4/9-4/11 3007 21.72 19.57 4.01 0.00 0.05 0.00 0.01 0.16 
4/11-4/13 2735 21.66 19.00 4.00 0.00 -0.05 1.72 0.00 -0.14 
4/13-4/16 4355 21.75 18.93 3.91 0.04 0.06 0.00 0.19 0.25 
4/16-4/18 2819 21.76 19.75 4.17 0.00 0.04 0.00 0.00 0.11 



Table C.7 Radial Permeameter Test Results for Sample SGE 2-4-1 with C/S Granular Clay Plug 
and Constant Head—Continued 

Confin- Top Flow Rate Flow Rate 

Elapsed Axial ing Pres- In 
Out 

Time Stress ! Stress sure (x 10 J (x 10"J vA V0 
Date (min) (MPa) (MPa) (MPa) cc/min) cc/min) (cc) (cc) (gin) 

4/18-4/20 2719 21.75 19.66 4.28 0.18 0.02 0.00 0.50 0.05 
4/20-4/24 5695 21.74 19.61 4.33 0.11 0.02 0.00 0.64 0.11 
4/24-4/25 1632 21.74 19.56 4.27 0.00 0.04 0.22 0.00 0.06 
4/25-4/27 2885 21.75 19.69 4.21 2.10 0.03 0.00 6.05 0.09 

4/27-4/30 4326 21.75 19.60 4.18 0.08 0.02 0.32 0.35 0.07 

4/30-5/4 5820 21.75 19.65 4.15 0.10 0.04 0.00 0.58 0.22 
5/4-5/7 4254 21.75 19.61 4.01 0.05 0.04 0.00 0.20 0.16 
5/7-5/9 3077 21.76 19.62 4.15 0.00 0.02 0.00 0.00 0.05 

5/9-5/11 3144 21.76 19.56 4.16 0.22 0.01 0.18 • 0.68 0.02 

5/11-5/16 7047 21.75 19.61 4.29 0.11 0.01 0.00 0.76 0.09 

5/16-5/18 2937 21.75 19.58 4.26 0.10 -0.10 0.00 0.28 -0.30 

5/18-5/21 4597 21.75 19.55 3.83 0.08 0.03 0.00 0.38 0.12 
5/21-5/23 2669 21.75 19.51 3.51 0.13 -0.10 3.15 0.35 -0.26 
5/23-5/28 7197 21.76 19.54 4.32 0.16 0.03 0.00 1.15 0.20 

Totals: 90,916 6.82 13.91 0.89 

Weighted Averages: 21.7 19.5 4.1 0.15 0.01 

NOTES: 

not recorded 

Bottom pressure is always 0 MPa. 

VA is volume of water added to annulus. Vj is volume of water pumped into top hole. VQ is 

volume of water flowing from bottom hole. 



APPENDIX D 

SAMPLE CALCULATION OF HYDRAULIC CONDUCTIVITY FOR A 
COMPACTED BENTONITE PLUG UNDER CONSTANT 

HEAD WATER INJECTION 

Q = 6.35 
out 

P^ = 0.66 MPa 
t 

t = 59473 min 

L = 10 cm 

K = QL/Aht 

h = P/(irw) = (0.66 MPa)/(9792.342 N/ra3) = 67.400 m 

= 6740.0 cm 
2 A = irr 

= *(2.54/2 cm)2 

= 5.067 cm2 

K = (6.35 cm3)(10 cm) 

(5.067 cm2)(6740 cm)(59473 min) 
—8 

= 3.13 x 10 cm/min 

= 5.22 x 10-10 cm/sec 
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APPENDIX E 

PHOTOGRAPHS OF COMPACTED BENTONITE PLUGS 
USED FOR FALLING HEAD TESTING 
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Figure E.l American Colloid CIS Granular bentonite before testing 
(left photo) and after testing (right two photos). 
Notice "healing" of some cracks in right two photos. 
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2 
Figure E.2 Dresser Minerals Arrowhead bentonite before testing (left 

photo) and after testing (right photo). Notice the large 
tension crack in the middle of the right photo. 
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Figure E.3 Federal Bentonite Akwa Seal bentonite before testing 
(left photo) and after testing (right photo). Notice the 
crack healing and tension crack in the right photo. 
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Figure E,.4 Georgia Kaolin Hi Jell #1 before testing (left photo) and 
after testing (right photo). Notice the tension cracks 
in the right photo. 



Figure E.S International Minerals & Chemical Rainbow Seal bentonite 
before testing (left photo) and after testing (right 
photo). Notice the crack healing and the large tension 
crack in the right photo. 
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Figure E.6 Slope Indicator 1/2-inch Tablets before testing (left 
photo) and after testing (right photo). Notice the crack 
healing and large tension crack in the right photo. 
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Figure E.7 Whitaker, Clark and Daniels 149 Bentonite 325 Mesh before 
testing (left photo) and after testing (right two 
photos). Notice the crack healing and the large tension 
crack in the middle photo. 
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