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ABSTRACT

A study investigating the effects of Ogallala groundwater on

the hydraulic conductivity of bentonite borehole plugs has been

conducted. Clay plugs constructed from bentonite tablets hydrated

with unfiltered Ogallala groundwater exhibited reduced swelling and

lower hydraulic conductivity than similar plugs constructed from

tablets and distilled water. Results indicate hydraulic

conductivities observed in the Ogallala groundwater plugs may be

governed by factors including swelling characteristics and permeant

colloidal matter clogging plug pore spaces. Constant pressure

injection and transient pulse testing methods were used to determine

hydraulic conductivity. In constant pressure injection tests, outflow

volumes may require adjustment to account for consolidation processes.

X



CHAPTER ONE

INTRODUCTION

1.1 Introduction

The United States has been generating nuclear waste from both

defense related projects and commercial power generation since the

1940's. This study was conducted as part of ongoing research

investigating the disposal problems of commercially generated,

high-level nuclear wastes. Nuclear power generating facilities

currently store spent fuel assemblies in pools of water isolated from

the environment by concrete containment buildings. This type of

storage requires constant maintenance and monitoring and is viewed as

only a temporary solution. Permanent disposal of high-level wastes in

a geologically stable, deep-mined repository, is an attractive

solution to the problem and is a focus of regulatory and commercial

attention.

A major issue which must be addressed when considering a

geologic repository for high-level nuclear wastes is the problem of

sealing all penetrations of the host rock. The United States

Department of Energy (DOE), the agency responsible for developing

licensed, high-level nuclear waste repositories, has stated that

"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 necessary for adequate

1



2

isolation based upon performance assessments of the system" (U.S.

Department of Energy, 1982, p. 29).

Research conducted by the University of Arizona's Department

of Mining and Geological Engineering has been investigating the

performance of existing rock mass sealing technology. This includes

laboratory and field testing of borehole seals, theoretical analysis

and data interpretation. Sealing materials being investigated include

cement, bentonite and bentonite-crushed basalt mixtures. This study

investigates the influence a groundwater permeant has on the sealing

properties of bentonite.

Knight (1898) suggested the name bentonite for a peculiar

clay-like material found in the Fort Benton formation in Wyoming.

Hewitt (1917) and Wherry (1917) first established the origin of this

material as an alteration product of volcanic ash. Condra (1908)

suggested this origin for a similar clay in northern Nebraska. The

following definition was offered by Ross and Shannon in 1926:

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

mineral formed by the devitrification and the accompanying chemical

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

ash ... The characteristic clay mineral has a micaceous habit and

facile cleavage, high birefringence, and a texture inherited from the

volcanic tuff or ash, and it is usually the mineral montmorillonite."

The term bentonite has become well established for any clay which is

composed dominantly of a smectite clay mineral, and whose properties

are dictated by this clay mineral (Wright, 1968).
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The unique physical properties of this Wyoming clay resulted

in the development of a large and profitable bentonite producing

industry in Wyoming. Clays having the same properties were soon found

in Mississippi, Texas, Arizona, California, England, Germany, the

U.S.S.R., and Japan. The rapidly growing oil industry of the early

1900's used bentonite as a drilling mud. Bentonite is also used

commercially as a bonding agent for foundry molding sands and in

ceramics. It has many miscellaneous uses ranging from food additives

to water clarification and impedance.

Bentonite has been used extensively to prevent water seepage

through earthen structures and irrigation canals. It is effective in

waterproofing the outsides of basement walls. Bentonite has also been

employed as a liner in sanitary landfills. Most recently, the

Department of Energy has been considering bentonite as an integral

component in an engineered barrier to prevent or retard the migration

of water and radionuclides into or out of a nuclear waste repository.

These applications are dependent upon the sealant capabilities of

bentonite.

1.2 Variables Influencing the Sealing Capabilities of Bentonite 

The sealing capability of bentonite is probably best described

by a parameter known as the coefficient of permeability, or hydraulic

conductivity. Soil engineers generally use the former term while

hydrologists use the latter. The coefficient of permeability of a

rock or soil is a measure of its ability to transmit fluid, such as

water, under a hydraulic gradient. The coefficient of permeability is
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usually expressed as gallons per day per square foot. The Water

Resources Division of the U.S. Geological Survey has replaced the

coefficient of permeability with a term called hydraulic

conductivity. This parameter is expressed in consistent units of

length per time. These units imply a medium will have a hydraulic

conductivity of unit length per unit time if it will transmit in unit

time a unit volume of fluid at a specific viscosity through a cross

section of unit area measured at right angles to the direction of

flow, under a hydraulic gradient of unit change in head through unit

length of flow (Lohman, 1979, p.6).

The hydraulic conductivity of a porous medium is a function of

both the porous medium and the viscous fluid percolating through the

medium. Variables affecting the hydraulic conductivity can be divided

into three categories, the physical, chemical and biological

characteristics of the porous matrix and the fluid in contact with

that matrix.

The physical parameters which affect the hydraulic

conductivity of a porous medium, and more specifically, bentonite,

include the-texture and structure of the bentonite. Fine-grained

soils will have lower hydraulic conductivity values than

coarser-grained soils such as sand. A soil having a mixture of grain

sizes will generally have a lower hydraulic conductivity than a soil

of uniform grain size because the mixed soil will have pores blocked

by interstitial grains.

Compaction or consolidation processes will reduce porosity and

conductivity by breaking the natural soil structure or fabric. Pore
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volumes are reduced, resulting in smaller hydraulic conductivities.

Pore volumes are also reduced during swelling of expansive soils.

The moisture content of a soil can also affect the hydraulic

conductivity. Generally, hydraulic conductivity increases with

increasing soil moisture content (Lambe and Whitman, 1969, P. 292).

However, swelling is induced by adsorption of water between the clay

mineral sheets, resulting in decreased pore volumes and decreased

hydraulic conductivity (Quirk, 1968; Rowell, Payne and Ahmad, 1969;

Frenkel and Rhoades, 1977). The type of exchangeable cation (see

Section 2.4) also affects swelling and hydraulic conductivity. Sodium

ions are capable of adsorbing thick water layers, resulting in high

swelling. Grim (1962, pp. 244-245) suggests that thick water layers

adsorbed on the surface of sodium-saturated montmorillonite serve to

impede the flow of water by reduction of pore volumes and because of

the physical interference of the movement of fluid water against the

water surface of adsorbed water. The relationship between soil

moisture content and hydraulic conductivity is very complex.

Hydraulic conductivity can also be affected by suspended

solids present in the percolating fluid. The porous medium acts as a

filter, trapping many of these particles. Accumulation of particle

aggregates within soil pores results in decreased hydraulic

conductivity.

Hydraulic conductivity can inadvertently be affected by

laboratory testing. Some testing methods require that water be

injected into a sample while the resulting effluent water is collected
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and measured. Air entrapment in the soil pores during wetting will

decrease the conductivity. There are two common sources for air

introduction into a soil sample. The first results from sample

preparation. A sample may be prepared by adding granular material or

tablets to water and allowing for a specific swelling time before

commencing testing. The second way for air to be introduced to the

soil sample is directly from the permeant being used in the testing.

Dissolved gases in the permeant may come out of solution and lodge

within the pore spaces of the medium. These effects can be minimized

by degassing all fluids before using them in a testing procedure.

Degassing can be accomplished by a number of methods,

including boiling, bubbling an inert gas such as helium or nitrogen

through the water, or by applying a vacuum to the water. The effect

of air entrapment may also be reduced by wetting the sample from the

bottom, causing air to be displaced at the top. This method may not

be useful when clay samples are prepared by hydrating dry tablets.

Chemical parameters which affect the hydraulic conductivity of

a porous medium include pH, cation exchange capacity, and exchangeable

sodium percentage. These parameters may indicate the type and amount

of chemical components in the soil and how they might interact with

permeants to change hydraulic conductivity values of the soil.

Biological parameters which affect the hydraulic conductivity

of a porous medium include the macro effects of organics on the soil.

These usually increase the hydraulic conductivity due to root

penetration, worm, insect, and decayed root holes. Microorganisms
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acting on soil organic matter can either increase or decrease

hydraulic conductivity, depending on circumstances. Microbial action

can produce stable soil aggregates, resulting in higher conductivity

values by clogging the soil pores with microbial cells or by-products

of microbial metabolism (Allison, 1947).

Physical and chemical parameters affecting the hydraulic

conductivity of a porous medium will be addressed in subsequent

chapters. The biological parameters which influence the hydraulic

conductivity of a porous medium are beyond the scope of this study.

1.3 Objectives 

The primary objective of this study is to determine how the

hydraulic conductivity of bentonite is affected by permeants having

varying compositions. Five permeants, consisting of a groundwater and

distilled water, as well as three synthetic waters, are used in

evaluating the influence of permeants on the hydraulic conductivity of

bentonite. The groundwater used in this study is from the Ogallala

aquifer in northern Texas, near Lubbock. The groundwater was obtained

through the assistance of Mr. A. Wayne Wyatt of the High Plains

Underground Water Conservation District No. 1. The synthetic waters

are made by dissolving the appropriate amount of sodium chloride and

calcium chloride in distilled water to obtain two distinct waters

having sodium and calcium concentrations similar to those present in

the groundwater. Additionally, a relatively high concentration

calcium water was made in a similar fashion.



8

Hydraulic conductivity testing of bentonite is accomplished

using two methods: (1) transient pulse testing as presented by Hsieh

et al. (1980), and Neuzil et al. (1981); and (2) constant pressure

injection testing. These methods utilize Darcy's law (1856) and are

described in more detail in subsequent chapters of this report.

A secondary objective of this study is to attempt to evaluate

the applicability of Hsieh's transient pulse testing method in

determining the hydraulic properties of bentonite. Hydraulic

conductivity values for bentonite obtained from the literature and

from constant pressure injection testing will be compared with values

obtained from transient pulse testing. Additionally, calculated

specific storage values for bentonite will be compared with those

obtained by transient pulse testing. The specific storage of a

saturated aquifer is defined as the volume of water that a unit volume

of aquifer releases from storage under a unit decline in hydraulic

head (Freeze and Cherry, 1979, pp. 58-59). Reasonable correlation

between expected and actual values may indicate transient pulse

testing to be a relatively quick, reliable method for determining the

hydraulic properties of bentonite.



CHAPTER TWO

CHARACTERISTICS OF BENTONITE

2.1 Introduction 

Bentonite has many important engineering, industrial, and

agricultural applications. Bentonites are also components in many

commercial products. The presence or absence of bentonite in soil may

affect the properties of the soil, and hence the soil's usefulness in

specific applications. Sodium bentonite may be a desirable material

in many industrial and engineering applications, such as sanitary

landfill liners, slurry walls, and borehole sealants. However, the

properties that make sodium bentonite a beneficial sealant can be

detrimental in agricultural applications. Therefore, the use of

bentonites depends on their properties.

The properties of bentonites are dependent upon the fact that

they are made up of smectite clay minerals, and the properties of the

smectite minerals are in turn dependent upon its chemical composition,

atomic structure, and morphology.

2.2 Structure of Bentonite 

Bentonite is a term used to describe any clay which is

composed dominantly of a smectite clay mineral, and whose properties

are determined by this clay mineral (Wright, 1968). The smectite clay

mineral is the most important mineralogical component in bentonites.

9
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it is not uncommon for bentonites to consist of at least 90 percent

smectite. Smectite minerals are further divided into two subgroups,

dioctahedral and trioctahedral (Grim, 1953, pp. 58-59). A mineral is

said to be dioctahedral when two-thirds of its octahedral positions

are occupied by cations and trioctahedral when all its octahedral

positions are occupied. Octahedral is a term used to describe a basic

structural unit of clay minerals and is described in more detail later

in this section. The trioctahedral subgroup of smectite minerals are

of no importance in this study and will not be discussed further. The

bentonite utilized in this study contains a significant quantity of

montmorillonite, a mineral belonging in the dioctahedral subgroup of

smectite minerals. The montmorillonite mineral is described by the

following general formula (Bohn et al., 1985, p. 118):

(Al
2-x

Mg
x
)Si

4
0
10

(OH)
2
M
x

Montmorillonite is classified as a clay mineral, a term

commonly used to describe minerals having sheet silicate structures of

the phyllosilicates. Most of the important clay minerals, such as

montmorillonite, have somewhat related silicate structures. An

understanding of silicate structures is therefore a logical starting

point to study the permeability characteristics of bentonite.

The crystal structure of silicates is primarily determined by

three controlling factors, (1) the type of chemical bonds present in

the crystal, (2) the crystal radii or size of the ions making up the

crystal, and (3) the amount of substitution of one element for another
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during the recrystallization process (Bohn, McNeal and O'Connor, 1985,

pp. 106-110).

One of the predominant ions in silicates is the oxygen ion.

It constitutes nearly 50% of the mass and over 90% of the volume of

most silicate structures. Oxygen also has an ionic radius much larger

than most cations found in silicates, making it a major controlling

factor in silicate structures. Silicate structures are determined

largely by the way oxygen ions pack together.

Ions pack themselves around a central ion having a charge

opposite to their own. The number of ions which can be packed around

a central ion depends on the ratio of the radii of the two ions and is

called the coordination number of the central ion. The coordination

number of the central ion determines the atomic lattice of minerals.

For example, the Si
4+
 cation is in fourfold, or tetrahedral,

coordination with oxygen. The Al
3+ 

cation is generally found in

sixfold, or octahedral, coordination with oxygen, but can be in

tetrahedral coordination. Tetrahedral and octahedral coordination

units are the basic atomic lattices of most layer silicates.

The tetrahedral structure consists of a central Si
4+
 cation

surrounded by four 0
2- anions, giving the ionic unit (S1O

4
)
4-
. Figure

2.1 illustrates the tetrahedral structure.

The octahedral structure consists of six oxygen or hydroxyl

groups packed around a central cation such as aluminum or magnesium

resulting in a eight sided structure. Figure 2.2 shows an octahedral

structure.
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L)
Tetrahedron 

Figure 2.1 Schematic of the tetrahedral structure (from Stumm and
Morgan, 1981).

Octahedron

0 or 0H

• Al or Mg

• Si

Figure 2.2 Schematic of the octahedral structural (from Stumm and
Morgan, 1981).



13

The montmorillonite clay mineral is classified as a 2:1 layer

silicate. The 2:1 layer silicates are composed of an octahedral sheet

sandwiched between two silicon tetrahedral sheets as shown in Figure

2.3. The tetrahedral sheets are bonded to the octahedral sheet by a

layer of shared oxygen atoms. The tips of the tetrahedron point

toward the center of the unit cell. The unit layers stack parallel to

each other, hence the name layer silicates (Grim, 1953, pp. 55-64).

The strength and type of interlayer bonding has a great

influence on the physical and chemical properties of layer silicates.

The type and strength of the interlayer bond is determined by the

layer charge defined as the magnitude of charge per formula unit, when

balanced by cations external to the unit layer. Layer charge can best

be explained by considering isomorphic substitution in silicate

structures.

2.3 Isomorphic Substitution 

Isomorphic substitution, or the substitution of one element

for another in silicate structures, is more the rule than the

exception. Substitution takes place during the crystallization

process and is not subject to substantial change afterwards. Ion size

governs substitution. However, substitution of ions having like

charges may occur. Generally, substitution occurs between ions

differing in size by less than 10 to 15% in ionic radii (Bohn et al.,

1985, p. 110). Common isomorphic substitutions in silicates include

.4+Al	 forfor Si in the tetrahedral structure, and Mg
2+

, Fe
3+

, or Fe
2+

for A1
3+ 

in the octahedral structure. Substitution between ions of



Oxygens QHydroxyls • Aluminum, Iron , Magnesium

O and • Silicon, Occasionally Aluminum

14

Figure 2.3 Schematic of the montmorillonite structure (from Mitchell,
1976).
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unlike charge results in excess negative or positive charges within

the crystal leading to a localized charge within that crystal. This

localized excess charge must be balanced by other cations or anions,

either inside the crystal or outside the structural unit. Isomorphic

substitution in silicates generally results in excess negative

charge. In order to maintain electroneutrality, it is necessary to

balance the excess negative charge with cations. The layer charge may

therefore be described as the magnitude of excess charge per

structural unit which is balanced by cations external to the unit

layer.

Montmorillonites often exhibit imperfect isomorphic

3+ ..4+ .
substitutions. Generally, Al	 is substituted for Si	 in the

3+.
tetrahedral structure, and Mg and 

2+and Fefor Al in the octahedral

structure.

Two very important phenomena occur due to isomorphic

substitution of trivalent cations in the crystal lattice with divalent

cations, resulting in an excess of negative charge on the unit cell.

The first is cation exchange and the second is the formation of a

diffuse double layer. Both these phenomena greatly influence the

permeability of bentonite and will be discussed more extensively in

Sections 2.4 and 2.5.

2.4 Cation Exchange 

Thompson (1850) and Way (1850) first studied cation exchange

in Rothamsted, England. They showed that passing an ammonium sulfate

solution through soil columns resulted in a leachate consisting
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primarily of calcium sulfate. The predominant cation in solution had

changed from ammonium to calcium because of exchange with the soil.

They also found cation exchange to be stoichiometric, rapid and

reversible.

The cation exchange capacity of a clay mineral results from an

overall negative charge on the mineral. The negative charge may be

due to isomorphic substitution, broken chemical bonds, or substitution

of hydrogen in hydroxyl ions (Mitchell, 1976, p. 130).

Isomorphous substitution of divalent cations for trivalent

cations in the octahedral sheet of layered silicates results in an

unbalance of charges. The unbalanced charges may be satisfied by

adsorbed cations.

Broken chemical bonds occur at the edges of the clay crystal

due to mechanical fracturing and breaking of the crystal and to the

limited lateral extent of the crystal. The broken bonds result in

charge deficiencies on the clay structure and may be balanced by

adsorbed cations.

Hydrogen or hydroxyl groups may dissociate and be replaced by

another cation. This cation would also be subject to exchange.

The amount of cations exchanged in a cation exchange reaction

are chemically equivalent and said to be approximately

stoichiometric. For this reason the cation exchange capacity, defined

as the sum of all exchangeable cations present at a specified pH,

varies only slightly with cation species. Exchangeable cations are

defined as cations which remain in solution but are associated with
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soil surfaces. The following exchange reaction illustrates the

approximately stoichiometric concept:

CaX + 2Na
+ 

# Na
2
X + Ca

2+	
(2.1)

The reaction states that one divalent calcium ion associated with the

soil surface is replaced by two monovalent sodium ions. Exchangeable

cations and cation exchange capacity are normally expressed as moles

of ion charge per kilogram of soil (moles + /kg).

Cation exchange reactions are normally rapid, the exchange

step being virtually instantaneous. This may not be completely true

for a pure bentonite such as the one used in this study; the exchange

reaction may require an extended period of time to allow for ion

diffusion to the mineral interlayers.

Cation exchange reactions are also said to be reversible.

Reactions can be driven in a forward or reverse direction, depending

upon the relative concentrations of products and reactants.

The ease with which one cation is replaced by another depends

upon two factors: (1) the charge, or valence, of the cation, and (2)

the hydrated radius of the cation. The lyotropic series shown below

describes the relative replacing power of certain cations (Bohn et

al., 1985, p. 159; Mitchell, 1976, p. 131):

+	 +	 +	 +
Li # Na >K = NH4 

> Rb > Cs # Mg
2+ 

> Ca
2+ 

> Sr
2+ 

Ba
2+

> La3+ # "H
+
"(Al

3+	 4+
) > Th (2.2)

The lyotropic series indicates that if a montmorillonite with adsorbed
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sodium ions comes into contact with an aqueous solution containing

calcium ions, the calcium ions would replace the sodium ions. The

most important factor in determining the relative ease of cation

replacement is the charge of the cation. Coulomb's law (1789)

describes the attractive or repulsive forces between two particles

such as the negatively charged clay mineral and an exchangeable

cation. However, Coulomb's law breaks down when describing relative

cation replacement between cations of the same valence. In order to

describe such replacement, it is necessary to consider the hydrated

radius of the cations involved.

Attraction of cations toward negatively charged soil colloids

follows Coulomb's law:

F =	 K
	

(2.3)
2

Dr

where F is the force of attraction or repulsion in newtons, q and q'

are the electrical charges in coulombs, K is a proportionality

constant, D is the dielectric constant (78 for water at 25°C), and r

is the distance of charge separation in meters. The strength of ion

retention or repulsion increases with increasing ion charge q, with

increasing colloid charge q', and with decreasing distance between the

ion and colloid surface. Coulomb's law indicates that the most

important factor in determining the relative strength of adsorption or

desorption of a given ion is its valence. Therefore, trivalent

cations will be held more strongly than divalent cations and divalent

cations more strongly than monovalent ones.
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However, Coulomb's law cannot be used to describe the

preference of soil colloids for cations having the same valence. Such

preference is related to the hydrated radius or energies of hydration

of the various ions.

Ions having a relatively small dehydrated radius have a higher

charge density per unit volume and attract waters of hydration more

strongly. These hydrated cations have a larger radius than those of

cations having a larger dehydrated radius. Cations having a large

hydrated radius are held less tightly by clay minerals than are

cations having a smaller hydrated radius. Cations having a small

hydrated radius are capable of approaching clay mineral surfaces much

closer than a cation having a larger hydrated radius. Put another

way, within a given valence series, the degree of replaceability of an

ion decreases as its dehydrated radius increases. It follows that a

partially hydrated cation can approach clay mineral surfaces even

closer and is retained more tightly by the clay minerals.

Many equations have been used to describe cation exchange

processes. Each has its own advantages and disadvantages. The use of

one equation over another seems to be very subjective and may be based

as much on the location at which a given investigator was trained as

on any other factor.

Cation exchange equations have certain assumptions which may

not always be valid. These assumptions include: (1) separate cation

or anion exchange is frequently considered, but their simultaneous

presence is rarely acknowledged; (2) the cation or anion exchanger has
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a constant exchange capacity; (3) simple stoichiometry; and (4)

complete reversibility.

The most general type of cation exchange reaction is a mass

action equation of the form

CaX + 2Na
+ 

eT, 2NaX + Ca
2+	

(2.4)

Solving for the reaction coefficient gives

2	 2+
(NaX) (Ca )

K = 	
+2

(CaX)(Na )

(2.5)

where X denotes the exchangeable form of the cation and parentheses

denote activities of soluble or exchangeable cations. Equation 2.5 can

be rearranged to

	

2 	+2

	

(NaX)	 (Na )
	  = K 	

	

(CaK)	 2+
(Ca )

(2.6)

and is commonly known as a Kerr-type exchange equation and is valid

for narrow concentration ranges. Kerr (1928) used ion concentrations

rather than cation activity because of the difficulty in measuring or

calculating activities precisely. Activities of ions in solution can

be estimated from the Debye-Hueckel (1923) equation.

The Gapon (1933) equation used concentrations rather than

activities of soluble ions and it used chemically equivalent

quantities for both the colloid exchange sites and exchangeable

cations. The Gapon equation is given by
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(Ca)
112

X + Na
+ # NaX + 1/2Ca

2+	 (2.7)

Workers at the U.S. Salinity Laboratory (1954) substituted the

sum of calcium and magnesium for the exchangeable and bulk-solution

calcium concentrations in the Gapon equation. This gives

[NaX] [Na ]
=1< 	

2+	 2+ 1/2
[Ca	 + Mg ]

(2.8)
[CaX + MgX]

The left side of Equation 2.8 was termed the exchangeable sodium ratio

(ESR), while the concentration term on the right side was named the

sodium adsorption ratio (SAR), where

[Na ]
SAR	 (2.9)

2+	 2+ 1/2
[Ca + Mg ]

The concentration units are in moles_ or_mmoles_per _liter— Mben_the

concentration units are mmoles of charge per liter, equation 2.9 may

be written as

[Na ]
SAR	 (2.10)

2+	 2+	 1/2
[(Ca	 + Mg )/2]

Another term used to describe the exchangeable sodium in a

soil is the exchangeable sodium percentage (ESP), where

ESP = ESR x 100	 (2.11)
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Determining the cation exchange capacity of a soil involves

leaching a soil with a solution containing a replacement or index

cation to be placed on all exchange sites. The soil is then washed,

usually with alcohol to keep the soil flocculated and to prevent loss

of the index ion by hydrolysis, to eliminate soluble salts. The index

cation is then extracted with another salt solution. The quantity of

index cation in the final extract is a measure of the cation exchange

capacity of the soil. The initial exchangeable cations of the sample

can be determined by analyzing the cation concentration of the first

leaching extract.

A second method of determining the cation exchange capacity of

a soil involves repeated washings of the sample with an index cation.

This process consists of several cycles involving addition of the

index cation, shaking, centrifugation, and decanting the supernatant

solution. Analysis of the supernatant solution gives the amounts of

individual exchangeable ions present.

The salt used to furnish the index cation should be relatively

soluble in the alcohol used for sample washing. Sodium chloride is a

common salt used to furnish the sodium index cation. However, an

often overlooked source of error is introduced in using the salt.

Sodium chloride has a very low solubility in ethanol and hence may

precipitate during the sample washing stage and remain in the sample.

The salt then dissolves in subsequent extraction steps leading to high

CEC values. Okazaki, Smith, and Moodie (1963) proposed a CEC

procedure which eliminates salt precipitation during the washing

process. Instead, the anion of the salt solution is analyzed as well
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as the cation. The CEC is then equal to the quantity of index cations

removed during extraction minus the quantity of anions. Determining

the initial cation and anion concentrations of the salt solution

eliminates any further error and reliable CEC values are obtained.

2.5 Diffuse Double Layer 

A second phenomenon, known as the diffuse double layer,

coupled with the concept of cation exchange can be used to explain

many observed physical and chemical properties of bentonite. Physical

properties include differences in the Atterberg limits or the plastic

and liquid limits (Taylor, 1948, pp. 27-30) and hydraulic conductivity

values. Chemical properties include the type of cation adsorbed on

the mineral surface. A basic understanding of diffuse double layer

theory would therefore be beneficial in any attempt to relate the

engineering behavior of a specific clay to its physical and chemical

properties.

The basic theory of the diffuse double layer (DDL) was

developed concurrently by Gouy (1910, 1917) and by Chapman (1913) and

is commonly referred to as the Gouy-Chapman theory. It is based upon

four basic assumptions: (1) exchangeable cations exist as point

charges; (2) colloid surfaces are planar and infinite in extent; (3)

surface charge is distributed uniformly over the entire colloid

surface; and (4) the static dielectric constant of the medium is

independent of position. These assumptions are very similar to those

used by Debye and Hueckel in 1923 to account for the effect of ion

charge and concentration on the activity coefficient of an individual
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ion. Although these assumptions do not describe actual systems, the

DDL theory works quite well for soil colloids.

The DDL theory relies upon the negative charge imparted to

montmorillonite minerals due to broken chemical bonds, isomorphic

substitution, or dissociated hydrogen from hydroxyl groups. The

negatively charged clay particle acts like a capacitor and creates an

electric field. Exchangeable cations are attracted to and adsorbed

onto the clay surface in order to satisfy the electric field. When

the soil is dry, the exchangeable cations are assumed to be adsorbed

directly on the colloid surface and are held very tightly. This

electrostatic attraction of cations for the negatively charged

montmorillonite clay mineral follows Coulomb's law, described

previously. The negative charge of the clay mineral and the layer of

adsorbed exchangeable cations make up a double layer known as the

Helmholtz double layer. Figure 2.4 is a schematic representation of

the Helmholtz double layer.

When water is introduced to the clay mineral, the adsorbed

cations are no longer held as tightly by the clay mineral and go into

solution. The cation concentration is greatest near the clay mineral

surface and has a tendency to diffuse into the lower cation

concentration pore water. Cation diffusion tends to equalize

concentration differences in the aqueous phase. Opposing cation

diffusion is the negative electric field of the clay mineral resulting

in the anion/cation distribution shown in Figure 2.5.

The cation concentration decreases away from the clay mineral

surface while the anion concentration increases. The distance from
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Figure 2.4 Schematic of the Helmholtz double layer (from Nielsen et
al., 1972).
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Figure 2.5 Combined effects of cation attraction, anion repulsion,
and ion diffusion near the surface of a clay mineral
(from Mitchell, 1976).
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the clay mineral surface where the solution concentration is affected

by the clay mineral charge is called the diffuse double layer or

double layer. Beyond the double layer, the cation and anion

concentrations are equal. This region is defined as the bulk solution.

Increasing the bulk solution concentration from C1 to C2 , as

shown in Figure 2.6, reduces the tendency for cation diffusion away

from the clay mineral surface, resulting in a decreased double layer

thickness.

Figure 2.6 shows that the double layer thickness varies

inversely with the concentration of the bulk solution. The double

layer thickness is also affected by cation charge. Increasing cation

charge tends to reduce the double layer thickness, because fewer ions

are required for charge neutralization. Higher charged cations are

also held more tightly to the clay mineral surface.

The cation and anion distributions illustrated in Figure 2.6

can be calculated from the Boltzman equation given by

C	 -Zelp
-- . EXP 	
C	 kT
o

(2.12)

where C is the ion concentration at a specified distance from the clay

mineral surface, C
o 

is the ion concentration in the bulk solution, Z

is the ion valence, e is the electronic charge, 4; is the electrical

potential of the clay mineral at the specified distance, k is the



Distance

Figure 2.6 Effect the bulk solution concentration has on the double
layer thickness (from Nielsen et al., 1972)
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Boltzman constant, and T is the absolute temperature (Bohn et al.,

1985, pp. 169-170)

Stern (1924) improved the Gouy-Chapman model by dividing the

region near the clay mineral surface into two regions. The first

consists of a layer of ions specifically adsorbed on the mineral

surface, known as the Stern layer. The second consists of the diffuse

or Gouy layer. The ions adsorbed in the Stern layer are subject to

electrostatic and specific interaction. Figure 2.7 illustrates the

Stern model.

The Stern model assumes that some ions are tightly held at the

mineral surface, thereby reducing the surface charge of the mineral.

The diffuse portion then develops on a mineral surface having a

reduced charge density. Figure 2.8 shows the Stern model distribution

of three monovalent cations.

Figure 2.8 shows relatively few of the strongly hydrated

lithium ions being adsorbed. Most of these are found in the diffuse

layer. Potassium, a weakly hydrated ion, is adsorbed strongly to the

mineral surface. Most of the potassium ions are found in the Stern

layer. Moderately hydrated ions, such as sodium, have approximately

equal concentrations in both the Stern and diffuse layers. Shainberg

and Kemper (1966) dealt extensively with the implications and

applications of the Stern model and the consequences of its

assumptions.

The permeability of bentonite can be directly related to the

double layer thickness. The double layer thickness determines whether
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Figure 2.7 Ion distribution in the Stern model (from Stumm and
Morgan, 1981).
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Figure 2.8 Cation distribution near a mineral surface for the Stern
model (from Shainberg and Kemper, 1966).
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attractive forces contribute to particle aggregation while repulsive

forces tend to create a dispersed, homogeneous mixture. Figure 2.9

shows the attractive and repulsive forces as a function of particle

separation for three bulk solution concentrations.

The van der Waals attractive forces are insensitive to

solution concentration, while the repulsive forces are very

concentration-dependent. A high repulsive force prevents clay

particles from coming into close proximity resulting in a stable,

dispersed, homogeneous clay mixture. High repulsive forces dominate

when the double layer is greatest. Attractive forces create clay

aggregates resulting in an increase in the void ratio and thus

relatively higher permeability values.

The extent of the double layer also influences parameters such

as the plastic and liquid limits and swelling pressures of

montmorillonite.

2.6 Mineral Swelling 

Mineral swelling is also a function of interlayer bond

strength and is inversely related to the interlayer bond energy.

Swelling is also a function of the amount of mineral surface

accessible to polar molecules such as water. Surface areas of layer

silicates are related to their expansion properties and may be

classified as external and internal. External surface refers to only

the edges and faces of the whole crystal; internal surface refers to

the area of basal plane surfaces. Nonexpanding minerals exhibit only

external surfaces and have small surface areas. Expanding minerals
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Figure 2.9 Attractive and repulsive forces as functions of particle
separation at three bulk solution concentrations (from Van
Olphen, 1963).
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exhibit both external and internal surfaces. Internal surface area is

much larger than external area, resulting in very large total surface

areas for expanding minerals such as montmorillonite. For example,

the nonexpanding mineral kaolinite usually has a surface area of 10 to

20 x 10
3 
m
2
/kg, but the surface area of montmorillonite, an expanding

mineral, can be as large as 800 x 10
3 
m
2
 /kg (Bohn et al., 1985, p.

118; Mitchell, 1976, p. 39).

Montmorillonite is classified as an expanding mineral because

of its lower layer charge of 0.25 to 0.6 per formula unit. The

c-spacing or the extent of swelling also varies with the exchangeable

cation and the degree of interlayer solvation. Complete drying yields

a spacing of 0.95 to 1.0 mu, and full hydration can swell the layer to

tens of nanometers.

2.7 Characteristics of Bentonite Used in This Study 

The bentonite used in this study is American Colloid Company

Volclay tablets, manufactured in and distributed from Skokie,

Illinois. American Colloid Company describes its tablets as

pre-formed compressed tablets made of high swelling sodium bentonite

having a 1/2-inch diameter. The bentonite tablets are comprised of a

hydrous silicate of alumina having a minimum montmorillonite content

of 90%. Other minerals include biotite, feldspar, and selenite. The

pH ranges from 8.5 to 10.5. Individual tablet density averages 129

lb/ft
3 

(2.07 g/cm
3
). Dry bulk density averages 82 lb/ft

3 
(1.31

g/cm3 ). Specific gravity ranges from 2.3 to 2.5, which implies that

actual grain density ranges from 143.5 lb/ft
3 

to 156 lb/ft
3

.
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American Colloid Laboratories conducted experiments to

determine significant properties of their tablets. Their tests show

that for 72 g of 1/2-inch diameter tablets the total volume is 83.4

cm
3
, pore volume is 49.9 cm

3
, and the volume of solids is 33.5 cm

3
.

Using the relationship

p =M /V
s	 s s

(2.13)

where ps is the mean particle density, Ms is the mass of solids, and

V
s 

is the volume of solids, the mean particle density of the tablets

is 134.2 lb/ft
3 

(2.15 g/cm
3
). Comparing the individual tablet density

supplied by the manufacturer with the grain density calculated from

the specific gravity of the tablets suggests a tablet porosity ranging

from 10 to 17 percent by volume. Using the relationship

e	 n/(1 - n)	 (2.14)

where e is the void ratio and n is the porosity, a void ratio ranging

from 0.11 to 0.20 is calculated for the individual tablets.

The moisture content of the dry tablets was determined in the

laboratory. Three sets of ten tablets each were weighed, oven-dryed,

and reweighed. An average moisture content of 11% was determined.

The manufacturer of the tablets estimated a tablet moisture content of

10%.

A whole rock analysis of the tablets was performed by Copper

State Analytical Lab, Inc., of Tucson, Arizona. Two samples,

representing two delivery dates, were submitted for analysis. Sample
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One represents the most recently received batch; Sample Two was

received approximately eleven months earlier. Results of the whole

rock analysis are summarized in Table 2.1. With the exception of the

SiO
2 
determination, all analyses utilized atomic absorption

spectroscopy. Si02 values were determined by gravimetric methods.

All values are reported as percentages and expressed as oxides.

Inspection of the analytical results shows that the sodium

oxide values are much greater than those of calcium oxide, which is

indicative of a sodium bentonite. The reported SiO
2 
values range from

70 to 76% and the Al
203 

values range from 8 to 16%. Grim and Guven

(1978) report SiO
2 
values ranging from 41 to 81% and Al

203 
values from

0.14 to 27%. The chemical composition of the bentonite used in this

study falls within the wide range of values reported by Ross and

Hendricks (1945) bentonites from different sources.

2.8 Summary 

Bentonite is a term used to describe a clay which is composed

of at least 90% of the clay mineral smectite. Smectite minerals are

further divided into trioctahedral and the dioctahedral smectites.

Montmorillonite is a member of the dioctahedral subgroup of smectite

minerals and is the predominant smectite mineral occurring in

bentonite.

Montmorillonite is a layered silicate composed of an aluminum

octahedral sheet sandwiched between two silica tetrahedral sheets;

hence the designation 2:1 layer silicate. Isomorphic substitution of

Al  for Si. in the tetrahedral sheets and Mg2+ for Al 	in the
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Table 2.1	 Summary of Whole Rock Analysis for Bentonite Samples

Constituent	 Sample #1 	Sample #2

SiO
2

69.8 76.2

Al
2
0
3

15.9 8.1

CaO 0.21 0.40

MgO 1.96 3.42

Fe
2
0
3

5.29 4.58

Na
2
0 3.3 3.6

K
2
0 1.06 0.84

P
2
0
5

0.068 0.080

Ti0
2

0.19 0.20

MnO 0.12 0.14

Lb0 1.86 2.10
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octahedral sheet results in a net negative charge on the

montmorillonite clay particle. The layer charge per formula unit

ranges from 0.25 to 0.66. Because of the relatively low layer charge,

montmorillonite is a free-swelling mineral having both external and

internal surfaces. Surface area ranges from 600 to 800 x 10
3 
m
2
 kg,

withwith as much as 80% due to internal surfaces.

Cations such as sodium and calcium are adsorbed between

successive montmorillonite unit cells and are held in electrostatic

attraction. These cations are exchangeable with other cations of

similar or different valence. Cation exchange is rapid, reversible,

and approximately stoichiometric. Typical cation exchange capacities

for montmorillonite range from 800 to 1200 mmoles (+) kg
-1

.

A diffuse double layer develops between the negatively charge

clay particle and adsorbed cations. The double layer thickness is

inversely proportional to the bulk solution concentration and cation

valence, and it has a marked impact on such properties as

permeability, liquid and plastic limits, and swelling pressures of

montmorillonite. Reported permeability values for a calcium-rich

bentonite are up to two orders of magnitude higher than those for a

sodium-rich bentonite.



CHAPTER THREE

PERMEANT CHARACTERISTICS THAT AFFECT THE HYDRAULIC CONDUCTIVITY
OF A POROUS MEDIUM

3.1 Introduction 

Permeant chemistry has a marked influence on the hydraulic

conductivity of porous media. Permeant chemistry can indirectly

affect the hydraulic conductivity, especially when the porous media

have varying clay mineral contents, by influencing clay dispersion and

flocculation, swelling properties of clay minerals, and the type and

amount of cations present in the mineral interlayers or c-spacing.

Permeant chemistry can be divided into two major areas, namely

the chemical and physical characteristics of the permeant. The

chemical characteristics include pH, total salt concentration,

specific cation concentrations, and organic matter content. The total

salt concentration and the specific cation concentrations will be

discussed later. The influence of permeant organic matter on the

hydraulic conductivity of porous media is beyond the scope of this

report.

Physical characteristics of the permeant include color and

turbidity. The color parameter can be used as an indicator of the

organic matter content of a water. The turbidity parameter, or the

amount of suspended matter in a water, is the only physical permeant

characteristic which will be examined in this report.

38
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3.2 Chemical Characteristics 

Many researchers have studied the effects of permeant

chemistry on soil hydraulic conductivity. Among the earliest to study

and report on these effects were Fireman and Bodman (1939). They

studied the effects of distilled water and a saline water on the

hydraulic conductivity of two soils. Only the results obtained from

the montmorillonite soil are reported here. The saline water had a

total concentration of 69 milliequivalents per liter (meq/i) and a

sodium adsorption ratio (SAR) (see Section 2.4) of 27. It was found

that the hydraulic conductivity values obtained from the application

of the saline water were much greater than those obtained from use of

the distilled or salt-free water. Fireman and Magistad (1945) found

that hydraulic conductivities of five western United States soils

decreased when water having a concentration of 25 meq/1 and SAR's

ranging from 4.5 to 31.5 was replaced by a water having a

concentration of 4.4 meq/1 and a SAR of 1.5. They concluded that

water low in salts will cause substantial decreases in hydraulic

conductivity if earlier percolating water had high total salt

concentrations. This is especially so if the previous salts were

sodium. These findings agree with the diffuse double layer theory

described by Gouy (1910, 1917) and Chapman (1913) (see Section 2.5).

Henderson (1958) tested four soils using permeants of varying

salt concentrations and having SAR's less than 20. He found hydraulic

conductivity decreased as the total salt concentration decreased. His

results show that extreme hydraulic conductivity reductions occurred
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when low sodium waters (SAR < 10) having a total concentration

ranging from 0 to 10 meq/t were used in testing. Large hydraulic

conductivity decreases were also observed with waters having higher

SAR values and salt concentrations greater than 10 meq/t.

Other researchers have found similar reductions in hydraulic

conductivity over a wide range of permeant concentrations and SAR

levels. McNeal (1965) and McNeal and Coleman (1966) determined the

hydraulic conductivity of seven soils using permeants having SAR's

ranging from 0 to co and total salt concentrations of 3.1, 12.5, 50,

200 and 800 mega. The soils had montmorillonite contents ranging

from 1 to 40%. They found large reductions in hydraulic conductivity

in five of the seven soils tested with permeants having SAR values

under 25 and total salt concentrations under 50 meq/t.

Naghshineh-Pour, Kunze, and Carson (1970) determined the

hydraulic conductivity of four Texas soils using permeants having SAR

values of 0, 10, 19, 27 and 38 and total salt concentrations of 10.5,

54, 107, and 300 meq/t. Two of the soils had montmorillonite contents

greater than 40%. The other two soils consisted primarily of tabular

halloysite and kaolinite. Only the results obtained from the

montmorillonitic soils are reported in this study.

A liter of the 300 mega. solution of a given SAR value was

initially percolated through a soil column. This was followed by a

liter and a half of the more dilute solutions, from 107 to 10.5 meq/t,

of the same SAR. The flow rate was measured using the last half liter

of solution.
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A rapid decrease in hydraulic conductivity was observed for

increasing SAR values and decreasing solution concentration. The most

rapid change occurred at a salt concentration below 54 meq/t and above

a SAR value of 10. Pronounced swelling and dispersion were observed

at high SAR and low salt concentrations, indicated by increases in

soil volume of 28 to 33 percent.

Reeve and Tamaddoni (1965) studied the effects of high

solution concentrations at varying SAR values on the hydraulic

conductivity of a clay loam containing a 15% expanding lattice-type

clay. Permeants having SAR values of 0, 80, 180 and co and total salt

concentrations ranging from 63 to 4000 meq/t were used to determine

soil hydraulic conductivity values. Solutions of varying

concentration but with constant SAR values were applied successively

to a given soil sample. Two application methods were employed. The

first, known as the high series, subjected the sample to the high

concentration solution followed by the lower concentration solutions.

The second method, known as the low series, subjected the sample first

to the low concentration solution, followed by the higher

concentration solution.

It was found that the hydraulic conductivity was not a

function of only the solution composition, but rather the initial

solution concentration. If the initial solution concentration was

low, conductivity at all later concentrations was lower than if high

concentrations were used initially.

Quirk (1952) investigated the differences in behavior of

sodium and calcium saturated montmorillonite clays. He found a
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uniform flow rate through sodium saturated montmorillonite using a 0.5

M NaC1 solution. However, when the solution was replaced with a 0.25

M NaC1 solution, the clay became swollen and impermeable. Norrish and

Quirk (1954) have attributed this behavior to the crystalline swelling

of montmorillonite. A montmorillonite flake in a 0.5 M NaC1 solution

gave an X-ray c-spacing of 19 A, and at a concentration of 0.35 M the

spacing had increased to 40 A. For calcium montmorillonite the

spacing never increased beyond 19 A.

Quirk and Schofield (1955) studied the flocculation behavior

of a number of clays. It was found that a 0.01 M NaC1 solution was

required to flocculate a stable montmorillonitic suspension, but only

a 0.02 solution was required to flocculate montmorillonite. The

differences in solution concentration required to flocculate the clay

were attributed to the presence of organic matter.

McNeal et al. (1968) evaluated the role of soil texture on

soil hydraulic conductivity in the presence of mixed-salt solutions.

A group of soils having variable clay content, but nearly uniform

clay-fraction mineralogy, was selected for the study. It was found

that the hydraulic conductivity decreased with increasing clay content

and SAR values. In general, the hydraulic conductivity was strongly

dependent on soil texture, with high-sodium, low-salt solutions having

a greater effect on the conductivity of soils having greater clay

contents.

Early investigators studying the effects of solution chemistry

on the hydraulic conductivity of soils concluded that waters having



43

high SAR values and low salt concentrations are very effective in

reducing soil hydraulic conductivities. It was also recognized that

changes in soil hydraulic conductivity was not only a function of the

solution chemistry, but rather a function of several variables,

including clay content and type of clay minerals present. Swelling

and dispersion were recognized as major processes in reducing soil

hydraulic conductivities. To assess the relative importance of the

swelling and dispersion factors in decreasing the hydraulic

conductivity of clays and soils, Shainberg and Caiserman (1971)

studied the movement of water through clay systems. Two sets of

experiments were employed. In the first, the movement of clay

particles was greatly restricted so that swelling would be the

dominant process affecting the hydraulic conductivity. In the second,

water movement was affected by dispersion and particle movement in

addition to swelling. The relative importance of swelling and

dispersion was assessed by comparing the effect of solution

composition on the rate of water movement through the clay samples.

Intrinsic permeabilities were calculated using the Kozeny-Carman

equation:

3

k -  
	

(3.1)
2 2	 2

nit S (1 - 0)
o

where 03 is the pore fraction of the medium; m the pore shape factor

(-2.5); t the tortuosity (=(2)
1 1'

2
); and So 

the specific surface area
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per unit volume of particles. Predicted hydraulic conductivity values

obtained from the Kozeny-Carmen equation were higher than experimental

values for sodium montmorillonite and lower for calcium

montmorillonite. Lagerwerff, Nakayama and Freere (1969) suggested a

correction factor for adsorbed water, whose mobility is less than that

of non-adsorbed water, be incorporated into the Kozeny-Carmen

equation. Kemper, Maasland and Porter (1964) measured the mobility of

water adjacent to clay surfaces and estimated the first molecular

layer of adsorbed water on sodium and calcium clays have mobilities of

30% and 5%, respectively, of the bulk water. Agreement between

predicted and experimental values was very good when the correction

factor was used.

Shainberg and Caiserman (1971) concluded that the mechanism

for hydraulic conductivity decreases in sodium montmorillonite is the

closing of conducting pores by swelling. They also showed that the

hydraulic conductivity of the clay, as a function of ESP, depends on

the direction from which equilibrium is approached. The measured

hydraulic conductivity values obtained when approaching equilibrium

from the calcium end (SAR 4 0) were higher than those obtained when

equilibrium was approached from the sodium end (SAR 4 CO). The

dependence of the hydraulic conductivity on the direction from which

equilibrium is approached is called hysteresis.

Two mechanisms were suggested as possible explanations for the

observed hysteresis. One mechanism assumes that there is a hysteresis

in maintaining ionic equilibrium. If equilibrium is obtained from the

sodium end, a higher percent of adsorbed sodium is present in the
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c-spacing, resulting in lower hydraulic conductivity values. If

equilibrium is attained from the calcium end, the percentage of

adsorbed sodium in the c-spacing is reduced, due to the affinity of

montmorillonite for calcium, resulting in higher hydraulic

conductivity values (Shainberg and Kemper, 1966).

A second mechanism is that the ESP of the clay in equilibrium

with any solution is independent of experimental conditions and the

hysteresis loop is dependent on the initial hydraulic conductivity.

Calcium montmorillonites are stable and have large pores. They exist

in packets, or tactoids, averaging four to five clay platelets each,

with a film of water 4.5 A thick on each internal surface (Blackmore

and Miller, 1961). Van Olphen (1963, p. 48) defines tactoids as

regions in a colloidal suspension in which the particle concentration

is higher than in the bulk of the colloidal suspension. Frenkel,

Goertzen and Rhoades (1978) state that calcium-saturated

montmorillonite clay particles commonly consist of packets or tactoids

of four to nine clay platelets arranged parallel to each other at

distance of 9A. Sodium introduced to calcium montmorillonites is

concentrated on the external surfaces of the tactoids, affecting the

size and distribution of the pores only slightly. Eighty to ninety

percent calcium solution will form tactoids, but with fewer platelets

in a tactoid resulting in lower hydraulic conductivity values.

It was also shown by Blackmore and Miller (1961) that a slight

addition of exchangeable sodium to a calcium saturated clay paste has

a considerable effect on the water movement within the paste. The
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hydraulic conductivity of the calcium saturated clay paste decreased

significantly when the ESP was increased from 0 to 25. Above ESP

values of 25, the hydraulic conductivity of the paste is identical to

that of a pure sodium montmorillonite. The ESP also affects the

mobility of montmorillonite particles (Bar-On, Shainberg, and

Michaeli, 1970). Particle size and swelling are not affected by a low

ESP; therefore, introducing a low percentage of sodium into the

c-spacing of a calcium montmorillonite strongly increases the mobility

of the clay particles. Water movement through the clay moves the

particles which block the large conducting pores.

Frenkel et al. (1978) determined the hydraulic conductivities

and gradients along soil columns packed with three soil types which

had been adjusted to different ESP values. The montmorillonitic soils

used varied in clay content from 2.9 to 18.0%, but had a uniform clay

mineralogy consisting of 42% montmorillonite, 29% mica, 16% quartz and

feldspar, and 18% of other species. Significant reductions in

hydraulic conductivity were observed with increasing ESP at a given

solution concentration. When the solution was changed to distilled

water, hydraulic conductivities decreased markedly at clay contents

greater than ten percent, and at all ESP values. For clay contents of

less than ten percent, reductions only occurred for ESP values of 20

and 30. When distilled water was percolated through the soil, clay

particles appeared in the effluent.

Reductions in hydraulic conductivities were also observed for

montmorillonitic soils which are not expected to exhibit appreciable

swelling. Swelling is not generally appreciable unless the ESP
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exceeds 25 or 30 (Aylmore and Quirk, 1959; Quirk, 1968; Shainberg and

Caiserman, 1971). Dispersion, however, can occur at ESP levels as low

as 10 to 20, if the solution concentration is less than 10 meqn

(Felhender, Shainberg and Frenkel, 1974). Reductions in hydraulic

conductivities under these conditions were attributed to particle

dispersion and pore plugging. When leached with a high solution

concentration, the hydraulic conductivity did not increase as would be

expected if swelling and shrinkage of pores were the cause of the

reduced hydraulic conductivity. Clay dispersion and plugging also

caused reduced hydraulic conductivity in soils having a higher clay

content and ESP.

Frenkel et al. (1978) concluded that dispersion appears to be

the main cause of reduced hydraulic conductivities of montmorillonitic

soils at high ESP (30%) and high clay content (18%). Dispersion and

plugging are intensified with increased ESP and clay content and

reduced solution concentration. Coarse textured soils do not

generally experience plugging because of the relatively large pores

and fast water velocities.

Rowell, Payne and Ahmad (1969) evaluated the hydraulic

conductivity changes and the swelling process for a soil containing

montmorillonite for a range of ESP and solution concentrations. They

were primarily interested in answering three questions: 1) Are there

two solution concentration ranges, the higher range causing swelling

only and the lower causing both swelling and dispersion; (2) Does a

direct relationship between swelling and hydraulic conductivity exist
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at the high concentration; and (3) How important is mechanical stress

in determining the concentration at which dispersion occurs?

The soils used in testing contained approximately 22 percent

clay. The soils were predominately illite (75-85%) with some

kaolinite (10-15%) and montmorillonite (5-10%) present. Six solutions

having different concentrations were percolated through the soils.

The most concentrated solution was percolated through first, followed

by the more dilute solutions. Their results indicate that hydraulic

conductivity begins to decrease at the same solution concentration as

the clay begins to swell. Changes in the permeability are directly

controlled by the swelling of the clay until clay dispersion and

movement begins.

The results obtained by Rowell et al. (1969) also suggest that

dispersion is dependent on mechanical stress. They suggest that the

concentration at which a clay disperses is dependent upon the

mechanical stress applied. When small mechanical stresses are

applied, the proportion of the clay which swells and disperses depends

directly on the ESP. Large mechanical stresses may disperse most of

the clay, even at low ESP values.

The dependence of dispersion on the applied mechanical stress

is based on the theory of colloid stability presented by Verwey and

Overbeek (1948), which suggests that when a swollen clay is in

equilibrium with an electrolyte solution, the clay particles are in a

position of minimum potential energy. A potential energy barrier,

which decreases with reductions in electrolyte concentration, prevents

the clay particles from moving away from each other. A mechanical
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stress applied to the clay can push the clay particles over this

barrier, resulting in dispersion. The larger the stress, the larger

the barrier that can be overcome, and, therefore, the higher the

electrolyte concentration at which dispersion can occur. A pressure

must be applied to the dispersed particles to reflocculate them.

Dispersion was also found to depend on the soil ESP value. As

the sodium percentage is reduced, less swelling and dispersion

occurs. Glaeser and Mering (1954) and Mungan and Jessen (1963) have

suggested that clays separate or "de-mix- into calcium and sodium

saturated zones, the relative amounts of each being dependent upon the

soil ESP value. The sodium saturated zones would swell, resulting in

dispersion when the turbidity concentration was reached. The

unswollen calcium saturated zone would not disperse.

Finally, in contrast to the observations on turbidity of

percolates, Rowell et al. (1969) suggest that large mechanical

stresses may cause undispersed clay to disperse regardless of the

exchangeable sodium present in the clay. They suggest that extending

the hypothesis of Glaeser and Mering would seem to indicate that the

unswollen calcium saturated zones can also be dispersed, given a large

enough stress. A large mechanical stress would also overcome the

potential energy barrier.

3.3 Physical Characteristics 

Particulate matter present in permeants can have a significant

effect on the hydraulic conductivity of a porous medium, especially a

fine-grained one. Particles in water are usually defined as finely
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divided solids larger than molecules, but generally not discernible by

the unaided eye. Natural sources of particulate matter include soil

weathering processes and biological activity. Clays are the principal

by-products of weathering processes. Algae, bacteria, and micro-

organisms are the principal types of particles produced biologically.

Particles in water may clog conducting pores in a porous medium,

thereby reducing the material's hydraulic conductivity. Particles may

also serve as adsorption sinks for toxic substances, resulting in a

larger particle. These particles may lodge in a material's conducting

pores, reducing the hydraulic conductivity.

Hunt, McDowell-Boyer and Sitar (1985) have examined available

theories and experimental data relating to colloid migration in an

effort to quantify colloid migration in porous media. They recognize

that most of the quantitative work to date, with respect to colloid

migration in porous media, has been undertaken in the field of water

filtration, where deep bed granular media filters are used for

particulate removal. Three basic media types are employed in

filtration beds: silica sand, garnet sand, and anthracite. These can

be used singly or conjunctively.

Migration of particles in porous media and subsequent reduc-

tion of hydraulic conductivity depends on the ability of the particle

to infiltrate the media surface. If the particle diameter is larger

than the media pore diameter, geometric straining occurs.

Sakthivadivel (1969) and Sherard, Dunnigan and Talbot (1984) have

established that straining will occur if the ratio of the particle
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diameter, d, to the media diameter, d , is greater than 1/9. Herzig,

Leclerc and Legoff (1970) have suggested that very little straining

will occur if d < d
M
 /50. Particles which have succeeded in pene-

P

trating the media surface would be retained within the pores only

under favorable media-particle attachment conditions or if the

particles were retained within quiescent pore spaces (Krone, Orlob and

Hodghinson, 1958; Hunter and Alexander, 1963).

Three dominant mechanisms have been recognized to control

particle collisions with porous media. Brownian motion dominates the

collision process for particles smaller than a few micrometers.

Larger particles flowing with streamlines can collide with media

surfaces through interception and particles having a density different

than the fluid can cross streamlines and collide due to gravitational

sedimentation.

Particle collisions with a medium do not ensure attachment.

Particle-media interactions must also be favorable. Hydrodynamic,

London-van der Waals, and electrostatic forces influence particle-

media attachment. Hydrodynamic force results from squeezing out fluid

as particles approach the media surface. London-van der Waals force

is a short range attractive force. Electrostatic repulsion may occur

if the particles and media have the same charge. The magnitude of the

repulsion may be overcome if the surrounding water has a high ionic

strength. High ionic strengths can compress the diffuse double layer

and reduce the distance over which electrostatic repulsion forces

act. London-van der Waals forces may then dominate and attachment is

favored.
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If particle-media attachment is favorable, particles will

occupy a part of the available pore space, resulting in decreased

media hydraulic conductivity. These deposited particles act as

collectors for other particles, resulting in further pore space

reductions. Under steady flow conditions, fluid velocity would

increase with a reduction in pore volume. The higher velocity would

hinder particle deposition, resulting in establishment of an

equilibrium condition.

Particulate matter in a water can be quantified by turbidity

readings and particle counts. Turbidity is an optical property of the

sample causing light to be scattered and adsorbed, not transmitted

(Anna, 1980, p. 131). One method employed to measure the turbidity of

a water makes use of nephelometry to measure the intensity of light

scattered by turbidity particles. The measurement is made by

illuminating the sample and one or more photoelectric detectors are

used with a readout device to indicate the intensity of scattered

light at right angles to the light path. A formazin polymer

suspension is generally used as a standard. Turbidity measurements

obtained in this manner are expressed in nephelometric turbidity units

(NTU).

A second method of quantifying a water's particulate matter is

by particle concentration measurements. These measurements provide

information on particle size distribution in a sample. Particle

counters have sensors available in different size ranges. Common

ranges include 1.0 to 60 pm and 2.5 to 150 pm. Particle counts may be
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adjusted to measure particles in about 12 subranges within the chosen

micrometer sensor range.

3.4 Significant Characteristics of the Permeants Used in This Study 

Five different permeants were used to determine how solution

chemistry affects the hydraulic conductivity of bentonite. These

included a groundwater from the Ogallala aquifer in northern Texas,

distilled water, a high-concentration calcium water, a low-

concentration calcium water, and a low-concentration sodium water.

The chemical composition of the Ogallala groundwater is

described in Table 3.1. The water analysis shown in the table was

conducted at the Environmental Engineering Laboratory at the

University of Arizona. The table also shows an analysis conducted in

1978 by the National Uranium Resources Evaluation Program (Cagel and

Baldwin, 1978). The values reported by the University of Arizona

compare favorably with those reported by Cagel and Baldwin. The

groundwater turbidity was also determined using the particle count

method. The particle size distribution is shown in Table 3.2. Three

10 ml samples were analyzed. Nancy Patania, a graduate student in the

Environmental Engineering Program at the University of Arizona,

suggested that the number of particles reported in Table 3.2 may not

reflect the total number of particles present when the groundwater was

originally obtained. Experiments conducted by graduate students in

the Environmental Engineering Program indicate that significant

adsorption of particles onto plastic occurs in a relatively short time

period. A water having an original particle count of 100,000 was
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Table 3.1	 Average

Component

Chemical Composition of Ogallala Ground Water

Concentration (ppm)
University of Arizona Cagel and Baldwin (1978)

Na
+

37 39

C
2+

a 43 45

M
2+

g 33 29

K
+ 2

Cl 23

2-
SO

4
41

HCO
3

280 294

pH 7.5 7.9

TDS 360 379

DO 8

SiO
2

46
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Table 3.2 Average Particle Distribution Count for Ogallala Groundwater

Average Number
Diameter	 of Particles
Range	 per 10 ml
(Pm)	 Sample 

1.0 - 2.5	 3972

2.5 - 5.0	 3001

	

5.0 - 10.0	 1322

	

10.0 - 20.0	 246

	

20.0 - 40.0	 21

	

40.0 - 60.0	 1

Total:	 8565

Table 3.3 Average Particle Distribution Count for Distilled Water

Average Number

	

Diameter	 of Particles
Range	 per 10 ml

(Pm)	 Sample 

	1.0 - 2.5	 593

	

2.5 - 5.0	 188

	

5.0 - 10.0	 34

	

10.0 - 20.0	 10

	

20.0 - 40.0	 1

	

40.0 - 60.0	 0

Total:	 826
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reduced to 40,000 within two weeks after being stored in a plastic

container. The Ogallala groundwater was stored in five gallon plastic

containers approximately three months before the particle distribution

count was performed.

The second permeant used in this study was distilled water

obtained from the Chemical Engineering Department at the University of

Arizona. A chemical analysis and particle distribution count were

also conducted on the distilled water. The chemical analysis showed

the distilled water to be free of salts. The water also had a much

smaller particle count that the Ogallala groundwater. Table 3.3

(previous page) shows the results of the particle distribution count

for the distilled water. Three 10 ml samples were analyzed.

The third permeant used was a high-concentration calcium

water. A 1000 ppm calcium water was made by dissolving 18.34 g of

calcium chloride dihydrate in 5 liters of distilled water. A

subsequent calcium determination showed the solution to have a 980 ppm

calcium concentration.

The fourth permeant was a 45 ppm calcium water obtained by

dissolving 1.65 g of calcium chloride dihydrate in 10 liters of

distilled water. The fifth permeant was a 39 ppm sodium water

obtained by dissolving 0.991 g of sodium chloride in 10 liters of

distilled water.

3.5 Summary 

Permeant chemistry has a significant affect on the hydraulic

conductivity of a porous medium. The total salt concentration and the
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sodium content of the solution, the exchangeable sodium ratio of the

medium, and the particulate content of the solution are important

factors which affect a soil's hydraulic conductivity. Hydraulic

conductivity decreased for high SAR values and decreasing salt

concentrations. Pronounced swelling and clay dispersion were observed

at high SAR and low salt concentrations, which, in turn, reduced the

hydraulic conductivity of a soil. The hydraulic conductivity of a

soil also decreases with increasing ESP, provided that the permeant

concentration is below a critical or threshold level. The threshold

level varies from soil to soil and must be determined for each. The

hydraulic conductivity of a soil depends not only on the solution

concentration, but also on the initial concentration of the saturating

solution. If the initial concentration is low, hydraulic conductivity

values at all later concentrations will be lower than if a

high-concentration solution had initially been used. The hydraulic

conductivity also depends on particle accumulation within the soil

pores. As particles accumulate, the pore volume decreases, resulting

in decreased hydraulic conductivity.



CHAPTER FOUR

HYDRAULIC CONDUCTIVITY TESTING THEORY

4.1 Introduction 

The fundamental soil property involved in fluid flow is the

permeability or hydraulic conductivity. An understanding of the

principles of fluid flow is essential in solving problems involving

the rate at which water flows through soil, determination of the rate

of settlement or consolidation, and evaluating factors of safety.

The rate at which water flows through soil, commonly known as

the hydraulic conductivity (Section 1.2) can be measured quite easily

in the laboratory. Several methods are currently used in the

laboratory to determine the hydraulic conductivity of soils. These

include the falling head test, the constant head or injection test,

and tests which utilize soil consolidation or oedometer data. The

falling head test is limited to relatively pervious, saturated soils,

while the oedometer tests are usually reserved for low permeability

soils. The constant head or injection test is widely used on all

types of soils (Lambe and Whitman, 1969, p. 281). Both the falling

head and constant head test are based on Darcy's law.

Another laboratory testing method for determining the

hydraulic conductivity of low permeability materials, primarily

crystalline rock, has been investigated by a number of researchers.

They include Brace et al. (1968), Lin (1977), Hsieh et al. (1980), and

58
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Neuzil et al. (1981). The testing method, known as transient pulse

testing, has two potentially important advantages over the

conventional laboratory tests normally utilized in determining the

hydraulic conductivity of a sample. Constant head testing may require

extensive time periods before representative hydraulic conductivity

values are obtained. Transient pulse testing requires relatively

short time periods to obtain representative hydraulic conductivity

values. A second potential advantage of transient pulse testing over

conventional testing methods is the capability of obtaining a storage

value for the sample. Disadvantages of this method include the

questionable applicability of the method to clays such as bentonite.

4.2 Constant Head Test Theory 

The constant head test is based on laboratory experiments

conducted by Henry Darcy (1856) to analyze the flow of water through

sand. Using an experimental apparatus similar to the one shown in

Figure 4.1, Darcy concluded that the rate of fluid flow, Q (L
3
/t), is

proportional to the cross-sectional area of the sample, A (L
2
); the

change in hydraulic head across the sample with respect to some

arbitrary datum, h2 - hl (L), and inversely proportional to the length

of the sample, L (L). Darcy's law is written as

Q = -KA[(h
2 

- h1 )/L]
	

(4.1)

K is the hydraulic conductivity. The term [(h2 - h1 )/L1 is known as

the hydraulic gradient, which describes the change of piezometric
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4

Screen

Figure 4.1 Schematic of experimental apparatus similar to that used
by Darcy in 1856.
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head per unit length of sample. The piezometric, or hydraulic, head

describes the sum of potential and kinetic energy per unit mass. The

negative sign indicates that the flow of water is in the direction of

decreasing head.

Darcy's law assumes that the material being tested is a porous

medium, and is valid for the linear-laminar flow regime. This type of

flow is a function of the viscous forces acting on the fluid. At high

flow velocities, the inertial forces in the fluid begin to dominate,

resulting in turbulent flow. In turbulent flow, head loss increases

exponentially with velocity. The Reynolds number, Re' 
a dimensionless

number expressing the ratio of inertial to viscous forces acting on a

fluid, is used to distinguish between laminar flow occurring at low

velocities and turbulent flow occurring at higher velocities.

Traditionally, the Reynolds number has been used in pipe flow

applications, but a Reynolds number for flow through porous media has

been defined as (Bear, 1979, p. 65; Freeze and Cherry, 1979, pp.

72-73):

R
e	

(qd)/v
	

(4.2)

where q = specific discharge = Q/A, EL/ti

d a representative length of the porous media, [L]

kinematic viscosity of the fluid, [
2

1., It]

It is customary to use the mean grain diameter, d , as the
50

representative length of the porous media. Bear (1979, pp. 65-66;
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Freeze and Cherry, 1979, pp. 72-73)) suggests that the linear-laminar

flow regime has an upper limit defined by Reynolds numbers not

exceeding 1 to 10.

Swartzendruber (1962) and Bolt and Groenevelt (1969) suggest

that Darcy's law may not be valid for very low flow rates in

fine-grained low permeability materials. A threshold hydraulic

gradient may exist below which flow does not take place. There is no

agreement on the mechanism, and the experimental evidence is still

open to some doubt (Freeze and Cherry, 1979, p. 72).

The hydraulic conductivity, K, appearing in various forms of

Darcy's law, expresses the ease with which a fluid is transported

through a porous medium. It is a function of both fluid and medium

properties. Fluid properties include the density, p, and viscosity,

y, and medium properties include grain size distribution, shape of

the grains, tortuosity, specific surface, and porosity.

The permeability of porous media has been described by

numerous researchers who have related the permeability to various

properties of the solid matrix and permeant composition. The latter

is discussed in Chapter 3. Some of the formulas used to relate

permeability to properties of the solid matrix are purely empirical.

An example is

k = C d
2	

(4.3)

where k is the permeability of the porous matrix (intrinsic

permeability), C is a dimensionless constant or shape factor, and d is
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the effective grain diameter, d
10

. The intrinsic permeability has

units of L
2
, while d is expressed as a length. The shape factor, C,

takes into account effects of stratification, packing, arrangement of

grains, size distribution, and porosity. Bear (1979; p. 67) reports C

values of 45 for clayey sand and 140 for pure sand. A value of 100 is

often used as an average C value.

Another example is the Fair-Hatch (1933) formula:

	2 	 P
1	 (1 - n)	 a'	 m 2 -1

k = - [ 	  (	 i -) ]
0'	 3	 100	 d

mm

(4.4)

where p. is a packing factor, found experimentally to be about 5, a'

is a sand shape factor, varying from 6.0 for spherical grains to 7.7

for angular ones, Pm is the percentage of sand between adjacent

sieves, d
m 

is the geometrical mean diameter of the adjacent sieves,

and n is the porosity.

Theoretical formulas are obtained from theoretical derivations

of Darcy's law. An example is the Kozeny-Carman equation,

3

k = C 	
o	 2 2

1

(1 - n) M

(4.5)

where Ms is the specific surface area of the porous medium, Co is a

coefficient for which Carman (1937) suggested a value of 1/5, and n is

the volumetric porosity. Other forms of the Kozeny-Carman equation

account for the properties of the permeant.
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4.3 Transient Pulse Testing Theory 

4.3.1 Introduction

The primary objective of transient pulse testing of bentonite

is to determine the hydraulic conductivity of the clay. Determining

this for low-permeability materials is often difficult or impractical

since standard laboratory techniques for measuring permeability have

utilized steady flow and saturated conditions. Once steady flow is

established through a specimen, the hydraulic conductivity is

calculated from the measured flow rate and hydraulic gradient. For

low permeability materials, such as bentonite, long periods of time

are required to establish steady flow. Kimbrell (1986) estimates a

time period of at least one year before steady flow through bentonite

is achieved.

Hsieh et al. (1980) review various methods using the transient

pulse method of testing and analysis. They present a general solution

to this problem and develop appropriate limiting cases. Neuzil et al.

(1981) present a graphical method for analyzing data from a transient

pulse test to obtain the hydraulic properties of the sample.

4.3.2 Mathematical Description of the Model

Brace, Walsh and Frangos (1968) developed a transient flow

model to measure the hydraulic conductivity of a granite. Their

experimental apparatus consisted of a rock sample sandwiched between

two fluid reservoirs. At the start of the experiment, the fluid

pressure in the upstream reservoir is increased. Fluid flows from the

upstream reservoir, through the sample, and into the downstream
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reservoir, resulting in a pressure decay in the upstream reservoir and

a pressure build-up in the downstream reservoir. The hydraulic

conductivity of the sample is calculated from the pressure decay in

the upstream reservoir. This method assumes no compressive storage in

the sample. It may be approximately true for crystalline rock, but it

breaks down for samples having significant porosity and compressive

storage, such as bentonite.

Lin (1977) developed a transient pulse test which accounted

for a compressive storage in the sample. The Lin model assumes that

the compressive storage of the sample is known. In many cases the

storage term is unknown, making it necessary to independently measure

the bulk compressibility and porosity of the sample.

Hsieh et al. (1980) developed a model which accounts for the

compressive storage of a sample without requiring that it be known,

using a mathematical model designed by Brace (1968) and presented by

Lin (1977). The equation describing one-dimensional flow of a

slightly compressible fluid in a saturated porous medium where the

hydraulic conductivity, K, and the specific storage, S
'

 of the sample
s

is constant is (Hsieh et al., 1980)

2	 S ah
a h	 s

 -0	for 0 < x < 9. and t > 0	 (4.6)
2 K8t

8x

where h is the hydraulic head in the sample, x is the distance along

the sample where x = 0 is the downstream face, and x = t is the

upstream face, Ss is the specific storage of the sample, and t is the
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time from the start of the experiment. At the start of the

experiment, hydraulic head distribution in the sample is defined as

uniform and 0.

h(x,0)	 0	 for	 0 < x < 1	 (4.7)

The upstream and downstream faces of the sample are in direct contact

with the respective reservoirs, given by

h(o,t)	 h (t)	 for	 t > 0	 (4.8)
d

and

h(t,t)	 h(t)	 for	 t > 0	 (4.9)

where h is the hydraulic head in the downstream reservoir and h is
d

the hydraulic head upstream.

Conservation of mass at the sample reservoir interface is

expressed by (Hsieh et al., 1980)

S dh
d d	 ah

--	 - (--)	 . o	 for t > 0	 (4.10)
KA dt	 8x x.0

and

S dh

	

u u	 ah
+ ( --)	 o

	KA dt	 8x x=1
for t > 0	 (4.11)

where Sd is compressive storage of the downstream reservoir, S u is

compressive storage of the upstream reservoir, and A is the cross-

sectional area of the sample. Equations (4.10) and (4.11) state that
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the rate of decrease of fluid mass in the reservoir is equal to the

mass flow into the sample. At the start of the test, hydraulic head

in the downstream reservoir equals the head in the sample.

h (0)	 0
	

(4.12)
d

An instantaneous head increase of magnitude H is applied at the start

of the test to the upstream reservoir as

h (0)	 H
	

(4.13)

The analytical solution to Equations (4.6) through (4.13) involves

using the Laplace transform method. The solutions contain a

dimensionless variable

Kt
(4.14)

and the dimensionless parameters

S A2.

13= (4.15)

and

(4.16)

The variable a is called dimensionless time, 0 is the ratio of the

compressive storage in the sample to the compressive storage in the

upstream reservoir, and y is the ratio of the compressive storage in

the downstream reservoir to the compressive storage in the upstream
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reservoir. The compressive storage of the fluid reservoirs is the sum

of two effects: the compressibility of the fluid in the reservoir,

and the deformation of the reservoir, including all tubing. The

compressive storage of the fluid reservoirs must be determined

experimentally.

The general solution for dimensionless hydraulic head in the

upstream reservoir is (Hsieh et al., 1980)

h
1

=
H 1 +P+y

2 	22
CO
	

EXP(-cal) )(0 + y (1) / (3 )

2E
	24 	2	 2	 2	 2

m.1 (.1, (0 + (y p + y + y + p) cp +(13 + y0 + 0)]

	

m	 m

2
13

(4.17)

where cpm are roots of

(1 + y)cp
tan. - 	

2
Y(0

- p
0

(4.18)

The dimensionless hydraulic head in the downstream reservoir

is given by (Hsieh et al., 1980):

1
h= 	
d 1 + + y

2 	22
EXP( -a. )(0	 /P)

2E    (4.19)    
24 	2	 2	 2	 2

m=1 [1+ + (y 0 + Y + Y + 0)	 + (13 + yf3 + 0)1 co4    

2  
13
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where (piri are the roots of equation 4.18.

An approximate solution for small a, known as the "early time"

or semi-infinite solution, is given by

2 	21/2
h /H sl EXP(aP ) ERFC(44 )
	

(4.20)

2
The semi-infinite solution is a function of the product 4 , where

	2 	 2	 2

	

4	 (KS A t)/S
	

(4.21)

An approximate solution for large dimensionless times is

(Hsieh et al., 1980)

h
1

H 1 + p + y

2 	22
2 EXP(-4:(4) )(D - y 4 / (3 )

1	 1
(4.22)

	24 	2	 2	 2	 2
	[Y 4)	 + (Y P + Y + Y + P)	 +(13 + y0 +

	

1	 1

2
D

and

h
d 1

H 1 + D + y

2	 2
2 EXP(-a$	 + y(f) ip)

(4.23)
	24 	2	 2	 2	 2

[y	 + (y 0 + Y + Y + P)	 + (0 + y0 +	 cos4)

	

1	 1

2
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for the upstream and downstream reservoirs, respectively, and Si is

the first root of equation 4.18.

When y 4 0, or the downstream face of the sample acts an an

impermeable boundary, the solution for dimensionless hydraulic head in

the upstream reservoir becomes (Hsieh et al., 1980)

2
h	 co EXP(-a. )
u	 1	 m
-- = 	  + 2 E 	
H	 1 + 0	 2

m=1 cp /0 + 0 + 1
m

(4.24)

where 4)1/1 are the roots of

tan.	 -4/0	 (4.25)

When y 4 e, or the downstream reservoir is much greater

than the upstream reservoir, the solution for dimensionless hydraulic

head in the upstream reservoir is (Hsieh et al., 1980)

2
h
	 co	 EXP(-cmp )

= 2
H	 2

m=1 4, /0 + f3 + 1

(4.26)

where cpm are the roots of

tam') =	 (4.27)

The solution to equations 4.24 and 4.26 is given by Carslaw and Jaeger

(1959, p. 128) for an equivalent problem in heat conduction.
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4.4 Consolidation Test Theory 

4.4.1 Introduction

The primary objective of consolidation testing of bentonite is

to determine the significance of consolidation on hydraulic

conductivity. A secondary objective is to attempt to associate a

fraction of the measured outflow obtained from constant injection

testing with consolidation draining.

When a material consolidates, its void ratio decreases,

thereby reducing the total pore spaces available for fluid flow. The

hydraulic conductivity of the material should also decrease with such

a reduction. Other processes, such as increasing moisture content,

may offset this reduction in hydraulic conductivity. This may apply

to bentonite, but because of the complexity of the material, many of

its engineering properties are not well understood (Meyer and Howard,

1983). Zones of changing hydraulic conductivity may develop because

of the non-uniformity in water content and degree of compaction over

time when bentonite is subjected to loading.

During constant injection testing, the bentonite is subjected

to varying loads or hydraulic heads for varying time periods. The

clay undergoes some volume reduction or consolidation resulting from

expulsion of water. Determining hydraulic conductivity values from a

constant injection test requires knowledge of effluent volume flowing

through the material over some time period. Consolidation processes

contribute water to the volume flowing through the material, possibly

resulting in high effluent volume measurements. Calculated hydraulic
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conductivity values would therefore be higher than those obtained from

only true flow through the material.

4.4.2 Consolidation Theory

Consolidation is defined as the process whereby an initially

saturated soil or a soil compacted to the point of saturation is

compressed in a manner that results in reduction of pore volume by

expulsion of water (Terzaghi, 1943, p. 265). Consolidation is not an

instantaneous process, but rather one due to long term loading.

Terzaghi (1943, pp. 265-296) formulated a mathematical

description of the consolidation process known today as the Terzaghi

effective stress equation, which can be expressed as

	TOT 
= p

EFF
	 (4.28)

or

	clEFF = °TOT -
 p
	 (4.29)

where o
TOT 

total stress,effective stress borne by the
clEFF

solid matrix, and p = hydrostatic pressure or pore water pressure.

Consolidation theory is based on several assumptions:

1) The soil is completely saturated.

2) The water and soil particles are incompressible.

3) Water flow and consolidation occurs in only one dimension.

4) Darcy's law is valid for water moving through the

consolidating layer.

5) Hydraulic conductivity is constant.
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6) Loading is instantaneous and constant, and the time lag of

compression is caused entirely by the slow outflow of water

from the compressing soil.

7) There is a linear relationship between the effective stress

acting on the soil matrix and the volume change produced

(Terzaghi, 1943, pp. 266-267).

Since the reduction in soil volume is assumed to be due to,

and equal to, the change in the volume of voids, which is due to the

Darcian outflow of water, an equation of continuity can be written:

av	 2
a h

= -K --
at	 2

az

(4.30)

where Vv = volume of voids

h = pressure head of soil water = P/pg (actual pore pressure

divided by liquid density and acceleration due to gravity)

z = coordinate in vertical direction.

The coefficient of volume change, My , can be used to relate the change

in volume of voids to the change in pore water pressure.

av /at	 8V

M - 	  -
ap/at	 ap

(4.31)

Substituting Equation (4.28) into (4.29) yields

2	 2
K	 a P/az 	ai'

m —   =
pg aplat	at

(4.32)
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since Pi
v 
= (8P)/(80, Equation (4.30) can be written as

	2 	 2
813 	K 	ai'	a P

= C ---
at pgM	 2	 c 2

	

v 8z	 8z

(4.33)

where Cc = K/(pgMv ) = coefficient of consolidation (Terzaghi, 1943, p.

271).

The rate of consolidation of the soil is determined by two

properties described in Equation (4.33). The first, hydraulic

conductivity, K, describes the rate at which fluid moves through the

soil and therefore the rate at which the soil can drain when loaded.

The second factor is the compressibility of the soil skeleton, My .

The consolidation process is analyzed by determining these two

properties with laboratory tests.

Consolidation testing is generally carried out with small,

undisturbed cores placed in an apparatus known as an oedometer. The

sample is incrementally loaded over time and the deformation of the

sample is monitored. The hydraulic conductivity of the sample is

determined by either constant or falling head testing after each

loading period. This type of consolidation testing has two inherent

problems when used for testing bentonite: (1) the procedure is time

consuming and may exceed realistic laboratory limits, and (2) any

hydraulic conductivity testing will create a pressure gradient across

the length of the sample which will continue the consolidation

process, resulting in questionable hydraulic conductivity values

(Znidarck, 1982).
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The test procedures developed from Terzaghi's consolidation

theory assume that over a reasonable testing period the excess pore

pressures induced by loading will dissipate (Holtz and Kovacs, 1981,

pp. 286-291). The rate of this dissipation is a function of the

soil's permeability. Terzaghi states that "changes in water content

due to changes in the state of stress take place very slowly, because

the low permeability of the soil does not permit a rapid transfer of

water from one part of the soil mass to another" (Terzaghi, 1943, p.

265). Therefore, for clays such as bentonite, the consolidation

process may be too slow to measure.

4.5 Summary 

Laboratory measurement of the hydraulic conductivity of soil

samples has been accomplished using a variety of testing methods.

These methods are based on Darcy's law and the equation of

continuity. Testing methods include conventional tests such as

constant injection and falling head tests, and tests utilizing

consolidation or oedometer data. Constant injection testing can be

applied to most soil samples, but can require excessive time periods

to obtain a representative hydraulic conductivity value. The falling

head test requires a shorter time period.

A transient pulse test developed by Hsieh et al. (1980) and

Neuzil et al. (1981) for testing crystalline rocks may be applicable

to testing clay materials such as bentonite. The test requires a

significantly shorter time period than the standard constant injection

test. The transient test measures the decay of an instantaneous
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pressure pulse through a sample. The resultant decay curve is

compared to a family of theoretical type curves to obtain a hydraulic

conductivity value for the sample. High specific storage values of

the sample may preclude the use of the transient test for bentonites.

The application of Darcy's law to fluid flow in fine-grained

materials such as bentonite could be problematic. If a lower limit to

Darcy's law does exist, hydraulic conductivities of fine-grained, low

permeability materials determined from traditional testing methods may

be questionable. Nevertheless, standard laboratory testing practice

continues to use applications of Darcy's law in determining the

hydraulic conductivity of clays (Lambe and Whitman, 1969, p. 281;

Freeze and Cherry, 1979, pp. 337-338; and Holtz and Kovacs, 1981, pp.

380-385). Mitchell (1976, pp. 349-351), after reviewing the available

evidence, concludes that Darcy's law is valid. There is less

agreement on which test is most appropriate for low permeability

clays. Klute (1965) recommends the constant head test for samples

having conductivities greater than 0.01 cm/min and the falling head

test for samples with lower conductivity. The constant head test is

widely used on all types of soils, but oedometer tests may be better

suited for low permeability samples (Lambe and Whitman, 1969, p. 281).



CHAPTER FIVE

LABORATORY TESTING APPARATUS AND PROCEDURES

5.1 Introduction 

The objective of laboratory testing of this study was to

determine the effects permeants have on the hydraulic conductivity of

bentonite. To achieve this objective, constant pressure injection and

transient pulse testing were conducted using permeants differing in

chemical composition. The permeants included 1) distilled water, 2)

Ogallala aquifer groundwater, 3) a 1000 parts per million (ppm)

calcium water, 4) a 39 ppm sodium water, and 5) a 45 ppm calcium

water. Section 3.4 describes each of the permeants used in this study.

Distilled water, because of its low electrolyte content, was

used to obtain a set of reference hydraulic conductivity values.

These reference values were used to assess the performance of

bentonite subjected to permeants having higher electrolyte

concentrations.

Groundwater obtained from the Ogallala aquifer in northern

Texas was used as the primary permeant. Concentrations of major ions

were determined in an effort to characterize the groundwater and

possibly relate changes in measured hydraulic conductivity of the

tested bentonite to a specific ion. The effects of sodium and calcium

cations on the conductivity of bentonite were investigated using

77
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permeants having calcium and sodium concentrations similar to those of

the groundwater. Finally, a relatively high concentration calcium

water was injected into a series of bentonite plugs in an effort to

induce cation exchange of calcium for sodium adsorbed on the clay

mineral surface.

Subjecting the plugs to permeants likely to occur in nature

and to synthetic permeants designed to isolate a single ion provides

important information about the permeability behavior of bentonite

clay. An understanding of how bentonite behaves when subjected to

permeants is important when considering bentonite for a specific

application.

Hydraulic conductivity testing was conducted in a temperature

controlled environment. Daily temperature measurements, made

throughout the test period, averaged 27 + 2°C. Evaporation studies
were also conducted during the test period. Evaporation from pipets

and burets similar to those used as effluent collection devices was

monitored. Results of the evaporation studies are presented in Table

5.1. The 10 ml graduated cylinder had a surface area similar to that

of the collection burets used in the Ogallala (Section 5.2.1) and low

calcium concentration (Section 5.2.3) systems. The 10 ml pipet had a

surface area similar to that of the collection pipets used in the

distilled water system (Section 5.2.1) and the consolidation

experiments (Section 5.4). The surface area of the 10 ml buret

approximated the surface area of the collection pipets used in the

high calcium (Section 5.2.2) and low sodium concentration (Section
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Table 5.1 Summary of Evaporation Studies Conducted on
Effluent Collection Devices

Average
Measured Test Average Evaporation

Collection Evaporation Cycle per Day
Device (ml) (days) (ml/day)

10 ml graduated
cylinder

3.0 23 0.13

10 ml pipet 0.45 38 0.01

10 ml buret 0.85 38 0.02
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5.2.3) systems. Evaporation from the collection devices was minimal.

Therefore, no adjustment was made of the collection volume used in

Darcy's law.

With the exception of the bentonite plugs tested in the high

calcium concentration system (Section 5.2.2), all bentonite plugs

subjected to constant pressure injection testing and transient pulse

testing were constructed after American Colloid's recommendation of

dropping Volclay tablets through water. Although void spaces, which

can influence the hydraulic conductivity of the plug, were visbile

along the clay and plug housing interface, no effort was made to

compact the plug to a more homogeneous state.

5.2 Constant Pressure Testing Equipment and Procedures 

5.2.1 Distilled Water and Ogallala Groundwater Systems

Constant pressure injection testing of bentonite was conducted

using the apparatus illustrated in Figure 5.1. The apparatus consists

of two assemblies: 1) the nitrogen over water delivery assembly, and

2) the bentonite plug assembly. Combining the two assemblies provides

a means of conducting constant pressure injection testing as well as

transient pulse testing of bentonite plugs.

The nitrogen over water delivery assembly was used to deliver

the applicable permeant under a constant head to the bentonite plug

assembly. The delivery system consists of two 1-inch i.d.

polyvinylchloride (PVC) tubes 96.5 cm (38 inches) long. Each tube is

capped with 1-inch diameter PVC I schedule 80 caps into which 1/4 x

1/4 inch swagelok fittings are inserted. 1/4-inch diameter copper
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Figure 5.1 Schematic showing experimental apparatus used in constant
pressure injection testing of the distilled water and
Ogallala groundwater systems.

83.
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tubing connects the water delivery system to the pressurized nitrogen

source. Nitrogen is used as a pressure source because it is

essentially an inert gas and has a relatively low water solubility.

The CRC Handbook of Chemistry and Physics (1982, p. B125) gives the

solubility of nitrogen in water at 1 atmosphere of pressure as 2.33

3	 3	 o	 3	 3
per 100 cm of water at 0C and 1.42 cm per 100 cmcm 	of water at

40
o
C. Helium, having a water solubility 	

3
ty of 0.94 cm per 100 cm  of

water at 0
o
C and 1.05 cm

3 
per 100 cm

3 
of water at 50

o
C (CRC Handbook

of Chemistry and Physics, 1982, p. B104) may be a more desirable

pressure source. A valve located between the nitrogen source and the

water delivery system allows the reservoirs to be refilled without

disturbing the nitrogen tank regulator. The plug assembly can also be

isolated from the water reservoirs by a valve located between the

reservoir and the transducer port. This prevents pressurization loss

in the plug assembly when the reservoirs are opened for replenishing

operations. All permeants are degassed before being introduced to the

reservoirs. Degassing is accomplished by boiling the permeant for

approximately 5 minutes and overfilling the reservoirs. Overfilling

displaces air in the reservoirs. An engineer scale, having twenty

divisions per inch, mounted on the reservoir, allows calculation of

total flow into the plug assemblies.

The bentonite plug assembly consists of a 4-inch id. PVC tube

38.1 (15 in) long sealed at each end with 4-inch diameter PVC I

schedule 80 caps. One 1/4 x 1/4 inch swagelock fitting is inserted

into each cap. 1/4-inch diameter copper tubing connects the bentonite
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plug assembly to the water delivery system; 1/4-inch diameter tygon

tubing connects the plug assembly to the effluent collection device.

Effluent was collected in 25 x 1/10 ml measuring pipets and 50 x 1/10

ml burets for the distilled water and groundwater systems,

respectively.

The bentonite plugs utilized for distilled water testing were

built over columns of saturated sand, each 1400 cm
3
 in volume. The

sand was saturated by dropping it through a column of distilled

water. It was also washed with distilled water prior to plug

construction. Each plug was constructed by dropping 250 1/2-inch

diameter American Colloid Volclay bentonite tablets through 1100 ml of

degassed, distilled water standing above the sand column. The tablets

were allowed to hydrate and swell for 20 days before the confining

layer of sand was added to each tube. The sand was dropped through a

column of degassed, distilled water in an effort to prevent air from

occupying pore spaces. At the end of the 20 day hydration/swelling

period, the plugs had an average length of 16.0 cm (6.3 inches).

The bentonite plugs used in the Ogallala groundwater testing

phase were constructed in the same fashion as those used in the

distilled water phase except that groundwater from the Ogallala

aquifer was substituted for distilled water. The permeant reservoirs

contained Ogallala groundwater. All sand was washed and saturated

with Ogallala groundwater and the bentonite tablets were dropped

through a column of Ogallala groundwater standing above the sand

columns. All groundwater was degassed by boiling. This may have
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resulted in concentrating solutes in the groundwater slightly due to a

small evaporation loss. The bentonite tablets were allowed a 20 day

hydration/swelling period before adding the confining sand layer and

sealing the PVC tubes. The final average plug length was 13.5 cm (5.3

inches). These plugs were, on the average, 2.5 cm (1 inch) shorter

than the distilled water plugs. A possible explanation for this is

offered in Section 6.2.2

Constant pressure injection testing is conducted using an

initial pressure of 5 psi for a 30 day period. Injection pressures

are subsequently increased to 10 psi for another 30 days followed by a

final 30 day period at 20 psi. Influent and effluent readings are

made every 12 hours to monitor any disturbance in the system. Using

Darcy's law, hydraulic conductivity values are calculated from the

volume of effluent collected in a specified time period.

5.2.2 High Calcium Concentration System

Constant pressure injection testing of bentonite using a 1000

ppm calcium concentration permeant utilized the apparatus illustrated

in Figure 5.2. This apparatus is also similar to the one described in

Section 5.2.1. Major differences include separate permeant reservoirs

for each plug assembly and the construction method employed in

building the bentonite plugs.

Since each of the clay plugs utilized in this phase of testing

was constructed of bentonite having different initial moisture

contents, separate permeant reservoirs were employed for each plug

assembly. Simply averaging the total volume injected over the three
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plugs was not felt to be a reliable method of determining the water

intake of each plug.

The clay plugs used in this phase of testing were constructed

from American Colloid tablets which had been hydrated in the amount of

water required for a given moisture content (by weight) and stored in

plastic containers. The containers of water and clay were then sealed

and left undisturbed for 14 days. At that time the clays were

inspected for homogeneity. The clays having moisture contents of 100

and 125 percent required some mixing to move unadsorbed water into

contact with the clay. The containers were then resealed and left

undisturbed for an additional 7 days. Clays having moisture contents

of 50, 75, 100 and 125 percent by weight were prepared from distilled

water and Ogallala groundwater. Table 5.2 summarizes the moisture

content of the clay determined by oven drying.

Clays prepared from distilled water and having moisture

contents of 75, 100 and 125 percent were utilized in the high calcium

concentration system. A 2.5 cm (1 inch) long mold having an inside

diameter of 5.1 cm (2 inches) was used to form the bentonite plugs.

Clay, having a specific moisture content, was added to the mold and

gently formed into a 2.5 cm (1 inch) long plug. The plug was

carefully positioned on top of a sand column comprising the large

reservoir. This reservoir had been saturated with the 1000 ppm

calcium permeant. The small reservoir was saturated with distilled

water. A competent seal was formed between the PVC tube walls and the

plug by gently smearing the clay plug against the tube walls.
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Figure 5.2 Schematic showing constant pressure injection testing
apparatus for high calcium concentration system.



Table 5.2 Summary of Moisture Content of Premixed Bentonite

Clay Hydrated With	 Clay Hydrated With
Distilled Water	 Ogallala Groundwater

Predicted
Moisture
Content

Actual
Moisture
Content

Actual
Moisture
Content

(%) (70 (%)

50 54 53

75 78 84

100 99 95

125 123 127

87
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Throughout this operation, care was taken to avoid excessive

compaction of the clay plug. Once in place, the confining sand layer

was added and the tubes were sealed. A 10 to 1 ratio between the

large and small reservoirs was maintained to comply with

recommendations by Hsieh et al. (1980) in the event that transient

pulse testing was conducted on these plugs. The calcium permeant was

degassed before being introduced to the permeant reservoirs.

Testing was conducted using an injection pressure of 2.5 psi.

This pressure was used rather than higher injection pressures in an

attempt to not puncture the 2.5 cm (1 inch) long bentonite plug.

Influent and effluent readings were made every 12 hours to monitor any

disturbance in the system. An engineer scale, having twenty divisions

per inch, mounted on each reservoir, allowed calculation of total flow

into the plug assemblies. Hydraulic conductivity values were

calculated using Darcy's law and the volume of effluent collected in a

specified time period. Effluent was collected in 10 x 1/10 ml burets.

5.2.3 Calcium and Sodium Systems

Constant pressure injection testing of bentonite using

permeants representative of the calcium and sodium concentrations

found in the Ogallala groundwater utilized an experimental apparatus

similar to the one described in Section 5.2.1 of this study.

The bentonite plug housing for both the calcium and sodium

systems consists of PVC tubes having an inside diameter of 2 inches

and a length of 41.7 cm (16.4 inches). Each tube is sealed with the
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appropriate PVC cap into which 1/8 x 1/4 inch swagelok fittings are

inserted.

The permeants used in this phase of testing include a 45 ppm

calcium water made by dissolving calcium chloride in distilled water

and a 39 ppm sodium water made by dissolving sodium chloride in

distilled water. Again, both permeants underwent degassing before

being introduced to the reservoirs.

The bentonite plugs utilized for this phase of testing were

built over columns of saturated sand. Degassed, distilled water was

used for washing and saturating the sand columns comprising the small

reservoirs. The sand columns comprising the large reservoirs of the

calcium system were saturated with the 45 ppm calcium permeant, while

those of the sodium system were saturated with the 39 ppm sodium

permeant. The sand columns were designed so that the ratio of the

large reservoir to the small reservoir was 10 to 1. This was to

comply with recommendations made by Hsieh et al. (1980) in the event

that transient pulse testing was performed on these plugs after

constant pressure testing ended. Each plug was constructed by

dropping 20 Volclay tablets through approximately 200 ml of degassed,

distilled water. They were allowed to hydrate and swell for 20 days

before adding the confining sand layer and sealing the tubes. It was

necessary to remove approximately 2.5 cm (1 inch) of the plug after

the hydration/swelling period ended so as to have a plug 2.5 cm (1

inch) in length. 10 x 1/10 ml measuring pipets were used to collect

the effluent from the sodium system while 50 x 1/10 ml burets were
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used with the calcium system. The collection devices were connected

to the PVC tubes by 1/4-inch diameter tygon tubing.

Injection pressure and monitoring frequency for the calcium

and sodium systems were the same as those employed in the high calcium

system.

5.3 Transient Pulse Testing Equipment and Procedures 

Transient pulse testing of the bentonite plugs utilized in

constant pressure injection testing was accomplished using the

apparatus illustrated in Figure 5.3. A nitrogen over water delivery

system is used to introduce a pressure slug to the system.

Transducers monitor the pressure decay in the upstream reservoir.

Valves located between the transducers and water delivery system

isolate the bentonite plug assembly from the pressure source. The

swagelok fitting in the lower endcap is capped, resulting in complete

isolation of the bentonite plug assembly. The ratio of the downstream

to upstream reservoirs is 0.87 and 0.76 for the distilled and Ogallala

groundwater systems, respectively.

Transient testing was accomplished by introducing a pressure

slug to the upstream reservoir. Pressure decay in the upstream

reservoir was monitored by two 5 psi and one 50 psi Dynisco

transducers mounted on the injection line. The transducers were

connected to a multi-channel data-logger. The data-logger converts

the transducer signals for the Apple II-E microprocessor, which

outputs the reservoir pressures at 20-minute intervals.
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Figure 5.3 Schematic of experimental apparatus used in transient
pulse testing of bentonite plugs.
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5.4 Consolidation Test Equipment and Procedure 

Consolidation testing of bentonite plugs was accomplished

using an experimental apparatus similar to that used for constant

pressure testing, illustrated in Figure 5.1. No water reservoir is

required as the pressure is introduced directly from the nitrogen

source to the plug assembly. The plug housing consists of PVC tubes

having an inside diameter of 4 inches and a length of 30.5 cm (12

inches). The clay plug was constructed by dropping 250 American

Colloid Volclay tablets through a column of degassed, Ogallala

groundwater standing on a column of sand. The height of the sand

column was reduced to accommodate the shortened PVC tube serving as

the plug housing. The tablets were allowed to hydrate and swell for

20 days before the PVC tubes were sealed. No confining sand column

was added to the tubes. The final plug heights were measured.

Collection of outflow was accomplished using three 25 x 1/10-ml

pipets. A gauge located between the plug assembly and pressure source

monitored the injection pressure.

Consolidation pressure was initially set at 5 psi.

Subsequently, consolidation pressures were increased to 10 and 20

psi. Careful early time outflow measurements were made each time a

new pressure was used. Measurements were made at 30 seconds, one

minute, two minutes, four minutes, eight minutes and 16 minutes. The

duration of testing at a given pressure was governed by the duration

of constant pressure testing at the same pressure.
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Dehydration of the plug surfaces due to the use of nitrogen as

a pressure source caused small cracks in the plugs which deepened and

widened with time. When testing at a given pressure was completed,

the plug assemblies were opened and 80 to 100 ml of Ogallala

groundwater was added to each tube. After a 24 to 48 hour period, no

standing water was observed above any of the plugs, and the cracks had

healed. The tubes were then closed and testing resumed.



CHAPTER SIX

TESTING RESULTS AND DISCUSSION

6.1 Introduction 

The primary objective of hydraulic conductivity testing of

bentonite in this study was to determine the effects permeants of

different chemistry and composition have on the ability of bentonite

to transmit water. The results and analyses included in this chapter

could have a significant influence on the applicability of bentonite

to specific applications.

Four processes recognized as having a significant influence on

the hydraulic conductivity of bentonite are consolidation, swelling,

dispersion, and flocculation. All four are affected by permeant

chemistry.

Consolidation is normally viewed as a time-related process,

involving compression, stress transfer, and drainage. A soil having

relatively slow drainage characteristics, such as a fine-grained

material like bentonite, will require a considerably longer period to

consolidate to a given volume than a coarser-grained material.

Processes which change a material's drainage characteristics would

influence consolidation of the soil. Therefore, factors which affect

the hydraulic conductivity, such as the diffuse double layer, would

influence the consolidation process.

94
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Swelling is directly affected by permeant chemistry. The

ratio of sodium to calcium cations present in the permeant and the

clay structure, as well as the total salt concentration of the

permeant, can affect the clay mineral's affinity for water and hence,

its swelling pressure. Put another way, the thickness of the adsorbed

water surrounding a clay particle may increase or decrease, depending

upon the chemical makeup of the clay and permeant.

Clay particles carry negative charges and will not attract or

collide when in distilled water. The negative charge will cause

interparticle repulsion, or dispersion, and may remain in suspension

for some time due to Brownian motion. These particles will remain in

a dispersed condition until an electrolyte containing positively

charged ions or colloids is added to the suspension. The positively

charged ions or colloids are attracted to the negatively charged clay

particles, resulting in formation of larger colloidal clumps or

flocs. This process is called flocculation. A well dispersed clay

will generally be less permeable than the same clay in a flocculated

state.

6.2 Constant Pressure Iniection Testing 

Constant pressure injection testing was conducted on bentonite

plugs constructed using distilled water and Ogallala groundwater.

Constant injection testing was also conducted on bentonite plugs

having a predetermined moisture content. Permeants of varying

chemical compositions were used in each test. Sections 6.2.1 and

6.2.2 present the results of constant injection testing of the
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distilled water and Ogallala groundwater systems. Section 6.2.3

presents the results of constant injection testing of bentonite plugs

having predetermined moisture contents using a high calcium

concentration permeant. Sections 6.2.4 and 6.2.5 present results of

constant injection testing of bentonite plugs using permeants having

low calcium and sodium concentrations.

6.2.1 Distilled Water System

The theory, equipment and procedures used in constant pressure

injection testing of bentonite plugs have been described in Sections

4.2 and 5.2. Three bentonite plugs, hydrated with distilled water,

were tested over a period of approximately four months using a

distilled water permeant under pressures of 5, 10, and 20 psi.

Approximately one month was allowed for testing at each pressure

increment.

The clay tablets were allowed to hydrate and swell for 20 days

before adding the confining sand layer and sealing the plug housing.

This ensured the clay had sufficient time to expand to its free swell

capacity. Free swell is defined as (Holtz and Kovacs, 1981, p. 189):

(FINAL VOLUME - INITIAL VOLUME)/INITIAL VOLUME

and is expressed as a percent. After approximately 16 days, the free

swell remained constant. The final average plug height was 16.0 cm

(6.5 inches).

Hydraulic conductivities calculated from measured outflow

average approximately 10
-8 cm/sec for all three plugs. Figures A.1
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through A.12 (Appendix A) show the change of hydraulic conductivity

with respect to time. The hydraulic conductivity is expressed as a

multiplier of 10
-8 cm/sec and time is measured in days. Table 6.1

summarizes the results of hydraulic conductivity testing on the three

plugs for each pressure increment. It also shows an average hydraulic

conductivity value for the entire system at each pressure. The

hydraulic conductivity values presented in Figures A.1 through A.12

and in Table 6.1 were calculated assuming that all flow from the plugs

represented flow through the plugs. A portion of this flow may be due

to consolidation of the plug under pressure. An adjustment to the

total measured outflow would therefore appear to be in order. The

outflow volume which had been adjusted to account for drainage due to

consolidation would be used in Darcy's law to calculate the hydraulic

conductivity of the plug. An independent experiment was conducted to

determine what percentage of the measured effluent volume is due to

consolidation drainage. This experiment, discussed in Section 6.3,

met with very limited success. Consequently, all hydraulic

conductivity values derived from constant injection testing reported

in this and subsequent sections, use the total measured outflow

volume, rather than an adjusted volume in Darcy's law. The actual

hydraulic conductivity values may therefore be smaller than reported.

Figures A.1 through A.12 (Appendix A) show relatively high

hydraulic conductivity values for the first day of testing at each

pressure increment. This peak may in part be due to increased

consolidation drainage of the plug resulting from an increase in the
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Table 6.1 Summary of Hydraulic Conductivity Testing of Bentonite
Plugs Using a Distilled Water Permeant

Pressure	 Hydraulic Conductivity (cm/sec)
(Psi)	 Tube #1	 Tube 12	 Tube #3	 System 

5	 2.0 x 10
-8

1.8 x 10
-8

1.9 x 10
-8

1.9 x 10
-8

10	 1.6 x 10
-8

1.5 x 10
-8

1.6 x 10
-8

1.5 x 10
-8

20	 1.0 x 10-8	9.8 x 10-9	1.0 x 10-8	1.0 x 10-8
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applied pressure. The mass balance plots shown in Figures 3 .1 through

3 .12 (Appendix B) appear to support this. The plotted mass balances

show large volumes on the first day of testing at each pressure.

These peaks appear on the second day of testing at 5 and 20 psi. It

should be noted that testing at these pressures began at 2000 hours,

while testing at 10 psi began ten to twelve hours earlier. Had the

outflow volume occurring between 2000 and 2359 hours been combined

with the second day's volume, the large outflow peaks would shift to

the first day. The hydraulic conductivity values reported in Figures

A.1 through A.12 are not affected since time is an integral part of

Darcy's law. The average daily outflow volumes and hence the

hydraulic conductivity remain approximately constant for each pressure

increment following the occurrence of these peaks.

A visual examination of the mass balance plots suggest that

the clay is experiencing significant changes in its moisture content

during the initial period of testing at each pressure increment. The

changes in moisture content depends on experimental conditions.

Following initial hydration of the bentonite tablets in a saturated

environment, the plug is sandwiched between two saturated sand

columns. The plug housing is then sealed, thereby restricting the

plug volume. Pressure applied to a clay under these conditions would

initiate consolidation and swelling. Consolidation would reduce the

clay volume by reducing the volume of voids in the clay. The volume

reduction would allow the clay minerals to adsorb additional water

until the clay returned to its original volume. A new steady state or
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equilibrium state would thus be achieved. At this point, the

differences between influent and effluent volumes should be minimal.

The mass balance plots show relatively large injection volumes

at the beginning of each pressure increment. Some of this volume

could be attributed to water compressibility and compressibility of

the experimental apparatus. This would be an instantaneous,

short-lived effect having little significance beyond the time of the

initial pressure increase. The plots also show significantly reduced

effluent volumes with respect to injection volumes. A considerable

difference between influent and effluent volumes exists in the initial

stages of testing. As the moisture content is increased and a new

equilibrium condition is approached, the difference is minimized.

Approximately 13 days were required for a new equilibrium condition to

be established for testing at 5 psi, while 3 to 4 days were required

for testing at 10 and 20 psi. Unusually high influent peaks appear on

day 25 and 17 for testing at 10 and 20 psi, respectively. An

inspection of the daily record shows that on day 25, 10.3 ml of water

was injected into the 10 psi system over a 497 minute period and on

day 17, 20.3 ml was injected into the 20 psi system over a 414 minute

period. Normally, 4 and 6 ml would be expected to be injected into

each respective system over comparable time periods. Further

inspection of the log shows that the ruler used to measure changes in

the reservoir water level was repositioned on both these days. This

suggests that the ruler was not securely fastened to the reservoir,

resulting in some slippage. After a new resting position was

established, influent volumes returned to normal.
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Hydraulic conductivity values summarized in Table 6.1 show a

decrease in conductivity with increasing pressure. This trend

suggests that swelling and consolidation processes are occurring to

some extent in the clay plug. Pore volumes are reduced because of

these processes resulting in an overall decrease in the plug's

capability to transmit water.

Hydraulic conductivity values summarized in Table 6.2

represent an average of the last 16 days of constant pressure

injection testing at each pressure. These values are slightly lower

than those shown in Table 6.1 and may be more representative of the

system after an equilibrium condition has been achieved. An overall

reduction in hydraulic conductivity is observed, indicating that

swelling and consolidation processes are occurring in the plug.

The hydraulic conductivity values reported in this study

compare favorably with values reported in the literature. Pusch et

-10 -12
al. (1983) report a hydraulic conductivity of 10	 to 10

cm/sec for sodium-rich bentonites using constant head injection

testing. Singh (1982) reports conductivities of 10
-9 

cm/sec for

similar clays. Hodges et al. (1982) report hydraulic conductivities

ranging from 10
-11 to 10

-13 
for similar clays using constant head

injection testing. The hydraulic conductivity values reported in

Table 6.1 appear on the upper end of those reported in the

literature. If, however, allowances are made to account for

consolidation drainage, the conductivity values reported in this study

should decrease.
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Table 6.2 Summary of the Final 16 Days of Hydraulic Conductivity
Testing of Bentonite Plugs Using a Distilled Water
Permeant

Hydraulic Conductivity (cm/sec)Pressure
(psi)

5

10

20

Tube #1

1.6 x 10
-8

1.3 x 10
-8

8.0 x 10-9

1.6 x 10
-8

1.2 x 10
-8

7.8 x 10-9

Tube #3

1.7 x 10
-8

1.3 x 10
-8

7.9 x 10-9

System

1.6 x 10
-8

1.3 x 10
-8

7.9 x 10-9

Tube #2
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The final moisture content of each plug was determined at the

end of constant injection testing. Three samples were obtained

throughout the length of the plug and oven-dried for 60 hours at

150
o
F. The samples were weighed after 48 hours and returned to the

oven. They were reweighed 12 hours later. If no significant weight

changes were observed the sample was assumed to be completely dried.

Samples were obtained from points located at the upper and lower

clay-sand interfaces and at the plug's midsection. The string of

sampling points was defined by a cylinder having a diameter of

approximately one inch centered about the plug's vertical axis. This

axis was chosen for sampling because plug characteristics at the

plug-housing interface may not have been representative of the overall

plug after four months of constant pressure injection testing.

Sampling was accomplished by inserting and rotating a 1.3 cm (0.5

inch) wide spatula through the length of the plug to obtain a core.

The core was then sampled at the appropriate locations.

Table 6.3 summarizes the final moisture content of the three

plugs throughout their lengths. A moisture gradient is observed in

each plug. The moisture content at the upper clay-sand interface

ranged from 499% in tube 3 to 675% in tube 2. The median value was

597%. The moisture content reported at this interface for tube 3 may

be in error. The moisture condition at this interface made sampling

difficult. Upon removal of the confining layer of sand from the plug

housing, a very fluid layer of clay approximately 3.8 cm (1.5 inches)

deep was observed. Approximately the upper 1.3 cm (0.5 inch) of this
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Table 6.3 Summary of the Moisture Content of Each Bentonite Plug
After Constant Pressure Injection Testing of the
Distilled Water System

Sample
Location

Moisture Content ( L)
Tube #1	 Tube #2 Tube #3

Upper Interface 616 675 499

Midsection 279 230 202

Lower Interface 152 145 130
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layer had mixed with the sand column, forming a "gel". The gel did

not flow after the sand column had been removed, but rather retained

its shape and position in the plug housing, even after the housing had

been placed on its side. When the clay-sand gel was removed, the

remaining layer of very fluid clay flowed from the face of the more

cohesive plug.

Sampling at the upper clay-sand interface proved to be

difficult. While attempting to sample the fluid-like clay, care had

to be taken to ensure that no sand grains were introduced into the

sample. Since sampling was restricted to a cylinder centered about

the plug's vertical axis and extending through the plug's length, the

sample obtained from plug #3 may not have been representative. It is

possible that the sample contained more of the cohesive portion of the

plug than the fluidized clay, resulting in a relatively lower moisture

content with respect to the other two plugs.

Sampling at the midsection and lower clay-sand interfaces

presented no problems. Care in sampling at the lower clay-sand

interface was necessary to ensure that no sand grains were introduced

into the sample. Observed moisture contents at the midsections of the

plugs ranged from 202% in tube 3 to 229 % in tube 1. The median value

was 237%. The lower clay-sand interface exhibited moisture contents

ranging from 130% in tube 3 to 152% in tube 1. The median value was

142%.

When bentonite tablets are used in sealing applications, such

as borehole sealing, complete swelling of the individual tablets is
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assumed when they are immersed in water. An effective seal must have

a very limited ability to transmit water. Incomplete swelling of the

bentonite tablets used to form the seal may increase the ability of

the plug to transmit water. Incomplete tablet swelling was observed

in one of the tubes used in constant injection testing of the

distilled water and Ogallala groundwater systems. Unfortunately, the

specific tube was not determined. The remnants of the plug containing

the partially swelled tablets was not observed until all six plugs

used in testing had been sampled and completely removed from the PVC

tubes. The partially swelled tablets had the same shape as the dry

tablets. Figure 6.1 is a photograph of the partially swelled tablets

making up a part of one of the plugs used in constant pressure

injection testing. The partially swelled tablets can be compared to

the original dry tablets also present in the photograph.

In addition to incomplete tablet hydration, nonuniform plug

characteristics can have a significant effect on the hydraulic

conductivity of bentonite plugs. Voids in the plug caused by

nonuniform tablet hydration and swelling may contain water, air or a

combination of both. Water-filled voids could serve as fluid

reservoirs, thereby promoting further hydration and swelling of the

tablets. The additional swelling would decrease the volume of the

voids and, consequently, the hydraulic conductivity. Air-filled voids

would be expected to behave as air bubbles do in porous media; the

bubbles would restrict the flow of water through the plug, resulting

in decreased hydraulic conductivity. Voids containing both water and
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Figure 6.1 Partially swelled bentonite tablets which make up one of
the plugs used in constant pressure injection testing.
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air would be expected to promote swelling and restrict water

transmission capabilities of the plug.

Voids resulting from nonuniform tablet hydration and swelling

were observed along the plug-housing interface in all the bentonite

plugs constructed for this study. It is uncertain whether these voids

were present in the interior of the plugs. When the plugs were

sampled, no evidence of voids was observed; however, the technique

employed for sampling may have closed any voids present.

6.2.2 Ogallala Groundwater System

Three bentonite plugs, hydrated with water from the Ogallala

aquifer in northern Texas, were tested over a period of approximately

four months using an Ogallala groundwater permeant under pressures of

5, 10 and 20 psi. Approximately one month was allowed for testing at

each pressure.

The clay tablets were allowed to hydrate and swell as

described in Section 6.2.1. The time required to achieve an

unchanging free swell in the Ogallala groundwater system was

approximately five days less than that required for the distilled

water system. However, the confining sand layer was not added until

the 20th day. The final average plug height was 13.5 cm (5.3 inches).

This represents a plug which is 2.5 cm (1 inch) shorter than those

constructed using distilled water as a hydrating fluid.

Swelling in montmorillonites is essentially a two-step

process. In the first step, known as interlayer or intracrystalline

swelling, the montmorillonite takes up to 2 to 4 monolayers of water
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between the unit layers, resulting in, at most, a doubling of the

volume of the dry clay. The swelling process continues with the clay

adsorbing an amount of water many times the volume of the original

clay. The additional swelling is a result of the double-layer

repulsion between the surfaces of the individual clay particles, which

pushes them apart. This swelling is known as osmotic swelling since

the water tends to equalize the high concentrations of ions between

two particles, which are so close together that their double layers

overlap, and the low concentration of ions far away from the particle

surfaces in the bulk solution (van Olphen, 1963, pp. 147-152).

The Ogallala groundwater, having a higher concentration than

the distilled water, compressed the double layer, thereby reducing the

range at which particles are repelled. This caused the reduction in

swelling observed for the Ogallala groundwater plugs with respect to

the distilled water plugs.

An independent experiment designed to determine the effect

distilled water and Ogallala groundwater have on the free swell of the

bentonite tablets used in this study was conducted. The test

apparatus consisted of two 250 ml graduated cylinders. One cylinder

contained 170 ml of distilled water and the other contained 170 ml of

Ogallala groundwater. Twenty bentonite tablets were added to each

cylinder. The initial volume of the tablets was noted and the

cylinders were sealed with Parafilm to prevent evaporation. The

initial tablet volume was 57 ml. After 20 days the tablets being

hydrated with distilled water had expanded to a volume of 120 ml,
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while the tablets being hydrated with the groundwater had expanded to

a volume of 95 ml. The free swell was calculated using (Holtz and

Kovacs, 1981, p. 189):

FREE SWELL = (FINAL VOLUME - INITIAL VOLUME)/INITIAL VOLUME

and expressed as a percent. The distilled water tablets had a free

swell of 111%. The Ogallala groundwater tablets only showed a free

swell of 67%.

Hydraulic conductivities calculated from measured outflow

average approximately 10
-9 cm/sec for all three plugs. Figures A.1

through A.12 (Appendix A) show the change of hydraulic conductivity

over Lime. The hydraulic conductivity is expressed as a multiplier of

10
-8 cm/sec and time is measured in days. Table 6.4 summarizes the

results of hydraulic conductivity testing on the three plugs for each

pressure increment. The hydraulic conductivity values reported for

the Ogallala system represent unadjusted flow volumes; therefore, the

actual hydraulic conductivity values may be smaller.

Table 6.5 summarizes the results of hydraulic conductivity

testing on the three plugs for each pressure increment for the last 16

days of testing. These values are slightly lower than those shown in

Table 6.4 and may be more representative of the system after an

equilibrium condition has been established.

The hydraulic conductivity plots for the Ogallala system show

similar initial conductivity peaks at the beginning of each pressure

increment as was observed for the distilled water system. These peaks
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Table 6.4 Summary of Hydraulic Conductivity Testing of Bentonite
Plugs Using an Ogallala Groundwater Permeant

Pressure	 Hydraulic Conductivity (cm/sec)
(psi)	 Tube #1	 Tube #2	 Tube #3	 System 

5	 7.3 x 10
-9

8.9 x 10
-9

9.2 x 10
-9

8.5 x 10
-9

10	 7.8 x 10
-9

8.4 x 10
-9

9.0 x 10
-9

8.4 x 10
-9

20	 5.2 x 10-9	6.0 x 10-9	6.4 x 10-9	5.8 x 10-9

Table 6.5 Summary of the Final 16 Days of Hydraulic Conductivity
Testing of Bentonite Plugs Using an Ogallala Groundwater
Permeant

Pressure	 Hydraulic Conductivity (cm/sec)
(Psi)	 Tube #1	 Tube #2	 Tube #3	 System 

5	 6.5 x 10
-9

6.6 x 10
-9

7.5 x 10
-9

7.1 x 10
-9

10	 6.4 x 10
-9 6.7 x 10

-9
7.9 x 10

-9
7.0 x 10

-9

20	 5.2 x 10-9	4.7 x 10-9	5.2 x 10-9	5.0 x 10-9
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may be due to relatively high consolidation drainage. The mass

balance plots shown in Figures B.13 through B.24 (Appendix B) seem to

support this. Generally, the measured outflow volumes and conse-

quently the calculated hydraulic conductivities for the Ogallala

system are smaller than those observed for the distilled water

system. This would appear to contradict what is expected, based on

diffuse double layer theory and flocculation properties.

The clay tablets were hydrated with a solution having a high

total salt content with respect to distilled water. The sodium and

calcium concentrations were approximately 1.7 meq/1 and 2.2 meq/l,

respectively. Total solution concentration was 12 meq/1. Under these

conditions, the diffuse double layer should be compressed, resulting

in larger pore volumes. The solution would also tend to cause greater

flocculation of clay particles than the distilled water, also

resulting in larger pore volumes. However, hydraulic conductivities

in the Ogallala system are smaller than those observed for the

distilled water system. It is possible that suspended matter in the

unfiltered groundwater lodged in the clay pore spaces when the tablets

were hydrated, thereby blocking the water conducting channels in the

clay. Additional particles may have been introduced by the permeant

during the testing process. However, due to particle settling in the

reservoirs, this addition should be minimal. The particle count

distribution conducted on both the distilled water and the Ogallala

groundwater would appear to support channel blockage by colloidal

matter in the permeant. Channel blockage by colloidal matter could
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effectively reduce the hydraulic conductivity, thereby explaining the

apparent discrepancy in conductivity values between the distilled and

groundwater systems.

The hydraulic conductivity results reported in Table 6.4 show

nearly identical conductivity values for test pressures of 5 and 10

psi. When the test pressure was increased to 20 psi the hydraulic

conductivity decreased approximately 30 percent. This decrease may be

due to a process proposed by Rowell et al. (1969). They showed that

the solution concentration at which clay disperses depends on the

mechanical stress applied. Application of sufficient mechanical

stress to a clay can cause dispersion at solution concentrations not

normally associated with dispersion. This may explain the 30 percent

decrease in hydraulic conductivity when the pressure was increased

from 10 to 20 psi.

Another possible explanation for the observed hydraulic

conductivity behavior of the distilled water and the Ogallala

groundwater systems is based on the original plug heights of each

system. The average plug height for the Ogallala groundwater system

was 2.5 cm (1 inch) shorter than that for the distilled water system.

The total plug volume for the Ogallala system was less than that for

the distilled system, suggesting that the volume of voids may also be

reduced in the Ogallala system. Consolidation processes in the

groundwater plugs may not have been as sensitive as those in the

distilled water plugs at 5 and 10 psi. When 20 psi was applied, the
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hydraulic conductivity in the groundwater plugs decreased, indicating

that significant consolidation had occurred.

It is likely that a combination of at least the three

mechanisms presented above is responsible for the differences in the

hydraulic conductivity behavior of the distilled water and Ogallala

groundwater systems.

The mass balance plots for the Ogallala system show similar

influent and effluent peaks at the start of testing for each pressure

increment as was observed with the distilled water system. A

relatively large difference exists between the peaks initially, but

within two to three days of testing, this difference is minimized,

suggesting that a new equilibrium condition has been attained.

The effluent curve for plug 1 at 20 psi in Figure B.21

(Appendix B) shows very unusual behavior when compared to the effluent

curves for the other plugs. The effluent curve for plug 1 shows

decreasing outflow volumes beginning on day 3, and continuing until

day 11. The volumes increase until day 15 at which time a general

decreasing trend is observed. On day 19, the decreasing trend

reverses and on day 20 a maximum outflow volume of 13.4 cm
3
 is

measured. A decreasing trend is then observed and continues until day

28. Beginning on day 28, the influent and effluent curves closely

parallel each other. No calculation errors were noted in the daily

log. The relatively slow decreasing trend of the effluent curve

followed by a sudden large increase in outflow volume seems to suggest

that some type of restriction may have occurred either within the clay
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plug or in the collection device, causing a pressure buildup in the

system. When the buildup became sufficiently large, the restriction

was cleared and an equilibrium condition similar to that observed in

tubes 2 and 3 was established. The blockage may have been due to clay

particle dispersion and migration, as described by Rowell et al.

(1969) and Hunt et al. (1985).

The final moisture content of each plug was determined at the

end of constant pressure injection testing. Sampling was conducted as

described in Section 6.2.2. Table 6.6 summarizes the final moisture

'content of the three plugs throughout their lengths. A moisture

gradient is present in each plug. The moisture content at the upper

clay-sand interface ranged from 397% in plug 3 to 476% in plug 2. The

median value was 424%. A fluid layer similar to the one described in

Section 6.2.2 was present at the upper clay-sand interface of the

Ogallala groundwater plugs. Upon removal of the confining layer of

sand from the plug housing, a fluid layer of clay approximately 2.5 cm

(1 inch) deep was observed. The upper half of this layer had mixed

with the sand column. This mixture of clay and sand retained its

shape and position in the plug housing after the sand column had been

removed and the plug housing was placed on its side. When the

clay-sand mixture was removed, the remaining layer of fluidized clay

flowed from the more cohesive plug.

The moisture contents at the midsections of the plugs ranged

from 149% in plug 3 to 165% in plug 1. The median value was 159%.
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Table 6.6 Summary of the Moisture Content of Each Bentonite Plug
After Constant Pressure Injection Testing of the
Ogallala Groundwater System

Sample
Location

Moisture Content ( L)
Tube #1	 Tube #2 Tube #3

Upper Interface 398 476 397

Midsection 165 163 149

Lower Interface 105 127 103
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The moisture content at the lower clay-sand interface ranged from 103%

in plug 3 to 127 % in plug 2. The median value was 112%.

Major differences observed between the Ogallala groundwater

and distilled water systems included reduced swelling, moisture

content, and hydraulic conductivity values. A fourth difference was

also observed, or more precisely, smelled. Upon removing the end caps

from the plug housing, a very strong "rotten egg" smell, indicative of

hydrogen sulfide, permeated the laboratory. Each plug contributed to

the smell. The concentration was not determined. The hydrogen

sulfide may have formed from the sulfate present in the groundwater.

In the presence of certain bacteria, sulfate may be reduced to

hydrogen sulfide. The bacteria use the oxygen tied up in the sulfate

ligand when free oxygen or oxygen associated with nitrate is not

available (Montgomery, 1985, p. 22).

6.2.3 High Calcium Concentration System

Three bentonite plugs, each having a different initial

moisture content, were tested over a 44-day period using a 1000 ppm

calcium permeant at approximately 2.5 psi. The plugs used in this

phase of testing were constructed using bentonite of a given moisture

content. The clay was prepared as described in Section 5.2.2. The

experimental apparatus and plug construction are also described in

Section 5.2.2.

Hydraulic conductivities calculated from measured outflow

range from approximately 10
-9 cm/sec for the plug having an initial
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moisture content of 75%, to 10
-8 

cm/sec for the plug having a 125%

initial moisture content. Figures A.13 through A.15 (Appendix A) show

the change of hydraulic conductivity over time for each plug. The

hydraulic conductivity is expressed as a multiplier of 10
-8 

cm/sec

and the time is measured in days. Table 6.7 summarizes the results of

hydraulic conductivity testing of the three plugs. The hydraulic

conductivity values reported for this phase of testing were calculated

from unadjusted outflow volumes; therefore, the actual hydraulic

conductivity values are likely to be smaller than those reported.

Table 6.8 summarizes the results of hydraulic conductivity testing for

the last 16 days of the test period. These values may be more

representative of the plugs because they do not include the high

initial effluent volumes which were attributed to plug consolidation.

With the exception of the 125% plug, relatively high hydraulic

conductivity values were observed on the first day of testing. The

plug housing containing the 125% moisture content plug had a

significant leak around the swagelok fitting in the lower end cap.

This tube was pressurized, causing the clay to consolidate, but no

outflow was measured because of the leak. This tube was isolated from

the other tubes, repaired and was back on-line seven days later. The

high conductivity, influent and effluent peaks were observed when the

system is brought back on-line. However, they are not as large as

those observed from the other two tubes. The plug housing containing

the 75% moisture content plug also experienced a leak. This leak was

located around the swagelok fitting in the upper end cap and was much
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Table 6.7 Summary of Hydraulic Conductivity Testing of Bentonite
Plugs Using a 1000 ppm Calcium Permeant

Initial Moisture Content	 Average Hydraulic Conductivity
	(%)	 (cm/sec) 

	

75
	

6.35 x 10-9

	100
	

9.17 x 10-8

	

125
	

1.3 x 10-8

Table 6.8 Summary of the Final 16 Days of Hydraulic Conductivity
Testing of Bentonite Plugs Uting a -1000 ppm -Galcium

Permeant

Initial Moisture Content	 Average Hydraulic Conductivity

	(%)	 (cm/sec) 

	75
	

4.2 x 10-8

	100
	

5.9 x 10-8

	

125
	

1.2 x 10-8
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smaller than that in the 125% plug assembly. Consequently, this tube

was off-line from days 3 through 7. When it was brought back on-line,

relatively large conductivity, influent and effluent peaks were

observed.

Figures B.25 through B.27 (Appendix B) show the mass balance

plots for all three plugs. These plots show relatively constant

influent and effluent curves. The 125% plug shows a large influent

peak on day 27, which is very similar to the effluent curve for the

Ogallala groundwater system at 20 psi shown in Figure B.21. The two

peaks may have similar causes. The mass balance plots show very

minimal differences between the influent and effluent curves after the

first two to three days of testing. This suggests that an equilibrium

state has been achieved for the testing pressure.

A relationship between moisture content and hydraulic

conductivity is apparent from Tables 6.7 and 6.8. The hydraulic

conductivity is smallest for the 75% plug and greatest for the 125%

plug. According to Lambe and Whitman (1969, p. 292), the degree of

saturation of a soil has an important influence on its permeability;

the higher the degree of saturation, the higher the permeability.

They warn, however, that the apparent relationship between the two may

not be unique because of the great influence of the soil matrix. The

data presented in Tables 6.7 and 6.8 suggest that the apparent

relationship between the degree of saturation and hydraulic

conductivity could be extended to include a relationship between

moisture content and hydraulic conductivity.
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The soil matrix is one of the most influential soil

characteristics affecting the hydraulic conductivity of a fine-grained

soil. Other significant factors include soil composition and grain

size. Lambe and Whitman (1969, p. 291) compared soil samples at the

same void ratio and found that the soil which is in the most

flocculated state will have the highest conductivity, and the one in

the most dispersed state will have the lowest conductivity. In a

flocculated soil, some large channels are available for flow. One of

these channels is able to transmit more water than a number of small

channels having the same total channel area.

The final moisture content of the bentonite plugs was

determined as described in Section 6.2.1. Table 6.9 summarizes the

final moisture content of each plug throughout their lengths. A

moisture gradient is present in plugs 2 and 3. Plug 1 has a uniform

moisture content.

Throughout the 44-day test period, a relationship between

moisture content and hydraulic conductivity was observed for each

plug. However, the primary objective, initiating cation exchange, may

not have been achieved. Had sodium ions adsorbed on the clay mineral

surfaces been replaced by calcium, the hydraulic conductivity should

have increased. The volume of permeant injected into each plug

housing was insufficient to displace the distilled water originally

occupying the pore spaces within the bentonite plugs and collection

reservoirs.
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Table 6.9 Summary of the Moisture Content of Each Bentonite Plug
After Constant Pressure Injection Testing of the
1000 ppm Calcium System

Sample
Location

Moisture Content M
Tube #1	 Tube #2 Tube #3

Upper Interface 126 143 218

Midsection 125 134 188

Lower Interface 128 130 171
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An approximate pore volume of 21 cm
3 
was calculated for the

bentonite plug using a plug volume of 53 cm
3 
and an estimated porosity

of 40 percent. Davis (1969, pp. 54-89) gives typical porosity values

for clay ranging from 40 to 70 percent. The pore volume of the

collection reservoir was 25 cm
3
. The daily log showed 26, 44 and 57

ml of effluent collected from the bentonite plugs having moisture

contents of 75, 100 and 125 percent, respectively. With the exception

of the plug having a moisture content of 125 percent, the volume of

effluent collected is not sufficient to replace the original pore

water within each plug. It is also unlikely that the 1.2 pore volumes

collected from the bentonite plug having a moisture content of 125

percent was adequate to achieve significant cation exchange.

Increasing the test period would be necessary for significant cation

exchange to occur in the bentonite plugs under the given test

conditions. Increasing the injection pressure may shorten the testing

period; however, the probability of puncturing the bentonite plugs

would also increase.

A chemical analysis performed on the influent and effluent

near the end of the test period showed similar calcium concentrations

in each fluid, indicating that cation exchange or channeling had

occurred. However, the small injection volumes and the relatively

constant hydraulic conductivity observed in each plug do not support

either of these possibilities. Contamination of the sample during the

chemical analysis is a more probable explanation.
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6.2.4 Low Calcium Concentration System

Three bentonite plugs were tested using a 45 ppm calcium

permeant over a 55-day period under pressures of 2.5 psi. Plug

construction, experimental procedures, and the test apparatus are

described in Section 5.2.3.

Hydraulic conductivities calculated from measured outflow

average approximately 10
-8 

cm/sec. Figures A.16 through A.19

(Appendix A) show the change of hydraulic conductivity over time. The

hydraulic conductivity is expressed as a multiplier of 10
-8 cm/sec and

time is measured in days. Table 6.10 summarizes the results of

hydraulic conductivity testing on the three plugs. It also shows an

average hydraulic conductivity value for the three plugs over the

testing period. The hydraulic conductivity values presented in

Figures A.19 through A.22 and in Table 6.10 were calculated from

unadjusted outflow volumes.

Relatively high hydraulic conductivity peaks were observed on

the first day of testing. These peaks were discussed in Section

6.2.1. With the exception of plug 1, the hydraulic conductivity

curves are nearly constant after the first few days of the test

period. Plug 1 exhibits a trend of slow decreasing conductivity

values followed by an abrupt increase. The cycle is then repeated.

The cause for this behavior was attributed to a leaky fitting in the

lower end cap. When the water level in the collection buret was at

the zero reference height, very little water was lost through the

leaky fitting. Water flowing through the plug entered the collection
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Table 6.10 Summary of Hydraulic Conductivity Testing of Bentonite
Plugs Using an 45 ppm Calcium Permeant

Tube # Hydraulic Conductivity (cm/sec)

1 1.4 x 10-8

2 2.0 x 10-8

3 1.4 x 10-8

System 1.6 x 10-8

Table 6.11 Summary of Hydraulic Conductivity Testing of Bentonite
Plugs Using an 45 ppm Calcium Permeant After Repairing
Tube #1

Tube # Hydraulic Conductivity (cm/sec)

1 1.7 x 10-8

2 2.0 x 10-8

3 1.4 x 10-8

System 1.7 x 10-8
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apparatus, thereby increasing the water level in the buret. As the

level rose, more water was lost through the fitting. When the burets

were emptied, higher outflow volumes were measured. The calculated

hydraulic conductivities reflect the effect of the leaky fitting. On

day 38, tube 1 was isolated from the remainder of the system and the

leaky fitting was replaced. The tube was brought back on-line two

days later. The hydraulic conductivity values became constant and

similar to those for tubes 2 and 3. Table 6.11 presents the hydraulic

conductivity values for the system after the leak was repaired.

The hydraulic conductivities shown in Tables 6.10 and 6.11 may

not reflect the influence of the calcium permeant on the conduc-

tivities of the bentonite plugs. The hydraulic conductivity of each

plug, shown in Figures A.19 to A.22, are relatively constant for the

duration of the test. Had the permeant influenced the hydraulic

conductivity of the bentonite plugs tested, significant changes in the

conductivity should have been observed. It is also possible that no

significant conductivity changes will occur in the bentonite plugs as

a result of constant pressure injection testing of the plugs using a

45 ppm calcium permeant. A longer testing period would therefore be

required to adequately determine whether a 45 ppm calcium permeant has

a significant influence on the hydraulic conductivity of the bentonite

plugs tested in this study.

Figures B.28 through B.31 (Appendix B) are mass balance plots

for the test period. Relatively high influent and effluent peaks

similar to those observed previously are present. The influent and
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effluent curves for tube 2 converge after approximately 3 days. No

convergence is observed in tube 1 until after the leak was repaired.

The curves for tube 3 appear to converge very slowly. The behavior of

the mass balance curves for plug 3 suggest that water may be escaping

from the collection apparatus. However, no leak was detected.

The final moisture contents of the plugs were determined as

described in Section 6.2.1, with one exception - only the upper and

lower clay-sand interfaces were sampled. Table 6.12 presents the

final moisture content of the plugs throughout their lengths. A

moisture gradient is observed in each plug. The moisture content of

plug 3 is considerably less than that of plugs 1 or 2, suggesting a

reduced injection volume to this plug. This may explain the

relatively large differences between the effluent and influent curves

for plug 3 with respect to plugs 1 or 2. The hydraulic conductivities

are least for the tube having the smallest moisture content and

highest for the tube with the largest moisture content.

6.2.5 Low Sodium Concentration System

Three bentonite plugs were tested using a 39 ppm sodium

permeant over a 54-day period under pressures of approximately 2.5

psi. Plug construction, experimental procedures, and the testing

apparatus are described in Section 5.2.3.

Hydraulic conductivities calculated from measured outflow

average approximately 10
-8 cm/sec. Figures A.23 through A.25

(Appendix A) show the change of hydraulic conductivity over time. The

hydraulic conductivity is expressed as a multiplier of 10
-8 

cm/sec and



128

Table 6.12 Summary of the Moisture Content of Each Bentonite Plug
After Constant Pressure Injection Testing of the
45 ppm Calcium System

Sample	 Moisture Content ( t)
Location	 Tube #1	 Tube #2	 Tube #3

Upper Interface 400 425 294

Midsection 336 387 270

Lower Interface 368 406 282

Table 6.13 Summary of Hydraulic Conductivity Testing of Bentonite
Plugs Using a 39 ppm Sodium Permeant

Tube if

la

2'

3

Average Hydraulic Conductivity
(cm/sec) 

8.1 x 10-9

1.7 x 10-9

aSmall leak observed in collection assembly.

bPlu g failed upon application of pressure.



129

time is measured in days. Table 6.13 summarizes the results of

hydraulic conductivity testing on the three plugs. It also shows an

average hydraulic conductivity value for the three plugs over the

testing period. The hydraulic conductivity values presented in

Figures A.20 through A.22 and in Table 6.13 were calculated from

unadjusted outflow volumes.

Relatively high hydraulic conductivity peaks were observed on

the first day of testing. These peaks were discussed in Section

6.2.1. This experiment suffered numerous casualties throughout the

test period. Plug 2 failed as soon as pressure was applied to the

system, possibly because of an inadequate seal between the plug and

the PVC tube wall, or due to a weak spot or fault in the plug that

failed under pressure, and was taken off-line. Additionally, a small

leak was detected around the swagelok fitting in the lower end cap of

tube 1. All attempts to seal the leak failed, resulting in

considerably smaller outflow measurements. This tube remained on-line

in spite of the small leak. The hydraulic conductivity values

reported for plug 3 were nearly constant after the first four to five

days of testing.

Approximately 1.7 and 3.3 pore volumes were collected from

plugs 1 and 3, respectively. The volume collected from plug 1 is

obviously suspect because of the leak in the plug housing's lower end

cap and will not be considered in this discussion. The duration of

hydraulic conductivity testing may not have been adequate for

significant permeant affects to occur. However, significant
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conductivity changes may not occur because cation exchange would not

be expected to occur with the sodium permeant used in this study.

Figures B.32 through B.34 (Appendix B) are mass balance plots

for the test period. Relatively high influent and effluent peaks are

present on the first day of testing. These curves converge after

approximately 12 days for tube 3.

The final moisture contents of the plugs were determined as

described in Section 6.2.1. Sampling was limited to the upper and

lower clay-sand interfaces. Table 6.14 presents the final moisture

content of the plugs throughout their lengths. A moisture gradient is

present on both plugs. The moisture content and the nearly identical

influent and effluent volumes for plug 3 suggest it has attained an

equilibrium state corresponding to the test conditions.

6.3 Consolidation Testing 

Section 5.3 describes the objectives, analysis and procedures

used to determine the consolidation performance of the bentonite

plugs. Three plugs, constructed from bentonite tablets hydrated with

Ogallala groundwater, were consolidated at 5, 10 and 20 psi. The

plugs were consolidated at 5 psi for 24 days, 10 psi for 30 days, and

30 psi for 10 days. With the exception of the 30 psi consolidation

period, these time periods correspond to the duration of constant

injection testing for the Ogallala system. The plugs were consoli-

dated at 20 psi for 10 days because of a failure in one or all of the

plugs between the tenth and eleventh day of testing. Consolidation

was measured as the volume of water drained from the plugs.
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Table 6.14 Summary of the Moisture Content of Each Bentonite Plug
After Constant Pressure Injection Testing of the
Distilled Water System

Sample	 Moisture Content ( L)

Location	 Tube #la	 Tube #2b	 Tube #3

Upper Interface 318 304

Midsection 111 293

Lower Interface 215 299

aSmall leak observed in collection assembly.

bPlug failed upon application of pressure.
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Consolidation is usually analyzed by plotting the deformation

of the sample against the logarithm of time (Casagrande, 1936). From

this plot, graphical methods are used to estimate the coefficient of

consolidation by approximating the time required for 50 or 90% of

total consolidation (Lambe and Whitman, 1969, pp. 408-412; Holtz and

Kovacs, 1981, pp. 395-402). These methods utilize the change in slope

of the deformation versus logarithm of time plot as primary

consolidation approaches its limit.

The oedometer test described in Section 4.4.2 is the

conventional test used to measure consolidation. It measures sample

deformation using a linear deformation gage. Linear displacement

should be proportional to volumetric change, and a similar change in

slope should be observed in an outflow volume against the logarithm of

time plot. Figures C.1 through C.3 (Appendix C) show the average

drained outflow volumes plotted against the logarithm of time for the

three plugs at each pressure increment. The curves show no flattening

of the slope.

Another method of analyzing consolidation is to plot the

deformation of the sample against the square root of time (Taylor,

1948, pp. 238-242; Holtz and Kovacs, 1981, pp. 400-402). A similar

flattening of the slope should occur which allows approximating the

time necessary to achieve a given percentage of consolidation.

Figures C.4 through C.14 (Appendix C) show outflow volumes plotted

against the square root of time for the three plugs at each pressure

increment. No flattening of the slope occurs.
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The primary objective of this testing is to estimate what

volume of flow can be expected under a given pressure that can be

attributed to consolidation processes. This volume is then subtracted

from the total measured outflow volume from constant injection

testing. The outflow due to consolidation is obtained from outflow

volume versus time plots. The expression for hydraulic conductivity

under constant head is

K	 QTL/Aht	 (6.1)

The expression after accounting for consolidation becomes

K	 (Q
T 

- Q
c
)L/Aht	 (6.2)

where Q
c 

is the volume drained by consolidation.

Figures C.4 through C.14 show the relationship of volume

drained to the square root of time at each test pressure increment. A

significant difference is observed between the plots resulting from 5

psi and those for 10 and 20 psi. The plots representing consolidation

at 10 and 20 psi are approximately straight line plots with

correlations of 0.96 and 0.99, respectively. The consolidation plot

for 20 psi may have the better correlation of the two because of its

substantially reduced testing period. The consolidation plot for

testing at 5 psi shows a curved plot. This difference may be due to

an interruption in testing occurring on day 7 and continuing through

day 10, because of an empty nitrogen bottle.
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The coefficient of consolidation will normally vary with

pressure used to achieve consolidation (Terzaghi, 1943, p. 271). This

results from the relationship between pressure and consolidation

limits. The consolidation coefficient is calculated for each pressure

applied, assuming that consolidation has essentially ended (Holtz and

Kovacs, 1981, p. 291). The consolidation plots illustrated in Figures

C.1 through C.14 (Appendix C) show no indication that consolidation is

approaching a limit.

The volume of water drained from the plugs due to consoli-

dation processes can be determined directly from the consolidation

plots. These values when used in Equation (6.2) gave negative

hydraulic conductivity values. This suggests that no real flow

occurred through the plug. Further examination of Equation (6.2)

indicates that the only way to obtain a negative hydraulic

conductivity value is if Qc 
is larger than Q

T .

 Based on mass balance

principles, this is impossible. The values for Qc obtained from the

consolidation plots were indeed larger than the total measured outflow

volumes from the constant injection tests. This suggests rather

strongly that this adjustment is not feasible using this type of

test. Therefore, all calculated hydraulic conductivity values

obtained from constant injection testing used unadjusted outflow

volumes in Darcy's law.

Consolidation can also be estimated by comparing the plug

heights at the start of testing with the plug heights at the end of

testing for each pressure increment. Table 6.15 summarizes
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Table 6.15 Summary of Results Obtained from Consolidation Testing of
Bentonite Plugs

Tube
#

Applied
Pressure
(Psi)

Initial
Height
(cm)

Final
Height
(cm)

Percent
Consolidation

1 5 13.4 13.0 97

2 5 13.5 13.1 97

3 5 13.2 12.9 98

1 10 13.0 12.4 95

2 10 13.0 12.1 93

3 10 13.1 12.1 92

1 20 12.8

2 20 12.9

3 20 12.7
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consolidation estimates from measuring the differences in plug heights

at each pressure increment. The consolidation is expressed as a

percent of the original height. The percent consolidation shown for

the plugs consolidated at 5 psi may be in error, since the test was

interrupted for several days, allowing the plugs to rebound. Also,

the consolidation value shown for the plugs consolidated at 20 psi

only represents 10 days of testing. The plug height estimate for

consolidation should be considered less accurate than the volumetric

estimate, since the plug heights are only measured between two

reference points established before testing began. The volumetric

estimate more accurately reflects the volume of the plug being

compressed.

The volumetric testing method, as used in this study, is not

problem-free. Leaks in the tubes are the most obvious problems. A

leak on the pressurized side of the plug drains the nitrogen bottle

very rapidly. Lower than expected consolidation pressures may also

result. A leak on the collection side of the plug may result in low

consolidation estimates. Other problems pertaining directly to the

use of pressurized nitrogen to consolidate the plugs should also be

considered.

Examination of the plugs during consolidation testing showed

that small surface cracks had formed after approximately 15 days of

testing at 5 psi. The plug surfaces had also become very dry. The

drying may have resulted from plug drainage, suggesting that

consolidation drainage occurred from the top of the plug and continued
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through the plug length. When testing at 5 psi ended, 80 ml of

Ogallala groundwater was added to each plug. Within 24 hours no water

was visible on the plug surface and the cracks had closed. Testing at

10 psi commenced. The surface cracks reappeared within 11 days. Plug

drying was also observed. At the end of consolidation at 10 psi, the

cracks were visible to a depth of approximately 5.5 cm (3 inches).

The original plug heights were approximately 7.6 cm (5 inches). The

cracks were approximately 0.25 to 0.32 cm (1/10 to 1/8 inch) wide.

The cracks closed again when 100 ml of water was added to each tube.

Testing at 20 psi resulted in similar cracks. Figure 6.2 shows the

cracks which formed in the bentonite plugs during consolidation

testing.

The formation of cracks in bentonite plugs during

consolidation testing may influence the overall reliability of the

test. In the standard oedometer test, a plate covering the entire

surface area of the sample is used to apply a uniform load to the

sample. Gas pressure applied directly to bentonite plugs for

consolidation purposes may not be distributed uniformly over the

surface of the plugs if cracks are present. The pressure may

concentrate in the crack and, over time, penetrate the plug. Until

the plug is penetrated, nonuniform consolidation may occur.

6.4 Transient Pulse Testing

Transient pulse testing was conducted on the plugs constructed

for constant pressure injection testing of both the distilled water

and Ogallala groundwater systems. Section 6.4.1 presents the results
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Figure 6.2 The cracks which formed in the bentonite plugs during
consolidation testing.
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of transient testing of the distilled water and Ogallala groundwater

systems.

6.4.1 Distilled Water and Ogallala Groundwater Systems

Sections 4.3.2 and 5.3 describe the objectives, analysis and

procedures used in transient pulse testing of bentonite plugs.

Transient testing was conducted prior to any constant pressure

injection testing.

Hydraulic conductivities determined from transient testing

ranged from 10
-11 

to 10
-12 

cm/sec for the distilled water and Ogallala

groundwater plugs. Figures D.1 through D.8 (Appendix D) show the

decay of hydraulic head in the upstream reservoir over time. These

experimental data curves closely approximate the theoretical type

curve obtained from the early time approximation. Figure D.9

illustrates the type curve for the early time solution. Table 6.16

summarizes the results of transient pulse testing for the distilled

water and Ogallala groundwater systems. The average conductivity

value for the distilled water system is 1.9 x 10
-11 

cm/sec and 2.5 x

-11
10 cm/se for the Ogallala groundwater system. The conductivity

values for both systems are essentially the same.

The hydraulic conductivity values reported in this study for

transient pulse testing of bentonite plugs are several orders of

magnitude less than the values obtained from constant injection

testing of the same plugs. However, these values are at the lower end

of conductivity values reported in the literature. The disparity

between the hydraulic conductivity values obtained from constant
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Table 6.16 Summary of Hydraulic Conductivity Results of Transient
Pulse Testing of the Distilled Water and Ogallala
Groundwater Systems

Test
Hydraulic Conductivity (cm/sec)

Tube #1	 Tube #2	 Tube #3

Distilled Water System:

1 4.0 x 10-12 9.5 x 10-12 1.6 x 10-11

2 2.2 x 10-11 2.0 x 10-11 2.4 x 10-11

3 1.2 x 10-11 5.0 x 10-12 6.0 x 10-11

Ogallala Groundwater System:

1 2.3 x 10-11 6.4 x 10-11 9.0 x 10-11

2 2.5 x 10-12 8.6 x 10-12 1.4 x 10-11

3 6.8 x 10-12 9.1 x 1012 8.7 x 10-12

Table 6.17 Summary of Specific Storage and Compressive Storage
Determined from Transient Pulse Testing of the
Distilled Water and Ogallala Groundwater Systems

Compressive Storage,
Specific Storage	 Upper Reservoir

System	 (cm1)	 (cm2) 

Distilled	 7.1 x 10-3	9.2 x 10-3
Water

Ogallala	 3.4 x 10-2	3.7 x 10-2
Groundwater
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injection and transient testing methods may not be as great if the

outflow volumes are adjusted for consolidation processes in the

constant injection test. It is likely that some differences may still

exist after adjustments in the constant injection are made.

A second hydraulic property, the specific storage (Section

1.3), was determined for the bentonite plugs used in this study. The

Hsieh early time solution does not give an independent value for

specific storage. The product of hydraulic conductivity and specific

storage is calculated from the type curve matching method outlined by

Neuzil et al. (1981). If a value for p is known, Equation (4.15) can

be rearranged, allowing calculation of the specific storage of the

sample. The hydraulic conductivity of the sample can then be

calculated by substituting the specific storage value into Equation

(4.14). The compressive storage of the upper reservoir for both

systems was determined experimentally. The 0 value used in Equation

(4.15) was determined from the type curve of best fit with the decay

curves. A value of 1000 was used for p. Table 6.17 (previous page)

presents the specific storage and compressive storage values for both

the distilled water and Ogallala groundwater systems.

The specific storage value determined from transient pulse

testing for the Ogallala groundwater system was compared with a

theoretical value calculated from consolidation data and the equation

which defines specific storage. The specific storage of a material is

given by

S = Pg(c1 + 0)
	

(6.3)
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	where S
s	

specific storage,

a compressibility of the medium, and

fluid compressibility (Freeze and Cherry, 1979, p. 59).

The compressibility of the medium is given by (Freeze and

Cherry, 1979, p. 54):

a	 (-dV
T
 /V

T
 )/(da

e )
	

(6.4)

where v = the volume of the medium, and

	do
e	

the change in effective stress.

For cases where the total stress does not change with time, the

effective stress at any point in the system, and the resulting

volumetric deformations there are controlled by the fluid pressures a

that point (Freeze and Cherry, 1979, p. 53). Changes in the effective

stress at a point are given by

	

do
e 
= -pgd* -pgdh
	

(6.5)

where * is the pressure head and can be considered a constant at a

point. Equation (6.4) can be expressed as

a	 (db/b)/(pgdh)	 (6.6)

where b is the original plug height (Freeze and Cherry, 1979, p. 54).

If the deformation of the sample determined from the

independent consolidation test, described in Sections 5.3 and 6.3, is

used in Equation (6.6), the compressibility of the medium is estimated
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as 2 x 10
-6 

m
2/N. The specific storage is then calculated using

equation (6.3) and 4.4 x 10
-10

 m
2 
IN for the compressibility of water.

The porosity of the clay is estimated at 40 percent (Davis, 1969, pp.

54-89). Davis (1969) gives porosities for clays ranging from 40 to 70

percent. The theoretical specific storage is 2 x 10
-4 cm.

OneOne of the major assumptions made in determining the

compressibility of the medium is that a condition of hydraulic

equilibrium has been achieved. Hydraulic equilibrium is achieved when

the change in the pore pressure within the sample is zero. This

condition was not attained for the consolidation testing. If the

consolidation testing continued until hydraulic equilibrium was

established, the calculated specific storage of the bentonite may

approach the value obtained from the Hsieh solution.

Air bubbles trapped in voids within the clay plug can also

affect the results of transient pulse testing. Transient pulse

testing requires that a pressure slug or pulse be introduced to a

reservoir on one side of the material being tested. The decay of the

pressure pulse is monitored and the hydraulic properties of the

material are determined through curve matching techniques. Air-filled

voids can retard fluid flow in a material. Upon application of the

pressure pulse, the air bubbles can be expected to decrease, thereby

allowing for a greater fluid flow. As the pressure pulse decays, air

bubbles would expand, resulting in restricted fluid flow within the

material being tested. It is unclear what the overall effects air
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bubbles trapped within the test medium have on the decay curves and

the resultant hydraulic conductivities.



CHAPTER SEVEN

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary 

A laboratory program was conducted to determine the effects

permeants of differing chemical composition have on the hydraulic

conductivity of bentonite. The hydraulic conductivity of bentonite

was determined using two testing methods. The first, and most

traditional method is constant pressure injection testing. Constant

injection testing was conducted on bentonite plugs using five

different permeants. The second method used to determine the

hydraulic conductivity of bentonite was transient pulse testing.

The following investigations, experiments and analysis are

included in this study:

1} The structural arrangement and characteristics of

montmorillonite are discussed. Structural considerations include the

configuration and bonding of the unit layers constituting the

montmorillonite mineral. Cation exchange, isomorphic substitution,

diffuse double layer phenomenon, and swelling characteristics are also

discussed.

2) Significant characteristics of the bentonite used in this

study are presented.

3) Physical and chemical properties of permeants which affect

the hydraulic conductivity of bentonite are examined.

145
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4) Significant characteristics of the Ogallala groundwater

permeant are presented.

5) Three 4-inch diameter bentonite plugs are tested in the

laboratory to determine hydraulic conductivity using constant pressure

injection test methods and a distilled water permeant.

6) Three 4-inch diameter bentonite plugs are tested in the

laboratory to determine hydraulic conductivity using constant pressure

injection test methods and a groundwater permeant.

7) Three 4-inch diameter bentonite plugs are consolidated in

the laboratory using nitrogen.

8) Swelling characteristics of bentonite subjected to

distilled water and a groundwater are examined.

9) Constant pressure injection testing is conducted on

bentonite plugs having varying moisture contents using a high

concentration calcium solution.

10) Three 2-inch diameter bentonite plugs are tested in the

laboratory to determine hydraulic conductivity using constant pressure

injection test methods and a low concentration calcium solution.

11) Three 2-inch diameter bentonite plugs are tested in the

laboratory to determine hydraulic conductivity using constant pressure

injection test methods and a low concentration sodium solution.

12) Transient pulse testing is performed on the 4-inch

diameter bentonite plugs used in constant pressure injection testing

for both the distilled water and groundwater systems to determine the

hydraulic conductivity and specific storage of the clay.
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7.2 Conclusions 

The investigations and experiments described have been

completed and provide a basis for discussing the physical properties

of bentonite, permeant characteristics that affect the properties of

bentonite, and the methods used to determine them. The discussion

should be viewed as being specific to American Colloid Volclay

bentonite tablets, since commercial bentonite consists of a wide

variety of chemical and mineral compositions. It may not be adequate

to rely on generic bentonite studies when evaluating the suitability

of bentonite for a particular application. For instance, powdered

bentonite, because of its increased surface area, would in all

likelihood exhibit increased swelling when compared to the swelling

characteristics of bentonite tablets.

Although bentonite tablets provide a convenient means for

forming a low-permeability barrier, they have certain inherent

problems which may cause difficulties in subsequent performance

testing. Constructing a plug by dropping bentonite tablets through

water does not allow any control of plug density and homogeneity.

Visual inspection of bentonite plugs constructed in this manner

reveals nonuniform swelling resulting in formation of pockets or voids

within the plug. These voids may provide a flowpath that reduces the

water impedance capability of the plug. Incomplete tablet hydration

and swelling may also result from this method of plug construction.

Plug volumes can only be estimated prior to installation.

Final plug volumes are directly dependent on the availability of water
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to the tablets as well as the chemical composition and concentration

of the water. The tablets used in this study may retain some of their

air-filled void spaces even when hydrated. They are, therefore, not

completely saturated. The moisture content of the bentonite plugs

appears to be dependent on experimental conditions. Mass balance

plots suggest an equilibrium condition is achieved between the

bentonite plug and the injection pressure after relatively short

testing periods. Constant pressure injection testing of bentonite

also initiates consolidation drainage of the plugs. Adjustment of

outflow volumes used in Darcy's law to calculate hydraulic

conductivity may be necessary to account for this consolidation

drainage when constant pressure injection test methods are employed.

Constant pressure injection testing of bentonite plugs

constructed from American Colloid Volclay tablets hydrated with

distilled water and using a distilled water permeant resulted in

average hydraulic conductivities of 1.9 x 10
-8 

cm/sec at 5 psi,

1.5 x 10
-8 

cm/sec at 10 psi, and 1.0 x 10
-8 cm/sec at 20 psi. The

small decrease of hydraulic conductivity with increasing pressure

suggests consolidation processes may be a significant factor

influencing the hydraulic conductivity of the plug.

Similar testing of bentonite plugs constructed from American

Colloid Volclay tablets and hydrated with groundwater from the

Ogallala aquifer in northern Texas resulted in average hydraulic

conductivities of 8.5 x 10
-9 

cm/sec at 5 psi, 8.4 x 10
-9 cm/sec at

10 psi, and 5.8 x 10
-9 cm/sec at 20 psi. An overall decrease in
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hydraulic conductivity with increasing pressure was observed.

However, testing at 5 and 10 psi resulted in nearly identical

hydraulic conductivity values. Several mechanisms, including those

suggested by Frenkel et al. (1978) and Rowell et al. (1969) may be

responsible for the observed conductivity behavior of the Ogallala

bentonite plugs.

Frenkel et al. (1978) suggest that plugging of pores by

dispersed clay particles is a major cause of reduced soil hydraulic

conductivity. Rowell et al. (1969) showed that the solution

concentration at which clay disperses depends on the mechanical stress

applied. Application of sufficient mechanical stress to a clay can

cause dispersion at solution concentrations not normally associated

with dispersion.

A third mechanism may more fully explain the differences in

hydraulic conductivity behavior between the distilled water and

Ogallala groundwater systems. The reduced swelling of the Ogallala

groundwater system, when compared to the distilled water system,

resulted in smaller plug volumes and, consequently, reduced pore

volumes. These plugs were not as sensitive to lower injection

pressures and did not experience significant consolidation until 20

psi was applied. It is likely that at least these mechanisms are

responsible for the observed hydraulic conductivity of the bentonite

plugs used in the distilled water and Ogallala groundwater systems.

Hydraulic conductivities of the distilled water plugs were

expected to be lower than those for the groundwater plugs. However,
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this was not observed. A high particulate concentration in the

groundwater may account for these unexpected results. During plug

construction, colloidal matter present in the groundwater may have

lodged in flow channels, thereby restricting fluid flow.

Constant pressure injection testing of three distilled water

plugs using a permeant having an SAR of 0 and a total salt

concentration of 50 meq/1 (1000 ppm calcium) resulted in hydraulic

conductivities of 6.4 x 10
-9 

cm/sec for a plug having an initial

moisture content of 75%, 9.2 x 10
-9 cm/sec for a plug having an

initial moisture content of 100%, and 1.3 x 10
-8 

cm/sec for a plug

having an initial moisture content of 125%. These results suggest

moisture content may be a significant factor affecting the hydraulic

conductivity of the plugs for the given set of experimental conditions.

Throughout the 44-day test period, a relationship between

moisture content and hydraulic conductivity was observed for each

plug. However, the primary objective, initiating cation exchange, may

not have been achieved. Had sodium ions adsorbed on the clay mineral

surfaces been replaced by calcium, the hydraulic conductivity should

have increased. The volume of permeant injected into each plug

housing was insufficient to displace the distilled water originally

occupying the pore spaces within the bentonite plugs and collection

reservoirs. A chemical analysis performed on the influent and

effluent near the end of the test period showed similar calcium

concentrations in each fluid, indicating cation exchange or channeling
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had occurred. However, the small injection volumes and the relatively

constant hydraulic conductivity observed in each plug do not support

either of these possibilities. Contamination of the sample during the

chemical analysis is a more probable explanation.

Constant pressure injection of three distilled water plugs

using a permeant having a SAR of 0 and a total salt concentration of

2.2 meq/1 (45 ppm calcium) resulted in an average hydraulic

conductivity of 1.7 x 10
-8 

cm/sec. Similar testing of an additional

set of three plugs using a permeant having a SAR of co and total salt

concentration of 1.7 meq/9. (39 ppm sodium) also resulted in a

hydraulic conductivity of 1.7 x 10
-8 

cm/sec. Because of a plug

failure and excessive leakage in an additional tube, the hydraulic

conductivity reported for the 1.7 meq/1 (low sodium) system only

reflects one tube. It is also likely that the volume of permeant

injected into each plug housing during the 54 day test period was

insufficient to displace the distilled water originally occupying the

pore spaces of the bentonite plugs and collection reservoirs.

Anderson and Jones (1983) suggest that it may be necessary to pass

more than one pore volume of leachate through a barrier material

before starting to assess the effects of the leachate on the barrier

material. In some cases, more than one or two pore volume passages

may be necessary to predict leachate effects.

The results obtained from constant pressure injection testing

of bentonite plugs hints at the complexity of the material. Many

factors influence the behavior of the material under a variety of
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conditions. Researchers agree that factors influencing the hydraulic

conductivity of bentonite include consolidation and swelling

processes, degree of saturation, particle dispersion, blockage or

restriction of pore volumes, and clay content (Lambe and Whitman,

1969, pp. 283-292; Rowell et al., 1969; Frenkel et al., 1978). There

is less agreement on the relative significance of each factor on the

hydraulic conductivity of clays for a given set of conditions.

Generally, hydraulic conductivity decreases for high SAR values and

decreasing salt concentrations due to pronounced swelling and

dispersion. The relative influence of swelling and dispersion on

hydraulic conductivity with regard to solution concentration and

composition is not clearly understood. Low hydraulic conductivities

also result from increasing clay contents. ESP also affects the

hydraulic conductivity of a soil. The conductivity decreases as ESP

increases, provided the permeant concentration is below a critical

threshold level (Quirk and Schofield, 1955). This threshold level

must be determined for each soil. Particle accumulation within soil

pores may also cause reductions in hydraulic conductivity. Solution

chemistry may influence the physical and chemical forces which control

colloid migration and attachment to porous media.

The hydraulic conductivities of the bentonite plugs used in

constant pressure injection testing of the distilled water and

Ogallala groundwater systems were also determined using a testing

method designed for low permeability rocks. This method, known as

transient pulse testing, yielded hydraulic conductivities ranging from
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10
-11 

to 10
-12 

cm/sec. These values were orders of magnitude less

than conductivity values obtained from constant pressure injection

testing of the same plugs. These differences may be minimized if

total outflow volumes are adjusted to account for consolidation

processes before being used in Darcy's law. Also, since Darcy's law

assumes sample saturation, and some doubt exists as to the degree of

saturation of the tested plugs, hydraulic conductivities obtained from

constant pressure injection testing may be high. Using oedometer

testing techniques (Holtz and Kovacs, 1981, pp. 402-404) to determine

the hydraulic conductivity of bentonite would account for

consolidation drainage and may yield more representative conductivity

values.

Transient pulse testing was also used to determine specific

storage of values for the bentonite plugs. Specific storage values

calculated from transient testing were approximately 10
-3 

cm
-1
. These

values compared favorably with calculated theoretical values.

7.3 Recommendations 

There are three primary areas related to this study requiring

additional research: 1) construction of a homogeneous bentonite plug,

2) migration of colloidal matter and particles through porous media,

and 3) development of relatively quick, reliable methods to determine

hydraulic properties of low permeability clays.

1) Construction of bentonite plugs by dropping tablets through

water results in a non-homogeneous plug. The resulting plug may

contain voids, weak spots, and zones of incomplete tablet hydration
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and swelling. These factors may affect the hydraulic conductivity of

the plug and they make testing difficult. The ability to test

bentonite with confidence may be instrumental in evaluating bentonite

for specific applications such as borehole sealing.

2) Theories for predicting colloidal migration through porous

media have been developed in the filtration literature. Colloidal

matter, much smaller than pore sizes, can migrate into and lodge

within the pores of a porous medium and effectively reduce the

hydraulic conductivity. Physical and chemical forces control

migration rather than physical straining of the particles by the

porous medium. A more fundamental understanding of the physical and

chemical forces influencing particle migration in and attachment to

porous media is needed.

3) Testing methods for determining the hydraulic parameters of

low permeability clays need refinement. A variety of methods are

available for testing soils and low permeability rocks. However,

there is little agreement among researchers as to the best method of

testing low permeability clays. Standard soil testing methods include

falling head and constant head tests. These may not account for

significant on-going processes affecting the hydraulic conductivity of

a sample. Additionally, they assume saturation and require extensive

time periods. A quick, reliable method for testing low permeability

clays is needed. Testing bentonite using transient pulse test

procedures may prove to be an effective method for determining the

hydraulic properties of low permeability clays; however, much more

research is required before any assessment of the method can be made.
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Figure A.1 Hydraulic conductivity of plug 1 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 5 psi.
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Figure A.2 Hydraulic conductivity of plug 2 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 5 psi.
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Figure A.3 Hydraulic conductivity of plug 3 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 5 psi.
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Figure A.4 Hydraulic conductivity determined by constant pressure
injection testing of the distilled water and Ogallala
groundwater systems at 5 psi.
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Figure A.5 Hydraulic conductivity of plug 1 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 10 psi.
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Figure A.6 Hydraulic conductivity of plug 2 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 10 psi.
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Figure A.7 Hydraulic conductivity of plug 3 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 10 psi.
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Figure A.8 Hydraulic conductivity determined by constant pressure
injection testing of the distilled water and Ogallala
groundwater systems at 10 psi.
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Figure A.9 Hydraulic conductivity of plug 1 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 20 psi.
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Figure A.10 Hydraulic conductivity of plug 2 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 20 psi.
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Figure A.11 Hydraulic conductivity of plug 3 determined by constant
pressure injection testing of the distilled water and
Ogallala groundwater systems at 20 psi.
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Figure A.12 Hydraulic conductivity determined by constant pressure
injection testing of the distilled water and Ogallala
groundwater systems at 20 psi.
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Figure A.13 Hydraulic conductivity of a 1-inch long bentonite plug
having an initial moisture content of 75 percent.



16

10—  

10	 15	
1	 1
40	 45	 5

Time idays)

169

Figure A.14 Hydraulic conductivity of a 1-inch long bentonite plug
having an initial moisture content of 100 percent.
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Figure A.15 Hydraulic conductivity of a 1-inch long bentonite plug
having an initial moisture content of 125 percent.
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Figure A.16 Hydraulic conductivity of plug 1 determined by constant
pressure injection testing using a 45 ppmcalciumpermeant.
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Figure A.17 Hydraulic conductivity of plug 2 determined by constant
pressure injection testing using a 45 ppmcalciumpermeant.
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Figure A.18 Hydraulic conductivity of plug 3 determined by constant
pressure injection testing using a 45 ppmcalciumpermeant.
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Figure A.19 Hydraulic conductivity of the 45 ppmcalciumsystem
determined by constant injection pressure testing.
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Figure A.20 Hydraulic conductivity of plug 1 determined by constant
pressure injection testing using a 39 ppm sodium permeant.
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Figure A.21 Hydraulic conductivity of plug 3 determined by constant
pressure injection testing using a 39 ppm sodium permeant.
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Figure A.22 Hydraulic conductivity of the 39 ppm sodium system
determined by constant injection pressure testing.
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Figure B.1 Mass balance for constant pressure injection testing of
plug 1 using distilled water at 5 psi.
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Figure B.2 Mass balance for constant pressure injection testing of
plug 2 using distilled water at 5 psi.
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Figure B.3 Mass balance for constant pressure injection testing of
plug 3 using distilled water at 5 psi.
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Figure 8 .4	 Total mass balance for constant pressure injection
testing of the distilled water system at 5 psi.
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Figure B.5 Mass balance for constant pressure injection testing of
plug 1 using distilled water at 10 psi.
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Figure B.6 Mass balance for constant pressure injection testing of
plug 2 using distilled water at 10 psi.
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Figure B.7	 Mass balance for constant pressure injection testing of
plug 3 using distilled water at 10 psi.
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Figure B.8 Total mass balance for constant pressure injection
testing of the distilled water system at 10 psi.
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Figure B.9 Mass balance for constant pressure injection testing of
plug 1 using distilled water at 20 psi.
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Figure B.10 Mass balance for constant pressure injection testing of
plug 2 using distilled water at 20 psi.
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Figure B.11 Mass balance for constant pressure injection testing of
plug 3 using distilled water at 20 psi.
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Figure B.12 Total mass balance for constant pressure injection
testing of the distilled water system at 20 psi.
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Figure B.13 Mass balance for constant pressure injection testing of
plug 1 using Ogallala groundwater at 5 psi.
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Figure B.14 Mass balance for constant pressure injection testing of
plug 2 using Ogallala groundwater at 5 psi.
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Figure B.15 Mass balance for constant pressure injection testing of
plug 3 using Ogallala groundwater at 5 psi.
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Figure B.16 Total mass balance for constant pressure injection
testing of the Ogallala system at 5 psi.
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Figure B.17 Mass balance for constant pressure injection testing of
plug 1 using Ogallala groundwater at 10 psi.



— Influent

.0. Effluent

20

16—

196

12-

'-4

8—
>

4—

5	 10	 15 	540	 44
Time_ (days)

Figure B.18 Mass balance for constant pressure injection testing of
plug 2 using Ogallala groundwater at 10 psi.
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Figure B.19 Mass balance for constant pressure injection testing of
plug 3 using Ogallala groundwater at 10 psi.
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Figure B.20 Total mass balance for constant pressure injection
testing of the Ogallala system at 10 psi.
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Figure B.21 Mass balance for constant pressure injection testing of
plug 1 using Ogallala groundwater at 20 psi.
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Figure B.22 Mass balance for constant pressure injection testing of
plug 2 using Ogallala groundwater at 20 psi.
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Figure B.23 Mass balance for constant pressure injection testing of
plug 3 using Ogallala groundwater at 20 psi.
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Figure B.24 Total mass balance for constant pressure injection
testing of the Ogallala system at 20 psi.
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Figure B.25 Mass balance for constant pressure injection testing of a
1-inch long bentonite plug having an initial moisture
content of 75 percent, using a 1000 ppm calcium permeant.
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Figure B.26 Mass balance for constant pressure injection testing of a
1-inch long bentonite plug having an initial moisture
content of 100 percent, using a 1000 ppm calcium permeant.
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Figure B.27 Mass balance for constant pressure injection testing of a
1-inch long bentonite plug having an initial moisture
content of 125 percent, using a 1000 ppm calcium permeant.
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Figure B.28 Mass balance for constant pressure injection testing of
plug 1 using a 45 ppmcalciumpermeant.
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Figure 8.29 Mass balance for constant pressure injection testing of
plug 2 using a 45 ppmcalciumpermeant.
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Figure B.30 Mass balance for constant pressure injection testing of
plug 3 using a 45 ppmcalciumpermeant.
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Figure B.31 Total mass balance for constant pressure injection
testing of 1-inch long bentonite plugs using a 45 ppm
calcium permeant.
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Figure 3 .32 Mass balance for constant pressure injection testing of
plug 1 using a 39 ppm sodium permeant.
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Figure B.33 Mass balance for constant pressure injection testing of
plug 3 using a 39 ppm sodium permeant.
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Figure 8 .34 Total mass balance for constant pressure injection
testing of 1-inch long bentonite plugs using a 39 ppm
sodium permeant.
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Figure C.1 Average consolidation for the three bentonite plugs
consolidated at 5 psi.
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Figure C.2 Average consolidation for the three bentonite plugs
consolidated at 10 psi.
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Figure C.3 Average consolidation for the three bentonite plugs
consolidated at 20 psi.
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Figure C.4	 Consolidation plot of Ogallala plug 1 at 5 psi.
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Figure C.5	 Consolidation plot of Ogallala plug 2 at 5 psi.
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Figure C.6	 Consolidation plot of Ogallala plug 3 at 5 psi.
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Figure C.7 Average consolidation for the three bentonite plugs
consolidated at 5 psi.
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Figure C.8 Consolidation plot of Ogallala plug 1 at 10 psi.
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Figure C.9	 Consolidation plot of Ogallala plug 2 at 10 psi.
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Figure C.10 Consolidation plot of Ogallala plug 3 at 10 psi.
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Figure C.12 Consolidation plot of Ogallala plug 1 at 20 psi.
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Figure C.13 Consolidation plot of Ogallala plug 2 at 20 psi.
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Figure C.14 Consolidation plot of Ogallala plug 3 at 20 psi.



0

20-

40-

•-•••
r" 6-E

120-

140-

160	 h	 1'oo ho 40 1160 180	 00	 240
Time ( Vmin )

228

Figure C.15 Average consolidation for the three bentonite plugs
consolidated at 20 psi.



APPENDIX D

THEORETICAL TYPE CURVES AND HYDRAULIC HEAD DECAY CURVES
OBTAINED FROM TRANSIENT PULSE TESTING

OF BENTONITE PLUGS

229



230

•
-

• Plug i
"a...

• Plug 2	 ...	 .

• Plug 3 

.	 . ...,	 . 	It 	bit. 1

1E2	 1E3
Time (min)

.- 

•.....	 .-IP

Figure D.1 Results of the first transient pulse test conducted on
the distilled water system.
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Figure D.2 Results of the second transient pulse test conducted on
plug 1 of the distilled water system.
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Figure D.3 Results of the second transient pulse test conducted on
plug 2 of the distilled water system.
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Figure D.4 Results of the second transient pulse test conducted on
plug 3 of the distilled water system.
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Figure D.5 Results of the third transient pulse test conducted on
plugs 1 and 2 of the distilled water system.
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plug 3 of the distilled water system.
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