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ABSTRACT

Current designs of the shaft sealing system for the Waste Isolation Pilot Plant (WIPP)
propose using bentonite as a primary sealing component (DOE/WIPP, 1995). The shaft
sealing designs anticipate that compacted bentonite sealing components can perform
through the 10,000-year regulatory period and beyond. To evaluate the acceptability of
bentonite as a sealing material for the WIPP, this report identifies references that deal with
the properties and characteristics of bentonite that may affect its behavior in the WIPP
environment.

This report reviews published studies that discuss using bentonite as sealing material for
nuclear waste disposal, environmental restoration, toxic and chemical waste disposal,
" landfill liners, and applications in the petroleumn industry. This report identifies the physical
and chemical properties, stability and seal construction technologies of bentonite seals in
shafts, especially in a saline brine environment. This report focuses on permeability,
swelling pressure, strength, stiffness, longevity, and densification properties of bentonites.
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1. INTRODUCTION

The US Department of Energy (DOE) is developing the Waste Isolation Pilot Plant
(WIPP) in southeastern New Mexico as a full-scale, mined geologic repository to
demonstrate the safe management, storage, and disposal of transuranic (TRU) radioactive
wastes that result from defense programs of the US Government. The WIPP underground
facility is located in the brine-bearing, bedded salt of the Salado Formation at about 655 m
below the ground surface.

Before disposing of radioactive wastes in the WIPP, the DOE must evaluate the
repository based on various regulatory criteria for disposal of the waste components, and the
US Environmental Protection Agency (EPA) must certify that compliance has been
satisfactorily demonstrated. The regulations in 40 CFR 191.14 (d) (EPA, 1995a) require
using both engineered and natural barriers to isolate waste from the accessible environment.
The engineered and natural system should (1) limit the flow of fluid (water/brine and gas)
through or into the repository over the designed lifetime and (2) limit radionuclide
migration to the accessible environment below the acceptable level. Quantitative
requirements for potential releases of radioactive and other hazardous materials from the
repository system are specified in 40 CFR 191 and 40 CFR 268 (EPA, 1995b). Current
designs of the shaft seal system for the WIPP propose to use bentonite as a primary sealing
component (DOE/WIPP, 1995). The shaft sealing designs predict that compacted bentonite
sealing components can last through the 10,000-year regulatory period and beyond.

Repository sealing requires that the sealing barriers have a low permeability, a long
lifetime, a high resistance to erosion, mechanical and chemical stability, and compatibility
with host rocks or materials. Bentonite has been used widely as a sealing material for waste
containment structures such as landfills (Rowe et al., 1995; Daniel, 1993). Bentonite has
excellent sealing performance and has been selected as a principal sealing component for
numerous nuclear waste repositories. Bentonite has an extremely low hydraulic
conductivity, is self-healing, and has good chemical stability that would provide effective
long-term sealing (Gnirk, 1988). Bentonite can penetrate rock fractures either by viscous
flow or by expansion (Pusch, 1978). Bentonite suspensions can form barriers at low solids
concentrations (Ran and Daemen, 1991, 1992; Ran, 1993).

Bentonite as sealing component in the repository access excavations provides
barriers to block fluid flow into or out of the repository. Bentonite can generate swelling
pressure when water or brine penetrates the clay. Swelling of the seals increases the internal
supporting pressure in the shaft and fractures and should accelerate healing of any disturbed
rock zone (DRZ). Swelling of bentonite also can assist in sealing fractures caused by
structural damage or by rock block displacement by self penetration into the fractures; it
should also help in obtaining tightness between seals and host materials.

Bentonite has been studied as a sealing material in several nuclear waste repository
programs. Extensive studies on sealing with bentonite have been conducted for the Swedish,
Swiss, Canadian, German, and French programs (IAEA, 1990; Pusch and Bergstrom, 1980;
Pusch, 1994; Coulon et al., 1987; Brenner, 1988; Bucher et al., 1986; Dixon et al., 1985).




Extensive studies also have been conducted within the context of the WIPP program, both
from a sealing and from a backfill perspective (Butcher, 1994; Pfeifle, 1990).

For the purpose of evaluating the acceptability of bentonite as a sealing material for
WIPP we have identified references that deal with the properties and characteristics of
bentonite that may affect its behavior in the WIPP environment.

This report reviews published studies of bentonite used as sealing material for
nuclear waste disposal, environmental restoration, toxic and chemical waste disposal, liners,
and applications in the petroleum industry. This report identifies the physical and chemical
properties, stability, and seal construction technologies of bentonites, especially in a brine/
salt environment. This report focuses on permeability, swelling pressure, strength, stiffness,
longevity, and the densification properties of bentonites. All information about bentonite on
which this report is based is archived in a computerized database system (ClayInfo), and can
be obtained from the authors or from the Sandia WIPP Central Files.



2. RELATED REPOSITORY STUDIES

2.1 Waste Isolation Pilot Plant

The WIPP has investigated bentonite as a sealing and as a backfill material. Pfeifle
(1990) investigated consolidation, permeability, and strength of crushed-salt/bentonite
mixes. Pfeifle and Brodsky (1991) investigated the swelling pressure, water uptake, and
permeability of 70%/30% crushed-salt/bentonite mixes.

2.2 Office of Nuclear Waste Isolation

The Office of Nuclear Waste Isolation (ONWI), Battelle Memorial Institute,
Columbus, OH, has evaluated the use of clays for sealing nuclear waste repositories. A
summary report (Meyer and Howard, 1983) includes these favorable characteristics: low
hydraulic conductivity, high sorptivity, high compressibility, and, in some cases, high
swelling capacity. Also stressed with respect to the use of clays as sealing materials is the
potential of clays and clay minerals to provide long-term sealing, inferred from their
geologic persistence, low solubility in repository-like environments, and slow reaction
kinetics.

2.3 Swedish Studies

By far the most comprehensive, in-depth, and detailed study of bentonite as a
repository sealant has been conducted within the Swedish repository program. The results of
this work have been summarized in numerous publications (Pusch, 1978, 1979, 1980, 1994;
Pusch et al., 1982, 1985; Pusch and Bergstrom, 1980; Pusch and Carlsson, 1985; Pusch and
Giiven, 1990; Pusch and Karnland, 1990; Nilsson, 1985). Only the most directly applicable
of these reports are referenced here.

2.4 Swiss Studies

The Swiss nuclear waste disposal program has studied bentonite as a sealing
material. For geochemical and hydrological reasons (i.e., because of the presence of a rather
large concentration of Ca ions in the groundwater at the most likely candidate repository
sites) the program has focused primarily on Ca bentonites. ,

2.5 Canadian Studies

The Canadian nuclear waste disposal program has conducted extensive studies on
mixtures of bentonite and sand or crushed rock (granite), primarily for the purpose of
evaluating the performance of such mixtures as backfill (Dixon et al., 1985, 1987, 1991,
1992a; Chapuis, 1990; Kjartanson et al., 1992; Yong et al., 1986). Only a few of the large
number of publications generated by this work are referenced here.




2.6 Basalt Waste Isolation Project

The Basalt Waste Isolation Project (BWIP) has investigated the use of mixtures of
crushed basalt and sodium bentonite as a waste packing material. A summary of BWIP
studies is given by Allen and Wood (1988).



3. METHODOLOGY

In this study, two main lines of approach were pursued to identify relevant
information:

1.

computerized data searches,

2. use of personal documentation files and manual follow-up of references.

The search focused on (1) clay sealing for nuclear waste disposal and nonnuclear
waste isolation, and (2) clay applications in petroleum and civil engineering. While
researching the use of clay/bentonite for nuclear waste repository sealing, the focus of
inquiry was on flow and the chemical and physical properties of bentonite, especially in salt,
brine, or saline environments.

Six data bases were searched:

1.

COMPENDEX (Electronic Engineering Index), Engineering Information, Inc.
(1986 to 1995);

. NTIS (National Technical Information Service), National Technical Information

Service (1975 to 1995);

. Dissertation Abstracts Ondisc, UMI, University Microfilms International (1861 to

1995);

. GEOREF (Geological Reference File), American Geological Institute (1785 to

1995);
GEOBASE, Elsevier Science, (1980 to 1995)

INIS (International Nuclear Information System), International Atomic Energy
Agency (1976 to 1995, outside USA only).

The data bases listed above were searched using the following terms as keywords or
identifiers (except for the INIS and NTIS from 1975 to 1983, as specified below):

bentonite,

montmorillonite,

smectite,

clay and waste disposal,

clay and permeability or hydraulic conductivity,
clay and brine or salt or saline,

soil and erosion or piping.

For the INIS data base and NTIS data base from 1975 to 1983, the following search terms
were used:

bentonite,

montmorillonite,

clay or bentonite or montmorillonite and salt or brine or saline,
not in the United States (INIS only).




A total of 11,906 references has been located. As is common with computerized
literature searches, the results present a mixed picture: A vast number of references were
obtained that have marginal, if any, interest to the study at hand. Conversely, a number of
important references were identified that otherwise would have been missed. Still,
considerable uncertainty remains about the completeness of the searches because some
important references we are familiar with did not show up on the searches. Nevertheless, we
believe we have completed a fairly comprehensive search of the available literature.

An extensive experimental data base exists for the permeability of sodium bentonites
under a variety of conditions. Many other properties of sodium bentonite (such as strength,
stiffness, and chemical stability) also have been investigated in detail. The complexity of the
material is such, however, that considerable uncertainty remains about its performance
(Rowe et al., 1995, pp. 5, 108).

Abstracts of the references that appear relevant have been reviewed by the authors of
the present report. Complete copies of the references have been obtained and reviewed to
the extent possible within the allowed time frame.



4. BENTONITE COMPOSITION

The composition of a typical commercial sodium bentonite (e.g., Volclay, granular
sodium bentonite) contains over 90% montmorillonite and small portions of feldspar,

biotite, selenite, etc. A typical sodium bentonite has the chemical composition shown in
Table 1.

Table 1. Chemical Composition of Volclay Sodium Bentonite

Elements Composition (%)

SiO, 63.02
AlL,O3 21.05

Fe, 05 3.02

FeO 0.35
MgO 2.67
Na,O 2.57
CaO 0.65

H,O 5.64
Trace Elements 0.72

Source: Technical Data Sheet, American Colloid Company, 1995.

Sodium bentonite has a three-layer expanding mineral structure of approximately
(Al Fey 67 Mgo33) Si4010 (OH) Na*Ca™ 33. Specific gravity of the sodium bentonite is from
about 2.5 to 2.8. The dry bulk density of granular bentonite is about 1.04 to 1.24 glem’,

Sodium bentonite has a specific surface area of about 800 m?*/g; when unconfined it
can swell to at least 12 mL/g. Densely compacted bentonite (1.75 g/cm®), when confined,
- can generate a swelling pressure up to 20 MPa when permeated by water IAEA, 1990,
p- 13). The magnitude of the swelling pressure depends on the mineral composition of
bentonite and on the chemistry of the permeating water. Bentonite compacted to high bulk
densities (>1.7 g/cm’) has very promising thermal conductivity and thermal stability.
Because of the special composition of bentonite, mixtures of bentonite and water can range
in rheological characteristics from a virtually Newtonian fluid to a stiff solid, depending on
water content. Bentonite can form stiff seals at low moisture content and can penetrate
fractures and cracks at higher moisture-content values. Under the latter conditions it can fill
spaces in seals and DRZs.

At the WIPP, compacted clay is being considered as a shaft sealing material.
Columns of compacted clay will be emplaced in the WIPP shafts during repository closure.
A number of optional materials have been investigated for use as the WIPP shaft sealing
material. Because the term clay includes a large variety of materials, it is possible that some
clay materials might satisfy the WIPP sealing requirements. A recurring problem with the
use of the term clay is its imprecision and ambiguity, which can cause confusion as to what
is intended for sealing purposes.




A standard soil mechanics engineering definition of clays is “fine-grained soil or the
fine-grained portion of soil that can be made to exhibit plasticity (putty-like properties)
within a range of water contents, and that exhibits considerable strength when air-dry”
(ASTM D 653). A long-standing engineering practice has been to define clays as soil
particles with a size smaller than a specified size (e.g., 0.002 mm), although ASTM D 653
explicitly recommends against such a definition based on particle size only. The widely (but
not exclusively) used Unified Soil Classification System (USCS) (ASTM D 2487, D 2488)
defines clay following the above ASTM definition and combining particle size with
behavioral aspects.

A second cause of confusion regarding clay terminology is that clay can be defined
purely mineralogically (i.e., on the basis of mineral composition) rather than on the basis of
size and/or mechanical behavior only. Different investigators propose different definitions:

e  “The term clay implies an earthy, fine-grained material which develops plasticity
when mixed with a limited amount of water. Chemical analysis of clays shows
that they are made up of hydrous aluminosilicates, frequently with appreciable
amounts of iron, magnesium, calcium, sodium, and potassium” (Berry and Mason,
1959, pp. 502-503).

e  “Asamineral term, it (i.e. clay) refers to specific clay minerals, which are
distinguished by (1) small particle size, (2) a net negative electrical charge, (3)
plasticity when mixed with water, and (4) high weathering resistance. These
minerals are primarily hydrous aluminum silicates, with magnesium or iron
occupying all or part of the aluminum positions in some minerals, and with alkalis
(e.g., sodium, potassium) or alkaline earths (e.g. calcium) also present in some of
them (Grim 1962, 1968)” (Mitchell, 1993, p. 18).

e  “Asused in this report, ‘clay’ refers to any fine-grained, earthen, generally plastic
material containing a substantial proportion of clay minerals” (Meyer and
Howard, 1983, p. 1).

A variety of clays could be considered for nuclear repository sealing purposes. For WIPP, as
for most nuclear waste repository projects, bentonite has been and continues to be a prime
candidate as a clay type sealing material. “Bentonite clay is chosen here because of its
overwhelming positive sealing characteristics” (DOE/WIPP, 1995, p. 43). Bentonite is a
highly plastic swelling clay material (e.g., Mitchell, 1993, p. 31), consisting predominantly
of smectite minerals (e.g., IAEA, 1990, p. 11). Montmorillonite, the predominant smectite
mineral in most bentonites, has the typical platelike structural characteristics of most clay
minerals. It has an extremely large surface area, and this in turn directly explains many of
the characteristics of bentonite (notably those of importance for sealing performance):

e  “Many ... soil properties are attributable to surface phenomena. These properties
can be correlated—they are even approximately proportional—to the specific
surface area of the solid phase” (Koorevaar et al., 1983, p. 11).

o  “The specific surface area of clay minerals, which governs many soil properties,
varies from one mineral to another” (Koorevaar et al., 1983, p. 15).



The fundamental structural component of the phyllosilicate minerals, to which clay
minerals belong, is the silica (Si0,) tetrahedron. These tetrahedrons occur in sheets.
Octahedral layers of cations (e.g., aluminum) occur parallel to the tetrahedral sheets. In
montmorillonite, both surfaces of an octahedral sheet are shared with a tetrahedral sheet,
resulting in a three-layer clay mineral. In general, the chemical composition of
montmorillonite can be written as (Na,Ca), 33(Al,Mg), Si,0,,(OH), xH,O (Berry et al.,
1983, p. 424). The three-layer sheets are loosely bonded with dipolar water molecules and
cations. The weakness of the bond between the sheets allows for ready separation and
resulting volume changes. The idealized structure as described here is more theoretical than
actual, however, as various isomorphous substitutions are common. The weak bonding
explains the high cation exchange capacity of montmorillonites.

Virtually all the physical and mechanical attributes of bentonite will depend on the
as-emplaced conditions. Hence such attributes will be a function of the primary design and
the specified construction variables, e.g., density (or void ratio) and water content. They
possibly are a function of the composition of the water with which the bentonite is prepared.
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5. BENTONITE PROPERTIES AND CHARACTERISTICS OF
PARTICULAR RELEVANCE TO WIPP SEALING

A number of bentonite properties and characteristics are important from a sealing
perspective. A primary characteristic is permeability or hydraulic conductivity. Although
bentonite is known to have extremely low permeability under many conditions, it also is
known to be a rather complex material. Its properties, specifically its permeability, are
affected by many factors. A major objective of the data base assembled here is to identify
the likely permeability of bentonite under WIPP conditions, or, conversely, to determine
bentonite seal design specifications that will meet the minimum WIPP sealing requirements.

5.1. Permeability/Hydraulic Conductivity

A variable of primary interest with respect to repository sealing is the hydraulic
conductivity of the seal material. The hydraulic conductivity of bentonite depends on
numerous factors, e.g., the emplaced density, the chemical composition of the permeant, the
bentonite structure, and the hydraulic gradient.

The permeability of dense bentonite is about 1x 10" t0 1x10% m? (1x 10? to
1x10™"* m/s). Table 2 and Figures 1 and 2 give reported permeabilities of bentonite and
bentonite mixtures. Figure 2 contains all data in Table 2.

5.1.1 Permeability to Water/Brine

Bentonite is widely used as a sealant; as a result, an extensive data base exists with
reference to the permeability of bentonite. Bentonite has been researched extensively within
the context of the Swedish and Canadian nuclear waste disposal programs, in conjunction
with international cooperative programs. Within the context of nuclear waste disposal, the
sealing properties of bentonite have been studied in considerable detail, 1.e. with attention to
the numerous factors that may influence bentonite behavior. Hence results obtained in the
nuclear waste disposal context may be more complete and more reliable than results
obtained in conventional sealing applications, where investigations may not be as detailed
or complete. Figures 1 and 2 show the permeability of typical bentonite and bentonite
mixture seals at varied dry density as a function of bentonite content.

Westsik et al. (1982) as quoted by Allen and Wood (1988) measured hydraulic
conductivities in the range of 4.6 to 6.7x1 0"2° m? for sodium bentonite compacted to a high
density (2.1 g/cm3 dry) with a synthetic basalt groundwater utilizing various hydraulic
gradients and heads.

11
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T ("C)'r Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient

Bentonite/shale 12:88 1.765 2.01x10™° 24 triaxial, lab 4 M NaCl Haug et al., 1988
Bentonite/shale 12:88 1.765 1.65%107'° 61 triaxial, lab 4MNaCl  |Haugetal., 1988
Bentonite/shale 12:88 1.765 1.58x10"° 121 triaxial, lab 4MNaCl  |Haugetal., 1988
Bentonite/fly ash/sand 12:3:85 1.6 4.0x107™° triaxial, lab 4MNaCl  |Haugetal., 1988
Bentonite/sand 15:85 1.865 1.0x10° 14 triaxial, lab 4 M NaCl Haug et al., 1988
Bentonite/sand 15:85 1.865 2.0x10” 28.8 triaxial, lab 4 M NaCt Haug et al., 1988
Bentonite/sand 15:85 1.865 6.3x107%° 115 triaxial, lab 4MNaCl  |Haugetal, 1988
Bentonite 100 0.6 6.1x 10° 3000 DDW Bucher et al., 1986
Bentonite 100 0.6 7.0x10° 3000 1.2 M Saline | Bucher et al., 1986
Bentonite 100 1.02 2.6x107 460 DDW Dixon et al., 1987
Bentonite 100 1.02 6.3x108 1700 DDW Dixon et al., 1987
Bentonite 100 1.12 4.5x107™ 1550 DDW Dixon et al., 1987
Bentonite 100 1.12 1.6x 1072 3100 DDW Dixon et al., 1987
Bentonite 100 1.12 4.5x10™ >3100 DDW Dixon et al., 1987
Bentonite 100 122 3.7x10" 1580 DDW Dixon et al., 1987
Bentonite 100 122 ~3.1x10°" >3100 DDW Dixon et al., 1987
Bentonite 100 1.24 1.0x10°8 1560 Saline Dixon et al., 1987
Bentonite 100 1.24 5.0x10™" 1560 DDW Dixon et al., 1987
Bentonite 100 1.24 3.5x10°° 3120 DDW Dixon et al., 1987
Bentonite 100 1.24 3.2x10" >3120 DDW Dixon et al., 1987
Bentonite 100 1.42 1.9x10" 2000 DDW Pusch, 1980
Bentonite 100 142 2.1x10™8 5000-10000 DDW Pusch, 1980
Bentonite 100 1.43 ~1.8x107" 1700-3400 DDW Dixon et al., 1987
Bentonite 100 1.46 1.8x10" 1600-8000 Saline Dixon et al., 1987
Bentonite 100 15 1.9x10™ 2000 DDW Dixon et al., 1987
Bentonite 100 1.8 9.0x10™ 2000 DDW Pusch, 1980
Bentonite 100 1.8 Lixio™® 500-10000 DDW Pusch, 1980
Bentonite/sand 50:50 121 4.2x107" 25 Dixon et al., 1987
Bentonite/sand 50:50 1.21 3.7x10™" 50 Dixon et al., 1987
Bentonite/sand 50:50 1.21 8.0x10™ 75 Dixon et al., 1987
Bentonite/sand 50:50 132 2.0x1074 25 Dixon et al., 1987
Bentonite/sand 50:50 1.32 1.6x10™" 50 Dixon et al., 1987
Bentonite/sand 50:50 1.32 3.0x10" 75 Dixon et al., 1987
Bentonite/fly ash 1.9-32x10°"" Edil et al., 1987
Bentonite/soil 2x10° - 5.0x10™ Chapuis, 1982
Bentonite/soil 3x10° - 1.0x10™ Lundgren, 1981

tr= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T (°C)' Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient

Bentonite/soil 3.0x10° - 1.4x10™"° Haile, 1985
Bentonite/soil 1.6%107 - 1.4x10™"! Gipson, 1985
Bentonite/soil 2.5x107 - 1.2x10712 Pusch & Alstermark, 1985
Bentonite/soil 2x10°-8.0x10™" Holopainen, 1985
Bentonite/soil 2x10°%-7.0x10" Jessberger et al., 1985
Bentonite/soil 5x10° - 8.0x107™" Haxo et al., 1985
Bentonite/soil 1x10° - 6.3x107"° Haug, 1985
Bentonite/soil 2.7x107 - 1.6x10™"! Garlanger et al., 1987
Bentonite/soil 1x10° - 1.0x10™" Kenney et al., 1992
Bentonite/soil 2.7x10% - 2.9x107 Stockmeyer, 1992
Bentonite/sand 4 1.65 8.1x10° Consolidation cell |DDW Kenney et al., 1992
Bentonite/sand 4 1.65 2.1x107° Consolidation cell .{0.7 MNaCl |Kenney et al., 1992
Bentonite/sand 4 1.65 5.0x10"° Consolidation cell |DDW Kenney et al., 1992
Bentonite/sand 4 1.65 1.0x10° Consolidation cell {0.7 MNaCl |Kenney etal., 1992
Bentonite/sand 4 1.65 6.4x10° Consolidation cell |DDW Kenney et al., 1992
Bentonite/sand 4 1.65 1.2x107 Consolidation cell [0.7 MNaCl {Kenney et al., 1992
Bentonite/sand 8 1.51 2.1x10° Consolidation cell |DDW Kenney et al., 1992
Bentonite/sand 8 1.51 4.8x10° Consolidation cell |0.7 MNaCl |Kenney et al., 1992
Bentonite/sand 8 1.49 22x107° Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 8 1.49 5.4x10° Consolidation cell 0.7 MNaCl |}Kenney et al., 1992
Bentonite/sand 8 1.51 2.1x10° Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand ] 1.51 5.5%1071° Consolidation cell | 0.7 MNaCl |Kenney et al., 1992
Bentonite/sand 8 1.56 9.2x10""! Consolidation cell |DDW Kenney et al., 1992
Bentonite/sand 8 1.56 1.5x10™° Consolidation cell |0.7 MNaCl |Kenney et al., 1992
Bentonite/sand 12 1.47 6.1x10™" Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 12 1.47 9.1x10™! Consolidation cell {0.7 MNaCl |Kenney et al., 1992
Bentonite/sand 3 1.72 6.4x10° Consolidation cell {0.7 MNaCl [Kenney et al., 1992
Bentonite/sand 8 1.72 1.2x10° Consolidation cell | DDW Kenney et al., 1992
Bentonite/sand 16 1.71 6.8x10™" Consolidation cell [0.7 MNaCl |Kenney etal., 1992
Bentonite/sand 16 1.71 3.2x10™ Consolidation cell |DDW Kenney et al., 1992
Bentonite 100 0.43 2.1x10" DDW Kenney et al., 1992
Bentonite 100 0.57 59x10712 DDW Kenney et al., 1992
Bentonite 100 0.74 52x107"2 DDW Kenney et al., 1992
Bentonite 100 0.38 5.7x10™ DDW Kenney et al., 1992
Bentonite 100 0.38 1.1x10™° 0.7MNaC! |Kenney etal., 1992
Bentonite 100 0.46 3.1x10™"! DDW Kenney et al., 1992

fr= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T ("C)T Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient
Bentonite/granite 75:25 1.63 5.9x107"? Mingarro et al., 1991
Bentonite/granite 75:25 1.83 9.0x10™" Mingarro et al., 1991
Bentonite/granite 75:25 2.00 1.3x10"8 Mingarro et al., 1991
Bentonite/granite 50:50 1.40 1.4x10” Mingarro et al., 1991
Bentonite/granite 50:50 1.60 54x10™" Mingarro et al., 1991
Bentonite/granite 50:50 1.80 6.3x10™" Mingarro et al., 1991
Bentonite/granite 50:50 2.00 3.4x10™ Mingarro et al., 1991
Bentonite/granite 25:75 1.41 3.5x10® Mingarro et al., 1991
Bentonite/granite 25:75 1.65 1.4x10" Mingarro et al., 1991
Bentonite/granite 25:75 1.80 9.5x10° Mingarro et al., 1991
Bentonite/granite 25:75 2.00 4.4x10° Mingarro et al., 1991
Bentonite/sands 10 1.46 5.1x10° Chapuis, 1990
Bentonite/sands 10 1.71 7.4x10° Chapuis, 1990
Bentonite/sands 15 1.52 1.4x101" Chapuis, 1990
Bentonite/sands 5 1.15 57x107™° Chapuis, 1990
Bentonite/sands 10 128 2.0x10° Chapuis, 1990
Bentonite/sands 5 1.34 2.8x108 Chapuis, 1990
Bentonite/sands 10 1.19 3.2x10% Chapuis, 1990
Bentonite/sands 5 122 1.0x107 Chapuis, 1990
Bentonite/sands 10 092 9.1x10"° Chapuis, 1990
Bentonite/sands 5 147 1.0x10% Chapuis, 1990
Bentonite/sands 10 1.36 2.1x10° Chapuis, 1990
Bentonite/sands 20 132 2.6x10" Chapuis, 1990
Bentonite/sands 2 1.31 8.0x107 Chapuis, 1990
Bentonite/sands 3 1.52 2.0x107 Chapuis, 1990
Bentonite/sands 4 1.36 6.0x10° Chapuis, 1990
Bentonite/sands 6 1.78 9.8x10" Chapuis, 1990
Bentonite/sands 8 1.77 2.9x10° Chapuis, 1990
Bentonite/sands 7 1.85 12x10° Chapuis, 1990
Bentonite/sands 7 1.85 6.9x10° Chapuis, 1990
Bentonite/sands 7 1.83 1.2x107 Chapuis, 1990
Bentonite/sands 3 1.79 22x107 Chapuis, 1990
Bentonite/sands 6 175 6.0x10™"° Chapuis, 1990
Bentonite/sands 3 175 2.2x10° Chapuis, 1990
Bentonite/sands 6 1.74 1.2x10° Chapuis, 1990
Bentonite/sands 25 1.43 2.6x107"! Chapuis, 1990

t T= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T (°C)'r Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient

Bentonite/sands 33.3 1.29 taxio" Chapuis, 1990
Bentonite/sands 333 1.3 4.9x10™" Chapuis, 1990
Bentonite/sands 20 1.57 9.7x10™"! Chapuis, 1990
Bentonite/sands 25 1.91 2.2x10° Chapuis, 1990
Bentonite/sands 3 1.93 8.3x10™" Chapuis, 1990
Bentonite/sands 47 1.75 1.4x10° Chapuis, 1990
Bentonite/sands 5.8 1.74 6.4x107 Chapuis, 1990
Bentonite/sands 64 1.78 2.1x107 Chapuis, 1990
Bentonite/sands 15 1.81 1.1x10° Chapuis, 1990
Bentonite 100 2.1 1.5x10 Room Pusch & Carlsson, 1985
Bentonite 100 2.0 2.0x107" Room Pusch & Carlsson, 1985
Bentonite 100 1.9 3.0x10™ Room Pusch & Carlsson, 1985
Bentonite 100 1.8 5.0x10™ Room Pusch & Carlsson, 1985
Bentonite 100 1.7 8.0x107 Room Pusch & Carlsson, 1985
Bentonite 100 2.1 1.5x10™" 70 Pusch & Carlsson, 1985
Bentonite 100 2.0 2.0x10™ 70 Pusch & Carlsson, 1985
Bentonite 100 19 5.0x10™" 70 Pusch & Carlsson, 1985
Bentonite 100 1.8 8.0x10™ 70 Pusch & Carlsson, 1985
Bentonite 100 1.7 1.0x107"? 70 Pusch & Carlsson, 1985
Bentonite 100 1.13 2.6x107" Dixon et al., 1992a
Bentonite 100 1.20 9.2x10 Dixon et al., 1992a
Bentonite 100 131 6.3x10™" Dixon et al., 1992a
Bentonite 100 1.30 8.2x107™" Dixon et al., 1992a
Bentonite 100 135 3.7x107"° Dixon et al., 1992a
French clay 1.40 3.0x10™ Atabek et al., 1990
French clay 1.50 1.0x107? Atabek et al., 1990
French clay 1.60 8.0x10™" Atabek et al., 1990
French clay 1.70 5.0xt0™ Atabek et al., 1990
Bentonite/crushed granite 25:75 1.88 2.1x10™ 30.2 Radhakrishna & Chan, 1982
Bentonite/crushed granite 25175 1.88 37x107™"! 271.0 Radhakrishna & Chan, 1982
Bentonite/crushed granite 50:50 1.56 3.7x10" 90.3 Radhakrishna & Chan, 1982
Bentonite/crushed granite 50:50 1.56 1.8x10™"2 967.5 Radhakrishna & Chan, 1982
Bentonite/crushed granite 50:50 1.59 7.8%10"2 70.3 Radhakrishna & Chan, 1982
Bentonite/crushed granite 50:50 1.59 9.2x10" 703 Radhakrishna & Chan, 1982
Na-bentonite 1.09 3.07x107"° DDW Dixon et al., 1987
Na-bentonite 1.17 9.92x10™" DDW Dixon et al., 1987

¥ = temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T ("C)1 Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient
Na-bentonite 1.2 9.67x10™" DDW Dixon et al., 1987
Na-bentonite 1.23 6.02x10™" DDW Dixon et al., 1987
Na-bentonite 1.25 3.07x10" DDW Dixon et al., 1987
Na-bentonite 1.32 8.54x10" DDW Dixon et al., 1987
Na-bentonite 1.28 6.65x10™" DDW Dixon et al., 1987
Na-bentonite 13 5.05x10" DDW Dixon et al., 1987
Na-bentonite 1.55 9.43x10™" DDW Dixon et al., 1987
Na-bentonite 143 9.01x10™ DDW Dixon et al., 1987
Na-bentonite 1.57 1.81x10™" ) DDW Dixon et al., 1987
Na-bentonite 1.5 1.34x10°" DDW Dixon et al., 1987
Na-bentonite 1.48 9.96x10 DDW Dixon et al., 1987
Na-bentonite 147 5.89%10™ DDW Dixon et al., 1987
Na-bentonite 1.59 1.78x10™" DDW Dixon et al., 1987
Na-bentonite 1.73 1.91x10°" DDW Dixon et al., 1987
Na-bentonite 2.07 2.11x108 DDW Dixon et al., 1987
Na-bentonite 1.88 9.24x10™ DDW Dixon et al., 1987
Na-bentonite 1.69 7.57x10" DDW Dixon et al., 1987
Na-bentonite 1.68 7.76x10™" DDW Dixon et al., 1987
Na-bentonite 1.81 4.59x10™" DDW Dixon et al., 1987
Na-bentonite 1.86 3.49x10™ DDW Dixon et al., 1987
Na-bentonite 1.8 1.91x10™" DDW Dixon et al., 1987
Na-bentonite 1.92 7.05x10" DDW Dixon et al., 1987
Na-bentonite 2.12 6.54x10™° DDW Dixon et al., 1987
Na-bentonite 22 535x10"° DDW - Dixon et al., 1987
Na-bentonite 0.501 1.06x10" DDW Dixon et al., 1987
Na-bentonite 1.25 2.99x10™" DDW Dixon et al., 1987
Na-bentonite 1.3 2.84x107"° DDW Dixon et al., 1987
Na-bentonite 1.32 2.84x107" DDW Dixon et al,, 1987
Na-bentonite 1.34 2.06x107" DDW Dixon et al., 1987
Na-bentonite 1.34 1.68x10™ DDW Dixon et al., 1987
Na-bentonite 1.43 3.14x10™" DDW Dixon et al., 1987
Na-bentonite 1.41 1.91x10" DDW Dixon et al., 1987
Na-bentonite 1.41 1.38x10™" DDW Dixon et al., 1987
Na-bentonite 1.44 1.16x10™ DDW Dixon et al., 1987
Na-bentonite 1.52 2.45x10°° DDW Dixon et al., 1987
Na-bentonite 1.5 1.77x10" DDW Dixon et al., 1987

1= temperature (room temperature unless otherwise specified); * =mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T ("C)1 Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient
Na-bentonite 1.5 1.10x10°" DDW Dixon et al., 1987
Na-bentonite 1.52 1.38x107"° DDW Dixon ct al., 1987
Na-bentonite 14 201x10" DDW Dixon et al., 1987
Na-bentonite 1.71 3.07x10°" DDW Dixon et al., 1987
Na-bentonite 1.88 3.56x107"° DDW Dixon et al., 1987
Na-bentonite 1.78 94710 DDW Dixon et al., 1987
Na-bentonite 1.68 9.71x10™ DDW Dixon et al., 1987
Na-bentonite 1.66 7.20x10% DDW Dixon et al., 1987
Na-bentonite 1.75 5.89x107" DDW Dixon et al., 1987
Na-bentonite 1.78 4.05x10™ DDW Dixon et al., 1987
Na-bentonite 1.83 2.79x10™ DDW Dixon et al., 1987
Na-bentonite 19 3.16x10™" DDW Dixon et al., 1987
Na-bentonite 2.04 7.79x10°"° DDW Dixon et al., 1987
Na-bentonite 2.17 6.71x10" DDW Dixon et al., 1987
Na-bentonite 223 6.87x107"° DDW Dixon et al., 1987
Na-bentonite 0.67 6.22x10” DDW Dixon et al., 1987
Na-bentonite 1.17 1.24x10™% DDW Dixon et al., 1987
Na-bentonite 136 6.14x10™"2 DDW Dixon et al., 1987
Na-bentonite 131 6.96x10™2 DDW Dixon et al., 1987
Na-bentonite 137 3.71x10™" DDW Dixon et al., 1987
Na-bentonite 1.19 1.47x10™" DDW Dixon et al., 1987
Na-bentonite 1.1 1.63x10™" DDW Dixon ct al., 1987
Na-bentonite 1.2 3.20x10™" DDW Dixon et al., 1987
Na-bentonite 1.17 3.81x10™" DDW Dixon et al., 1987
Na-bentonite 1.14 5.1ax10™ DDW Dixon et al., 1987
Na-bentonite 1.15 9.12x10™"! DDW Dixon et al., 1987
Na-bentonite 1.07 5.14x10™" DDW Dixon et al., 1987
Na-bentonite 1.04 3.36x107" DDW Dixon et al., 1987
Na-bentonite 0.887 2.49x10™" DDW Dixon et al., 1987
Na-bentonite 1.03 1.47x10™° DDW Dixon et al., 1987
Na-bentonite 1.08 2.36x107"° DDW Dixon et al., 1987
Na-bentonite 1.05 2.30x10™° DDW Dixon et al., 1987
Na-bentonite 1.03 2.48x107° DDW Dixon et al., 1987
Na-bentonite 1.02 1.33x10™"° DDW Dixon et al., 1987
Na-bentonite 0.884 2.55x10°1! ' DDW Dixon et al., 1987
Na-bentonite 0.989 4.19x10™° DDW Dixon et al., 1987

t1= temperature (room temperature unless otherwise specified); * =mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Table 2. Reported Hydraulic Conductivity of Compacted Bentonite and Bentonite Mixtures

Material Composition Density Hydraulic T (°C)' Pressure Test Type Permeant Reference
(%) Conductivity (m/s) Gradient
Na-bentonite 0.904 1.79x10"° DDW Dixon et al., 1987
Na-bentonite 0.877 1.93x10™"° DDW Dixon et al., 1987
Na-bentonite 0.87 4.29%x10™° DDW Dixon et al., 1987
Na-bentonite 0.836 6.73x107"° DDW Dixon et al., 1987
Na-bentonite 0.792 4.29x10™° DDW Dixon et al., 1987
Na-bentonite 0.609 1.98x10"° DDW Dixon et al., 1987
Na-bentonite 2.34 2.28x10™M 1.2 MNaCl |Dixonetal., 1987
Na-bentonite 2.1 1.45%10° 12MNaCl |Dixonetal., 1987
Na-bentonite 1.99 3.08x10™" 12MNaCl |Dixon et al., 1987
Na-bentonite 2.08 8.75x10°8 12MNaCl |Dixon et al., 1987
Na-bentonite 1.73 15.47x10™ 12 MNaCl |Dixon et al,, 1987
Na-bentonite 1.54 1.60x10°" 12MNaCl |Dixonetal., 1987
Na-bentonite 1.39 2.77x10™" 12 MNaC! |Dixon et al,, 1987
Na-bentonite 132 2.16x10" 12MNaCl |Dixon etal., 1987
Na-bentonite 133 4.81x10"° 12MNaCl |Dixonetal., 1987
Na-bentonite 134 6.17x108 12MNaCl |Dixonetal., 1987
Na-bentonite 131 6.49x10'" 12MNaCl |Dixonetal., 1987
Na-bentonite 132 1.10x10™" 12 MNaCl |Dixonetal., 1987
Na-bentonite 1.28 221x10" 12MNaCl |Dixonetal., 1987
Na-bentonite 127 3.64x102 12MNaCl |Dixon et al., 1987
Na-bentonite 1.19 1.89x10™M 1.2 M NaCl |Dixonetal., 1987
Na-bentonite 1.12 3.28x10™"! 12MNaCl |Dixon etal., 1987
Na-bentonite 0.894 1.75x10™"" 12 MNaCl |Dixon et al., 1987
Na-bentonite 0.918 4.00x10™"! 12MNaCl |Dixon etal., 1987
Na-bentonite 0.935 6.27x10™"! 1.2 MNaCl |Dixonetal,, 1987
Na-bentonite 1.12 1.17x107" 12MNaCl |Dixonetal., 1987
Na-bentonite 1.07 1.84x10710 12 MNaCl |Dixonetal., 1987
Na-bentonite 1.07 3.18x10°1° 12 MNaCl |Dixonetal., 1987
Na-bentonite 1.12 9.75%10” 12 MNaCl |Dixonetal., 1987
Na-bentonite 0.681 6.85x10° 1.2 MNaCl |Dixonetal., 1987

f1= temperature (room temperature unless otherwise specified); * = mixed with saltwater; DDW = distilled deionized water. Blank cells indicate that information is not available.
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Figure 1. Hydraulic conductivity of compacted mixtures of bentonite with sand, crushed
granite, or soils as a function of bentonite content (after Meyer and Howard,
1983; Mingarro et al., 1991).

Influence of Compaction/Density

Figure 2 shows the reported permeability of compacted bentonite and of bentonite
mixtures with sand, crushed rock, and fly ash. The permeability of a bentonite seal relates to
the void space or density. At the same density, pure bentonite has much lower permeability
than bentonite mixtures. Compacted bentonite has fewer pore spaces for fluid flow. It is not
necessary that materials with the same density have the same void space because the
specific gravity of materials varies significantly. The specific gravity of bentonite varies
from 2.4 to 2.8, which makes significant difference in terms of the void ratio for seals with
the same dry density.
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Figure 2. Reported hydraulic conductivity of compacted bentonite and bentonite mixtures
as a function of dry density.

Influence of Permeant Chemistry/Brine

Alther (1982) summarized the influence of solution chemistry on sodium bentonite
permeability (see Table 3). Calcium chloride, calcium sulfate, and calcium phosphates cause
an increase in viscosity (i.e., flocculation or gelling) and hence increase permeability
drastically. Acids dissolve part of the lattice over longer time periods. In the short term, they
also flocculate the clay and cause an increase in permeability. High concentrations of Ca,
Mg and total salts also increase permeability. Sodium salts decrease the permeability at
certain percentages but increase it at higher percentages because competition for space
between the sodium ions takes place, resulting in overcrowding and gelling.
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Table 3. The Influence of Permeant Chemistry on Bentonite Permeability

Permeant Chemistry Filter Cake Soil Bentonite Backfill
Ca" orMg"~ @ 1,000 ppm N N
Ca™ or Mg™™ @ 10,000 ppm M M
NH,/NO; @ 10,000 ppm M M
HC1 (1%) N N
H,S0, (1%) M N
HCl1 M/H* : M/H*
NaOH (1%) M M
CaOH (1%) M M
NaOH (5%) M M/H*
Sea Water N/M NM
Brine (G=1.2) M M
Acid Mine Drainage FeSO, (pH=3) N N
Lignin (in Ca™ solution) N N
Alcohol H(failure) M/H

Data from D’ Appolonia (1980).

N = No significant effect; permeability increase by about a factor of 2 or less at steady state.
M = Moderate effect; permeability increase by about a factor of 2 to 5 at steady state.

H = permeability increase by a factor of 5 to 10.

* = Significant dissolution likely.

Kenney et al. (1991) observed that the “hydraulic conductivity of mixtures
containing high-swell bentonite, when permeated with a strong saline solution, increased by
only a small amount, indicating that the fabric of bentonite enclosed within the framework
was little influenced by this change of system chemistry.”

Peterson and Kelkar (1983) observed a slight decrease in the hydrauhc conductivity
of bentonite samples when flow tested with a bnne rich in Na" and Mg" (co 3pared to flow
tests with deionized water), from about 2 to 3x 10 m/s to about 1.1 to 2x10°

Barbour (1987) presents data that show an increase by a factor of five for the
permeability of a sand/Ca-bentonite sample after permeation with a 4.0 M NaCl brine.
Barbour argues persuasively, although with limited support from experimental data, that the
confining pressure may be a determining factor on whether the permeability will increase or
not as a result of brine penetration. This topic may deserve further attention for WIPP shaft
sealing, where shaft creep closure is expected to provide an active confining pressure.

Barbour (1987) and Sego et al. (1987) reference work by Ridley (1985) and Ridley
et al. (1983) to raise some serious concerns about the validity of a widely used method for
measuring permeability, namely rigid wall permeameters for studying the influence of brine
on permeability. A rigid wall permeameter may not be appropriate to obtain true
permeability measurements because it does not compensate for the shrinkage that may occur
in field situations. Fernandez and Quigley (1988) present results that tend to support this
concern. Their results of permeability tests on clays using water-soluble organic liquids
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show that an even rather modest stress applied to the clay largely eliminates the large
permeability increases that are observed in unpressured samples. Fernandez and Quigley
note that even a modest stress (about 160 kPa) suffices to prevent permeability increases.

Almanza and Lozano (1990) subjected Ca-montmorillonite to flow tests with fresh
water and with NaCl brine of 60% saline saturation at 50°C. The permeability was
essentially the same for the two permeants. The authors conclude that a Ca-montmorillonite
may be a better sealant against Na brine flow than a Na bentonite, even through it has a
much smaller swelling capacity, because the exchange of one Ca™ ion by two Na* ions
results in a permeability decrease.

For sodium bentonite, the permeability increases when saline solutions (0.7 to 1.2 M
NaCl) are the permeate (Figure 3). Kenney et al. (1992) conducted hydraulic conductivity
tests on compacted bentonite/sand mixtures using distilled water and 0.7 mol/L salt water as
the permeants. Samples with dry density of 1.5, 1.65, or 1.85 g/cm and with bentonite to
sand ratios of 0.05 to 0.25 were tested. The hydraulic conductivity of bentonite permeated
with salt water is about two orders of magnitude higher than that permeated with distilled
water. Kenney et al. (1992) also found that bentonite samples mixed with brine and
permeated with 0.7 M brine can have a hydraulic conductivity about two orders of
magnitude higher than samples mixed with distilled water and permeated with 0.7 M brine.

Yang and Barbour (1992) studied the influence of brine on clay permeability. Fresh
water and brine (5.0 M NaCl) were permeated through static-compacted, kneading-
compacted, or slurry samples of Regina Clay (45.2 % montmorillonite, calcium based).
Yang and Barbour found that brine increases the hydraulic conductivity of the clay 2 to 6
times at confining pressures less than 10 kPa, and about 2 times when the confining
pressure is higher than 50 kPa. Haug et al. (1990) obtained test results from which they
concluded that a NaCl brine had an insignificant effect on the hydraulic conductivity of
illite/bentonite mixes under high confining stresses. Under low confining pressures,
hydraulic conductivity increases significantly. Yang and Barbour (1992) concluded that
brine permeation through clays does not change the microstructure of the clay significantly;
it does, however, increase the size of interaggregate pores.

According to Mitchell (1976, p. 112), NaCl concentration influences the interlayer
thickness, which dominates the swelling pressure and hydraulic conductivity of bentomte
when it is saturated. For a montmorillonite clay with a specific surface of 800 m %/ ganda
cation exchange capacity of 83 meq/ 100 g, the thickness of the interlayer is 333 A when
saturated with a solution of 0.83x10™ M NaCl, and 1.25 A when saturated with a solution of
6 M NaCl (Figure 4). The decreased thickness of interlayers reduces the swelling capacity of
montmorillonite and increases the hydraulic conductivity. It seems that salt/brine has
significant influence on the swelling and flow properties of bentonite. However, the
bentonite seal should retain its original physical and chemical properties if the emplaced
bentonite is never penetrated by brine. For high density bentonite under low injection
pressure, the low hydraulic conductivity and higher swelling pressure developed in the
bentonite layer adjacent to the permeant source can resist further brine penetration. It is
necessary to understand how brine penetrates the bentonite to fully understand the
performance of bentonite seals emplaced in salt/brine environment.
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Figure 3. Reported permeability as a function of dry density for permeant with distilled
deionized water and brine.

Sodium bentonite that is hydrated and permeated only with relatively fresh water
will be effective indefinitely. The interlayer sodium cation can be exchanged with cations
that have higher replacing power during hydration and permeation. Cation exchange greatly
reduces the amount of water that bentonite can hold in the interlayer, resulting in decreased
swell capacity. The loss of swell usually causes increasing porosity and increasing hydraulic
conductivity. Mitchell (1976, p. 130) notes that Li*, K", Rb", Cs", Mg, Ca*", Ba*", Cu®*,
Al**, F&** and Th*" have higher replacing power to replace Na' in interlayers of bentonite.
Li", K" and Ca** in brine tend to replace Na' in bentonite during hydration and permeation,
hence increasing its hydraulic conductivity.
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Figure 4. The thickness of interlayer as a function of NaCl concentration in solutions
(calculation based on Equation 7.28 in Mitchell, 1976, p. 125).

Size Effects

Permeability may also vary with sample size. The permeability of bentonite
measured in the laboratory may differ from that measured in the field. It is generally
recognized that permeability increases when samples become larger, because defects or
nonuniform density statistically have a better chance of being present in larger samples
(Olson and Daniel, 1981). For pure bentonite, such size influence may not be as significant
as for other materials, such as soil and mixtures of clay and sand/crushed rock, because of
relatively uniform particle size and material components.

Boynton and Daniel (1985) conducted hydraulic conductivity tests for clays with
sample-size diameters from 3.8 to 15 cm (1.5 to 6 in.). They concluded that the effect of
sample size on permeability depends on water content at time of compaction. For samples
compacted slightly dry of optimum, permeability is essentially independent of sample
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diameter. When samples are compacted drier or wetter than optimum, the permeability
increases with increasing sample diameter.

Olson and Daniel (1981) compared the hydraulic conductivity data of clays from 72
sites where field and laboratory hydraulic conductivities have both been measured. The
range in the ratio of field permeability to laboratory hydraulic conductivity is from 0.3 to
46,000. However, for nearly 90% of the cases the ratio is from 0.38 to 64.

Daniel (1984) compared hydraulic conductivity results of laboratory and field tests
from four projects where soil/bentonite liners were used. The ratio of permeability measured
in laboratories to the permeability measured in the field is from 5 to 100,000. Daniel (1984)
concluded that the actual hydraulic conductivities of the clay liners were generally 10 to
1,000 times higher than values obtained from laboratory tests. However, many of the factors
cited by Daniel (1984) as causes for the discrepancies between laboratory and field testing
should not apply for WIPP shaft sealing, or they should be avoidable: Discrepancies seem
largest for relatively thin layers (less than 0.6 m [24 in.] thick), desiccation has affected
most of the liners where large differences were measured, and construction inspection was
not as extensive as it might have been. Benson et al. (1994), in a very careful analysis of
size effects including consideration of multiple case studies, essentially conclude that
laboratory size permeability tests can be representative of in sifu compacted clay, on
condition that in situ compaction is conducted with extreme care.

5.1.2 Gas Permeability

According to Brenner (1988, p. 26) gas flow through saturated compacted bentonite
requires displacement of “free” water in the larger pores or, in extremely dense bentonite, a
displacement of clay particles. According to Pusch et al. (1985) as quoted by Brenner
(1988), a critical gas pressure exists above which a sudden rapid increase in gas flow is
observed. This critical gas pressure increases with density and is a material characteristic.

Pusch et al. (1985) conducted experiments in a swelling oedometer on samples of
MX-80 bentonite that were 50 mm in diameter and 20 mm thick. The saturated density
ranged from 1.70 to 2.14 g/cm3 (dry density was 1.4 to 1.79 g/cm3). The samples were
saturated with a Nagra water fairly rich in salts. The critical (breakthrough) gas pressure,
measured with both nitrogen and hydrogen, ranged from 1.6 to 21 MPa. The ratio of the
breakthrough gas pressure to swelling pressure ranged from 0.2 to 0.9, with most typical
values in the range of 0.5 to 0.7. The ratio was smaller when the gas pressure increased
more rapidly. A mechanistic model explaining the observed gas flow behavior, based on the
likely pore structure, is given by Pusch and Hokmark (1990). The macroscopic hydraulic
conductivity to gas appears to be of the same order of magnitude as that of water, i.e. about
107" m/s for dry densities of about 1.7 to 1.8 g/cm3.

5.2 Porosity

Because the entire pore volume is not available for water flow, the effective porosity
(the ratio of the interconnected pore volume to the total volume of the medium) is used to
characterize the fluid flow in porous media or clay (Bear, 1972, p. 44; Gillott, 1987, p. 390).
The pore properties (size, size distribution, shape, and structures) of clay are affected by
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moisture content, pore water chemistry, and confining pressure. A portion of the water
adsorbed or retained on solid clay particles is unable to flow freely, and the space occupied
by such water is not available for water flow. The amount of water attached on the solid
particles depends on the surface area of the solids and the thickness of the diffuse double
layer. Chapuis (1990) introduced the term “efficient porosity” to describe the water flow in
clay. Efficient porosity is measured by determining the portion of bound water adsorbed on
the solid particles and subtracting that portion from the effective porosity. The portion of
space (slow-moving water on particles) not available for water flow ranges about 20 to 50%
of the total porosity. Chapuis (1990) reports the results of 45 laboratory tests on the porosity
of bentonite and of soil bentonite mixtures. The average efficient porosity is 53% of primary
porosity. Figure 5 shows the correlation between efficient porosity and total porosity.

160

{n-n*)/n x 100 (%)

30 40 50

0 10 20

Mixture number

Figure 5. Correlation between total porosity () and efficient porosity (n*) of bentonite/
sand mixtures (data reported by Chapuis, 1990).
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The primary or total porosity # is given by the expression:

n=— (1)
l+e
where e is the void ratio, which can be calculated from the specific gravity (G,) of bentonite,

the dry density (p,) of the bentonite seal, and the density of water (p,,), i.e.:

e=G,Px_ . ®)
Pa

The specific gravity of bentonite is about 2.4 to 2.8. For Volclay GPG-30, the
specific gravity is 2.5 (American Colloid Company, 1995). The efficient porosity should
vary with moisture content and salt concentration. Diamond (1970) measured the effective
porosity of montmorillonite as 35% less than the calculated or primary or total porosity.
Figure 6 shows dry density plotted as a function of porosity.

The efficient porosity (7*), defined here as the porosity actually available to water
flow, is less than the total porosity because a thin water film adheres to smectite surfaces
and is essentially immobile. Chapuis (1990) found no direct correlation between hydraulic
conductivity and total or primary porosity, but a correlation exists with efficient porosity.

5.3 Volumetric Behavior: Swelling and Shrinkage

The volumetric behavior of clay sealants may affect waste isolation. Shrinkage could
enhance releases, especially of gaseous products. Swelling is likely to tighten the bond
between seal and host rock, but swelling must not be so large as to enhance the permeability
of the host rock, particularly any unfavorably oriented discontinuities in the host rock.

5.3.1 Swelling

Bentonite is widely considered a desirable repository sealing material because of its
swelling capacity. Swelling pressure of bentonite varies significantly, from 50 kPa to more
than 58 Mpa (Westsik et al., 1982; Pusch, 1982), depending on the chemical components of
the saturation fluid and its material composition. The methods used to measure swelling
pressure may also cause variations in measured swelling pressure. An extremely long time
1s required to saturate the bentonite and to develop swelling pressure. During swelling
pressure measurement, if the bentonite is never fully saturated, the measured swelling
pressure at that condition may not be representative; it may be much lower than the actual
maximum possible.

As shown in Table 4 and Figure 7, the swelling pressure of bentonite saturated with
salt water at low density is 3 to 10 times lower than that saturated with fresh water. Pusch
(1980) concluded that the swelling pressure of bentonite saturated with brine is identical to
that of bentonite saturated with fresh water for densities close to or greater than 2.1 g/cm’.
This may be true when the bentonite has never been saturated. It is clear that this conclusion
is applicable for WIPP when the WIPP brine contains up to or more than 5 M NaCl.
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Figure 6. Dry density of bentonite as a function of porosity, where 1: G;= 2.5, 2: G=2.7
and 3: G=2.8. Effective porosity = 65% of primary porosity (Equations 1 and 2).

Westsik et al. (1982), as recounted by Allen and Wood (1988), measured swelling
pressures of 57 to 58 MPa for a pure bentonite at high density, which is in good agreement

with pressures reported by Pusch (1979).

According to Brenner (1988, p. 21) the influence of water ions on swelling pressure
is negligible: No significant difference was observed in terms of swelling behavior for two
bentonites when either demineralized water or water rich in sodium was used.
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Table 4. Reported Swelling Pressures of Bentonite and Bentonite Mixtures

Material Composition | Density Swelling Permeant Reference
(%) Pressure (MPa)

Bentonite/sand 10 2.1 0.15 Nilsson, 1985
Bentonite/sand 10 1.9 0.02 Nilsson, 1985
Bentonite/sand 20 2.0 0.13 Nilsson, 1985
Bentonite/sand 20 1.8 0.02 Nilsson, 1985
Na-bentonite 1.4 0.10 Low electrolyte fluid Pusch, 1994
Na-bentonite 1.8 0.80 Low electrolyte fluid Pusch, 1994
Na-bentonite 2.1 10.00 Low electrolyte fluid Pusch, 1994
Ca-bentonite 1.8 0.50 Low electrolyte fluid Pusch, 1994
Ca-bentonite 2.1 10.00 Low electrolyte fluid Pusch, 1994
Na-bentonite 1.8 0.30 High electrolyte fluid | Pusch, 1994
Na-bentonite 2.1 10.00 High electrolyte fluid | Pusch, 1994
Ca-bentonite 1.8 0.05 High electrolyte fluid | Pusch, 1994
Ca-bentonite 2.1 10.00 High electrolyte fluid | Pusch, 1994
French clay 14 0.9 Atabek et al., 1990
French clay 1.5 2.0 Atabek et al., 1990
French clay 1.6 4.5 Atabek et al., 1990
French clay 1.7 8.0 Atabek et al., 1990
Na-bentonite 0.907 0.092 Oscarson et al., 1990
Na-bentonite 1.02 0.080 Oscarson et al., 1990
Na-bentonite 0.86 0.155 Oscarson et al., 1990
Na-bentonite 0.869 0.259 Oscarson et al., 1990
Na-bentonite 0.955 0.310 Oscarson et al., 1990
Na-bentonite 1.085 0.455 Oscarson et al., 1990
Na-bentonite 1.119 0.451 Oscarson et al., 1990
Na-bentonite 1.164 0.514 Oscarson et al., 1990
Na-bentonite 1.083 0.576 Oscarson et al., 1990
Na-bentonite 1.194 0.591 QOscarson et al., 1990
Na-bentonite 0.975 0.128 Oscarson et al., 1990
Na-bentonite 1.020 0.300 Oscarson et al., 1990
Na-bentonite 0.964 0.679 Oscarson et al., 1990
Na-bentonite 0.993 0.774 Oscarson et al., 1990
Na-bentonite 0.991 0.812 Oscarson et al., 1990
Na-bentonite 1.033 0.860 Oscarson et al., 1990
Na-bentonite 1.022 0.964 Oscarson et al., 1990
Na-bentonite 1.115 0.867 Oscarson et al., 1990
Na-bentonite 1.236 0.941 Oscarson et al., 1990
Na-bentonite 1.164 1.173 Oscarson et al., 1990
Na-bentonite 1.241 1.524 Oscarson et al., 1990
Na-bentonite 1.281 1.884 Oscarson et al., 1990
Na-bentonite 1.273 2.062 Oscarson et al., 1990
Na-bentonite 1.293 2.201 Oscarson et al., 1990
Na-bentonite 1.335 2.591 Oscarson et al., 1990
Na-bentonite 1.146 0.806 Oscarson et al., 1990
Na-bentonite 1.173 1.722 Oscarson et al., 1990
Na-bentonite 1214 1.794 Oscarson et al., 1990
Na-bentonite 1.234 2.012 Oscarson et al., 1990
Na-bentonite 1.223 2.028 Oscarson ¢t al., 1990
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Table 4. Reported Swelling Pressures of Bentonite and Bentonite Mixtures

Material Composition | Density Swelling Permeant Reference
(%) Pressure (MPa)

Na-bentonite 1.281 2.488 Oscarson et al., 1990
Na-bentonite 1.333 3.338 Oscarson et al., 1990
Na-bentonite 1.403 3.393 Oscarson et al., 1990
Na-bentonite 1.309 3.899 Oscarson et al., 1990
Na-bentonite 1.335 4.028 Oscarson et al., 1990
Na-bentonite 1.353 3.963 Oscarson et al., 1990
Na-bentonite 1.40 0.677 Mingarro et al., 1991
Na-bentonite 1.57 2.354 Mingarro et al., 1991
Na-bentonite 1.80 3.543 Mingarro et al., 1991
Na-bentonite 2.13 31.883 Mingarro et al., 1991
Bentonite/sand 75:25 142 0.128 Mingarro et al., 1991
Bentonite/sand 75:25 1.60 0.795 Mingarro et al., 1991
Bentonite/sand 75:25 1.81 3.541 Mingarro et al., 1991
Bentonite/sand 75:25 2.04 24.525 Mingarro et al., 1991
Bentonite/sand 50:50 1.38 0.284 Mingarro et al., 1991
Bentonite/sand 50:50 1.60 0471 Mingarro et al., 1991
Bentonite/sand 50:50 1.80 2.747 Mingarro et al., 1991
Bentonite/sand 50:50 2.00 15.267 Mingarro et al., 1991
Bentonite/sand 25:75 1.41 0.049 Mingarro et al., 1991
Bentonite/sand 25:75 1.58 0.334 Mingarro et al., 1991
Bentonite/sand 25:75 1.81 0.589 Mingarro et al., 1991
Bentonite/sand 25:75 2.03 5.886 Mingarro et al., 1991
Na-bentonite 1917 1.399 0.3 M CaCl, Pusch, 1980.
Na-bentonite 2.000 1.854 0.3 M CaCl, Pusch, 1980
Na-bentonite 1.989 3.259 0.3 M CaCl, Pusch, 1980
Na-bentonite 2.081 19.178 0.3 M CaCl, Pusch, 1980
Na-bentonite 2.151 46.833 0.3 M CaCl, Pusch, 1980
Na-bentonite 1.751 0.705 Distilled water Pusch, 1980
Na-bentonite 1.801 1.034 Distilled water Pusch, 1980
Na-bentonite 1.832 1.746 Distilled water Pusch, 1980
Na-bentonite 1.888 3.007 Distilled water Pusch, 1980
Na-bentonite 1.998 6.464 Distilled water Pusch, 1980
Na-bentonite 2.009 16.995 Distilled water Pusch, 1980
Na-bentonite 2.079 24.421 Distilied water Pusch, 1980
Na-bentonite 2.189 73.927 Distilled water Pusch, 1980
Na-bentonite 1.818 0.863 Ground water Pusch, 1980
Na-bentonite 1.846 0.993 Ground water Pusch, 1980
Na-bentonite 1.819 1.055 Ground water Pusch, 1980
Na-bentonite 2.003 5.502 Ground water Pusch, 1980
Na-bentonite 2.036 15.999 Ground water Pusch, 1980
Na-bentonite 2.112 38.034 Ground water Pusch, 1980
Na-bentonite 2.189 65.513 Ground water Pusch, 1980
Na-bentonite 1.859 0.780 0.6 M NaCl Pusch, 1980
Na-bentonite 1.913 1.055 0.6 M'NaCl Pusch, 1980
Na-bentonite 2.003 3.194 0.6 M NaCl Pusch, 1980
Na-bentonite 2.059 24917 0.6 MNaCl Pusch, 1980
Na-bentonite 2.151 55.764 0.6 M NaCl Pusch, 1980
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Figure 7. Reported swelling pressure as a function of dry density of bentonite and bentonite
mixtures.

Allison et al. (1990) conducted swelling pressure measurements on bentonites and
measured swelling pressures significantly lower than those reported by Pusch (1980), as
shown in Figure 8. Allison et al. (1990) attribute the differences to inconsistency in
measurement methods, and they describe the measurement methods used by Pusch (1980)
as unrealistic or as not representative of actual conditions. The merits of the argument are
not necessarily obvious. It is clear, however, that (1) swelling pressures may vary
significantly depending on the details of the method used to measure the swelling pressure
and (2) the most representative or realistic method (i.e., the method that most appropriately
simulates field conditions) is far from obvious.
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Figure 8. Comparison of swelling pressure for Na-bentonite from various researchers (after
Allison et al., 1990).

Dixon et al. (1991) investigated three different methods for measuring the swelling
pressure of highly compacted mixtures of sand and bentonite: triaxial consolidation, 1-D
oedometer consolidation, and tests in a rigid constant-volume cell. They concluded that for
tests on highly precompacted mixtures the results were largely independent of the test
method used. Note that the materials tested generated relatively low swelling pressures, in
the 1 to 3 MPa range.

5.3.2 Shrinkage

Compacted bentonite shrinks when it is dried to low water content. An increase in
confining pressure reduces the volume of the compacted bentonite, especially when
permeated by permeants containing numerous types of cations and electrolytes such as Na'.
Other factors (such as type of bentonite, temperature, fabric, and density) also change the
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volume of the compacted bentonite. The shrinkage of compacted bentonite caused by loss of
moisture content is directly related to clay mineral composition. The thickness of the diffuse
double layer varies with changes of the pore fluid chemistry. Haug et al. (1988) reported a
7% volume decrease for 20:80 sodium bentonite/sand mixtures when NaCl concentration
increased from 0 to 4 mol/L and when a 200 kPa surcharge was applied. Barbour and Yang

(1993) observed that, for clay initially remolded with distilled water, the clay always shrinks
when the pore fluid is replaced by brine.

5.4 Mechanical Properties

Compacted clay seals in shafts also act as structural components to support the shaft
walls, which prevents collapse and allows healing of the DRZ. To provide the necessary
resistance, the bentonite seals should have enough mechanical stiffness and strength to resist
shaft closure and prevent separation from the upper sealing columns, which may result from
over shrinkage and subsidence. Although the mechanical properties of bentonite are as
important to sealing as its fluid-conduction properties, few studies have focused on the
mechanical properties of compacted bentonite.

5.4.1 Strength

Radhakrishna and Chan (1982) studied the strength and deformation characteristics
of compacted Black Hills bentonite, Avonlea bentonite, and Pembina bentonite, as well as
the attributes of bentonite mixtures with crushed granite or sand. The results of their
investigations are given in Table 5.

Table 5. Mechanical Properties of Bentonite and Bentonite/Crushed Granite Mixtures

As Compacted After Saturation
Sample Bentonite Dry Moisture | Compressive | Young’s Dry Moisture | Compressive| Young’s
Content | Density | Content Strength Modulus Density | Content Strength Modulus
(%) | (gfem’) | (%) (MPa) (MPa) | (kgm) | (%) (MPa) (MPa)
CGBB 50 1.765 15.3 0.822 50.0 1.685 19.7 0.374 7.1
CGBB 50 1.655 22.5 0.358 19.6 1.585 24.7 0.136 6.2
CGBB 50 2.138 9.7 1.339 58.3 2.076 11.5 0.560 12.0
CGBB 50 2.015 12.0 0.872 21.6 1.976 12.5 0.360 2.0
BB 100 1.670 22.3 2.524 68.0 1.338 373 1.200 259
AVB 100 1.557 19.6 4.578 313.0 1.554 25.1 1.780 436
PB 100 1.443 255 2.948 3520 | 1433 34.1 2.104 108.6
CGAVB 50 1.784 18.2 1.956 98.0 1.797 18.9 1.768 87.1
CGBB 50 1.795 16.8 3.384 154.0 1.770 21.2 1.360 68.7
CGBB 50 1.883 13.1 1.230 31.9 1.897 16.5 0.876 25.8
CGBB 25 1.935 14.0 0.522 63.6 1.885 15.1 0.580 53.6

After Radhakrishna and Chan (1982).

CGBB = Mixture of Black Hills bentonite and crushed granite; BB = Black Hills bentonite;
AVB = Avonlea bentonite; PB = Pembina bentonite;

CGAVB = Mixture of Avonlea bentonite and crushed granite.
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Di Maio and Fenelli (1994) investigated the residual strength of bentonite as a
function of pore fluid chemistry. The residual friction angle of bentonite increases
significantly when distilled water is replaced with a 1 A/ NaCl solution, and even more
when a saturated sodium chloride solution is used (from 6° to 9° to 18°). Barbour (1987)
quotes data from triaxial tests reported by Ho (1985) and Ho and Pufahl (1987) on Regina
clay (a clay containing 45% montmorillonite, 28% illite, 18% kaolinite and 9% trichloride).
After exposing the samples to a 4.0 M solution of NaCl brine, the friction angle increases
from 33° to 37°. Mitchell (1993, p. 364) cites friction values from Kenney (1967), which
show a significant increase for Na-montmorillonite when prepared with a NaCl brine as
compared to fresh water: the residual friction angle increased from 6° to about 17°.
Borgesson et al. ( 1995) conducted triaxial tests on MX-80 bentonite samples with wet
density of 2.0 g/cm and found that the friction angle is 12.9° and cohesion is 106 kPa when
pore water with 3.5% NaCl is used. When blocks with a dry density of 1.8 g/cm are used,
the finished seal in shafts should have a dry density slightly less than 1.8 g/cm3.

5.4.2 Stiffness

Bentonite and bentonite-based seals are likely to be characterized by highly
complex, strongly nonlinear mechanical behavior. Yin et al. (1990) used a three-modulus
hypoelastic constitutive model for compacted sand-bentonite mixtures.

Young’s Modulus

Figure 9 shows the relationship between Young’s modulus and minor principal
stress, o3. The Young’s modulus (E) of clay is given by Janbu (1963) in the formula:

E=Kpa(3) 3)
b,

where K is a dimensionless modulus number that varies from about 300 to 2000 (Mitchell,
1993, p. 339); for saturated bentonite, the range probably is much narrower, about 100 to
300 or less. The variable »n is an exponent usually in the range of 0.3 to 0.6 (Mitchell, 1993,
p. 339). Pa is a unit constant equal to atmospheric pressure, and o5 is minor principal stress.

Yin et al. (1990) concluded that the Young’s modulus of a 50:50 bentonite sand
mixture can be calculated as:

E=kp )
where £ is a constant: k£ = 80 for 50:50 bentonite sand mixture; p'is the effective mean
stress: p' = 1/3 (c,'+203).

The Young’s modulus of bentonite should be lower than that of a bentonite/sand
mixture. Highly compacted and relatively dry bentonite (2.0 g/cm with 10% water content)
has a Young’s modulus up to 300 MPa, which decreases with the uptake of water (Meyer
and Howard, 1983).
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Figure 9. Young’s modulus of clay as a function of minor principal stress with X = 300,
P,=14.4 psi, and n = 0.3 in Equation 3 (after Janbu, 1963).

Bulk Modulus

Yin at al. (1990) concluded that the bulk modulus of a 50:50 bentonite/sand mixture
is 13.7 p'. Again, for pure bentonite, the bulk modulus is almost certainly lower.

Poisson’s Ratio

Meyer and Howard (1983) reported that for highly compacted and relatively dry
bentonite (2.0 g/cm3 with 10% water content), the Poisson’s ratio is about 0.15. For soft
clay, the Poisson’s ratio should be about 0.375, according to Dunn et al. (1980, p. 113).
Saturated bentonite is known to be extremely plastic; therefore Poisson’s ratio is expected to
be larger, i.e., at least 0.4 and probably 0.45 or larger.
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Mechanical Behavior

The preceding extremely brief description of bentonite stiffness in terms of single
isotropic elastic constants is at best extremely simplistic and at worst rather misleading.
More complete and complex mechanical behavior models have been developed for clays.
Barbour (1987) summarizes numerous references in a model that explicitly includes a solid
phase, a pore fluid phase, and a diffuse double layer phase. A constitutive model including
these phases clearly is far more realistic for describing relations between stress and strain,
including for example the effects of salt migration. It is unclear whether or not sufficient
information is available yet to implement such a model.

5.5 Sorption

Ion exchange, or sorptive retardation of radionuclides, is one of the main reasons
that clays, specifically bentonites, have been selected as backfill and sealing materials for
many repositories. An extensive literature exists on sorptive and retardation studies of
radionuclides in clays. Although many references for this topic are included in the
computerized data bases accompanying this document, no effort was made to review and
summarize those references. One example may suffice to show that sorption studies on clay,
specifically bentonite, have been conducted within the context of most repository programs.

Brodda and Merz (1983) describe experimental investigations of the sorption of
strontium and cesium on six clay types, including two bentonites. The authors observe that
sorption efficiency is greatly reduced when saline brines flow through the clays.

5.6 Index Properties

The liquid and plastic limits of bentonite depend greatly on the type of the adsorbed
cations (Mitchell, 1976). The range of reported index properties of bentonite are given in
Table 6. The plastic limit of bentonite is 50 to 100 (Mitchell, 1976, p. 173) or 83 to 250
(Grim and Giiven, 1978, p. 218). The liquid limit of bentonite ranges from 100 to 900
(Mitchell, 1976, p. 173) and from 160 to 500 (Grim and Giiven, 1978, p. 218).

Table 6. Reported Index Properties of Bentonite

Material | Liquid | Plastic | Free Fluid References
Limit | Limit | Swell*

Bentonite 500 40 25 DDW Kenney et al., 1992

Bentonite 105 35 54 |0.7 MNaCl Kenney et al., 1992
Ca-bentonite 75.5 243 Yang and Barbour, 1992
Na-bentonite 250 Dixon et al., 1992a

Bentonite 355 55 Yong and Cabral, 1992

Bentonite 100-900 | 50-100 Mitchell, 1976, p. 173

Bentonite 160-500 | 83-250 Grim and Giiven, 1978, pp. 218-220

* = Void ratio, DDW = Distilled deionized water
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The liquid limit increases with increasing amounts of exchangeable sodium cations;
the liquid limit does not relate to size fraction of bentonite (Sridharan et al., 1986). For
sodium bentonite, the liquid limit is 250 and the plastic limit is 49 (Dixon et al., 1991).

Kenney et al. (1992) report that the liquid limit of bentonite reduces from 500 to 105
when a 0.7 mol/L solution of NaCl is used for saturation instead of distilled water. The
plastic limit of bentonite reduces also, from 40 to 35, when a 0.7 mol/L solution of NaCl is
introduced.

For clay liners affected by landfill leachate, Bowders et al. (1985) recommend that
the index properties of clay be determined for clay mixed with fresh water and for clay
mixed with leachate. If no significant differences in the index properties are measured, it is
then likely that the permeability will not be affected significantly. Bagchi (1994, p. 142)
indicates that this relation between index properties and permeability was recognized by
Terzaghi (1936).

5.7 Longevity

The argument that clays, particularly bentonites, have persisted in nature over long
geologic times has frequently been invoked as a primary criterion for their selection as
sealing materials. Detailed studies have been conducted within the framework of many
repository programs to evaluate the likely longevity of clays, specifically bentonites,
particularly for backfill studies. When used as a backfill component in a high-level waste
repository, clay will likely be exposed to much higher temperatures than when used as a seal
component; it may also be exposed to high radiation levels. WIPP is not a heated repository.
Nevertheless, data about alteration at elevated temperature may be relevant or applicable, to
the extent that such results can be considered representative as accelerated tests.

The longevity of bentonite seals is directly related to the stability of smectites under
installed and site conditions (Giiven, 1990). The conversion of montmorillonite to hydrous
mica is one of the changes that can influence the stability of bentonite seals. In a brine
environment, excess sodium may decrease the swelling ability and increase the permeability
of the bentonite seal. Several methodologies have been adopted to study the longevity of
bentonite seals, including montmorillonite conversion, microstructure changes, observation
of long-term permeability, and comparison of the swelling pressure and permeability of
processed and unprocessed bentonites.

The primary longevity requirement is stability: the performance of compacted clay
seals should not deteriorate excessively over time. Krumhansl (1986) conducted an
extensive scoping investigation of the long-term stability of bentonite in a saline
environment. Because the investigation was designed to improve understanding of the long-
term stability of bentonite when used as a backfill for high-level waste (HLW) packages, he
subjected bentonite to environments far more severe than those likely to be encountered by
WIPP shaft seals. Krumhansl (1986, p. 3) reported that

“...most experiments were done at the most extreme conditions likely to occur in a
commercial HLW repository. These experiments can also be considered as accelerated
tests (or “overtests”) for repositories isolating cooler forms of waste, such as the defense
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wastes.... These results make a strong case that bentonite is sufficiently stable to warrant
the additional research required to fully demonstrate bentonite backfill feasibility.

In a technical report on underground repository sealing, the International Atomic
Energy Agency (IAEA) summarized the results from a number of studies on the longevity
of clay seals. The IAEA (1990, p. 58) concluded that

...for highly compacted clays, within the range of values expected in a repository, even in
the near field, temperature and ionic concentration in the groundwater should not
significantly affect swelling potential or hydraulic conductivity.

Pusch and Karnland (1990) studied the conversion of montmorillonite to illite when
potassium is available. The conversion of smectite to illite takes place in the environment
either at high effective pressure and at temperature exceeding about 60°C or drying (Pusch,
1994, p. 352). Pusch and Giiven (1990) studied the microstructure of Na-bentonite with a
bulk density of 2.0 g/cm3 under temperatures from 150 to 200°C for six months. The
microstructure of the bentonite changed, with an enlargement of the pores. No mineralogical
and chemical changes were observed. Howard and Roy (1985) conducted laboratory studies
of sodium-saturated bentonite to investigate smectite alteration at 150 to 250°C for 30 to
180 days. They found that potassium transfers smectite into illite. The rate of transformation
depends on temperature, potassium content, and fluid composition. Although WIPP salt
only contains 0.151 to 0.232% potassium (Brodsky, 1994), the smectite to illite
transformation may occur.

Oscarson et al. (1990) compared the swelling pressures and hydraulic conductivity
of processed and unprocessed bentonites to identify the longevity of the bentonite seal. They
found that processed bentonite has higher swelling capacity and lower permeability for
bentonites with dry densities from 0.9 to 1.4 g/cm3. Unprocessed bentonite maintains a
significantly high swelling capacity and low permeability after millions of years of water
erosion, thermal alteration, loading, and unloading.

Ran (1993) studied the flow properties of pure bentonite grout before and after
healing from washing out some particles and channeling for over 200 days. After being
washed out twice and subjected to varied pressure gradients for over 200 days, the bentonite
can maintain low hydraulic conductivity.
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6. EMPLACEMENT/CONSTRUCTION

The major sealing characteristics of bentonites and clays (i.e., hydraulic conductivity
and swelling behavior), as well as most other properties, are a strong function of
emplacement density. Various emplacement options have been considered; among them are
in situ compaction of powdered bentonite, emplacement in the form of precompacted
blocks, and hydraulic or pneumatic emplacement.

In situ compaction with conventional compaction equipment is unlikely to produce
acceptable densities if extremely low hydraulic conductivities are deemed necessary or
desirable. Although one can conceptually visualize in situ static compaction equipment that
could provide the pressures necessary to compact to high densities, such equipment would
require design and construction.

A few emplacement investigations have been conducted for pure bentonite seals and
for shaft sealing. Most investigations for seal emplacement technologies have focused on
using sand or quartz bentonite mixtures to seal nuclear waste emplacement rooms.
However, shaft sealing design can benefit from those investigations. Two emplacement
methods have been investigated. One is the use of bentonite blocks, and another is in situ
compaction.

The Canadian nuclear waste program has conducted extensive testing, both i sifu and
in large scale laboratory simulators, of the compaction of clay-based barrier materials with
dynamic hydraulically powered impact hammers (e.g., Kjartanson et al., 1992). The Swedish
program similarly has investigated field compaction of bentonite-based tunnel backfill by
means of plate vibrators (e.g., Nilsson, 1985). Both studies demonstrated the feasibility of in
situ compaction of bentonite-based materials to a high density. However, such manual backfill
compaction might be excessively slow for the compaction of several hundred ft of shaft seals.
Therefore the alternative of using sheepsfoot compactors is recommended, although it will
require some modification of the driving systems for the compaction equipment. Heavy
sheepsfoot rollers should allow the use of higher lifts than are possible with manual or semi-
manual compaction, providing the kneading compaction that will minimize the permeability
(Mitchell et al., 1965). They should also allow application of a large compaction energy in a
reasonable amount of time.

Sheepsfoot roller compaction is widely used for construction of impervious liners for
earth dams (Hilf, 1975) and for the construction of clay liners for waste disposal facilities
(Daniel, 1993). Geotechnical textbooks and most experts interviewed recommend the use of
sheepsfoot or tamping foot rollers for compacting cohesive (clay) soils to achieve low
permeability (Goldman et al., 1990). The fundamental explanation for the effectiveness of
sheepsfoot compaction in reducing permeability appears to be that kneading compaction and
the associated large shear strains induce a dispersed structure that greatly reduces permeability
(Mitchell et al., 1965). More detailed investigations of the soil structure resulting from
sheepsfoot compaction are referenced by Seed and Chan (1959), according to Mitchell et al.
(1965). Sufficient compaction passes will have to be made to assure that the required
compaction energy is applied.
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In Sweden, Nilsson (1985) conducted compaction tests of bentonite/sand mixtures in
the field. The tests were conducted in a tunnel with six nuclear waste emplacement rooms.
A dynamic roller (vibrator) was used to compact 10/90% or 20/80% bentonite/sand
mixtures. The compaction after 25 runs resulted in dry densities of 1.59 to 1.71 g/cm’ for
the 10/90% bentonite/sand mixture, and 1.5 to 1.6 g/cm3 for the 20/80% bentonite/sand
mixture. The moisture content of the bentonite/sand mixture at compaction ranged from 8%
to 16%.

In Germany, Bucher and Jedelhauser (1985) conducted laboratory compactions of
quartz-sand/bentonite mixtures. The mixtures have Na-bentonite (MX-80) content from
17% to 33% or Ca-bentonite (Montigel) from 26% to 31% by weight. The mixtures were
statically compacted in a compaction mold with 80 to 320 MPa compactive pressure. Their
final density was 1.5 g/cm3.

In Canada, Dixon et al. (1985) conducted laboratory compactions of bentonite and
bentonite/sand mixtures. Standard Proctor molds and modified molds were used for
compaction. The sand/bentonite mixtures had 25, 32.5, 40 and 75% bentonite contents.
When the modified compactive energy was applied, the achieved dry density varied with
bentonite content and moisture content. The compaction of the bentonite under the modified
compactive effort was about 1.3 g/cm3.

For bentonite/sand mixtures with more than 50% bentonite content, the modified
compactive energy is insufficient to overcome the high shearing resistance of the water
attached to the bentonite particles (Dixon et al., 1985). If the mixture has less than 50%
bentonite content, greater compaction can be achieved (Nilsson, 1985; Dixon et al., 1985).
However, Bucher and Jedelhauser (1985) note that the static pressure required to reach a
given dry density of the bentonite filling the pores between sand grains is 10 to 20 times
greater than that required to fill spaces between bentonite particles in a specimen of
bentonite alone.

Highly compacted bentonite blocks were placed at the WIPP site. Bentonite blocks
were produced in a block machine with 26.2 MPa (3800 psi) static pressure, and 1.8 g/cm’
density was achieved (Howard, 1989). Pusch (1994) and Pusch et al. (1982) propose to use
precompacted bentonite blocks to seal shafts. Bentonite blocks can be manufactured by
uniaxial or three-dimensional compression. A dry density of 1.8 g/cm3 with water content of
6% to 7% can be achieved by applying pressure up to 150 MPa (Pusch, 1994).

In situ compaction of clays is a widely used practice for many sealing applications,
particularly, hazardous waste sites, heap leach pads, and similar engineered waste-containment
structures. Emplacement, compaction, and verification methods are well established and
readily available. Modifications of standard procedures may be required for emplacement in
shafts, primarily because the equipment most likely to be recommended for clay compaction
(i.e., sheepsfoot rollers) may not be readily available in sizes and weights desirable in shafts.
Also, it seems quite likely that the required performance in WIPP shafts may be more
stringent than the requirements for most other applications.

A potentially serious problem for in situ compaction may arise from the selected
performance requirements. If the bentonite seals are designed for minimal hydraulic
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conductivity at emplacement, it is likely that the recommended moisture content will be wetter
than optimum (e.g., Mitchell et al., 1965). A highly plastic clay such as bentonite is likely to
be very sticky, as well as very soft, at such high moisture contents, which may result in
operational difficulties (Daniel, 1993).

The performance of bentonitic seals depends on many variables. Main factors to be
taken into account during design and construction include compaction procedures to be used,
moisture content, density, and type of fluid (i.e., water composition) mixed with bentonite.

Three important considerations with regard to compaction are (1) the type of
equipment to be used, (2) the amount of energy to be applied, and (3) procedures to be used to
assure that no preferential flowpaths develop between lifts. It is highly desirable to achieve the
lowest practically possible permeability; therefore a kneading type compaction will be
prescribed, most probably in the form of sheepsfoot roller type compaction, assuming the
equipment can be operated in a shaft.

It is probable that a large energy application will be prescribed, i.e., the application of
multiple compaction passes. Special indentation/kneading type preparation of interfaces
between lifts will be prescribed to assure the development of a tight interface between lifts.

The development of desiccation cracks in emplaced lifts must be prevented. Most
likely, large quantities of dry air will be blown into the bottom of the shafts during seal
emplacement. Thus consideration must be given to either assure that the airflow does not
cause excessive drying of emplaced bentonite (e.g., by artificially increasing the moisture
content of the air) or to provide surface protection on top of emplaced seal material.

In addition to technical concerns, it is necessary to implement close supervision and
inspection procedures. Several clay liner failures have been attributed to lack of inspection
(e.g., Daniel, 1984; 1993), presumably reflecting inadequate construction. Daniel (1990)
summarizes construction quality control procedures for compacted soil liners, many of which
would be applicable and appropriate for shaft seals.
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7. RESERVES, SUPPLIES, AND LONG-TERM AVAILABILITY

Because repository backfilling and sealing may not take place for several decades,
concern exists about the long term availability of bentonite. According to Miles (1995)
“High swelling sodium bentonite is rare... Lower grade sodium bentonite deposits stretch
north from Wyoming, through Montana and into the Canadian Provinces. In contrast, high
quality calcium bentonite occurs throughout the USA and the world.”

The availability question has been investigated within the context of the Canadian
nuclear waste disposal program. According to Dlxon et al. (1992b) the proven reserves of
North American sodium bentonite exceed 1.9x10° Mg, and vast supplies are known to exist,
though they have not yet been proven The Canadian reference repository would require, for
backfill and seallng, some 2.5x10° Mg of bentonite. The Canadian conceptual disposal vault
would require 6x10* Mg of sodium bentonite each year for forty years. The North
American bentonite industry has an installed annual bentonite production capacity of 2x 107
Mg. The Canadian repository therefore would require approximately 2% of industry
capacity. The Canadian program has screened a number of commercial products for
potential suitability as backfill material and has identified ten currently marketed bentonite
products that meet the initial quality standards for the buffer/backfill material, as well as
two noncommercial bentonites.

According to Rath (1986) a conservative estimate of the remaining Wyoming
bentonite reserves is about 90 to 100 million tons. Hosterman and Patterson (1992)
concluded that the bentonite reserves in the United States are 800 million tons. There is
considerable uncertainty about these estimates, however, because most companies do not
willingly reveal reserve figures. Moreover, the figures change significantly with economic
conditions. “Geologically, there is considerably more bentonite available than is presently
commercially mineable.” (Rath, 1986). In recent years (i.e., 1989 through 1993) production
of Wyoming sodium bentonite has been on the order of 2.5 to 3 million short tons per year
(Arrington-Webb, 1994; Virta, 1994).

A conservative approximation of the bentonite required for WIPP shaft sealing can
be made assuming that the total cross-sectional areas of the compacted clay seals for four
shafts will be 100 m” (DOE/WIPP, 1995, p. D-5), the maximum total length of the seals will
be 400 m, and the seals will be compacted to a maximum dry density of 2 g/cm Itis
assumed that the bentonite from the manufacturer contains 10% water. Under these
assumptions, for four shafts about 88,000 metric tons (96,976 short tons) of bentonite would
be needed for the shaft seals. This quantity represents about 3% of the current annual US
sodium bentonite production.
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8. CONCLUSIONS

Bentonite has been widely studied as a primary sealing material for nuclear waste
repositories (IAEA, 1990; Pusch and Bergstrom, 1980; Pusch, 1994; Coulon et al., 1987;
Brenner, 1988; Bucher et al., 1986; Dixon et al., 1985; Butcher, 1994; Pfeifle, 1990). The
swelling, longevity, and flow properties of bentonites and bentonite mixtures with sand or
crushed rock have been extensively characterized with distilled deionzied water as the
permeate. A few studies (Pusch, 1980; Dixon et al., 1987; Kenney et al., 1992) have been
conducted using brines with low NaCl concentration (from 0.7 to 1.2 M) as pore fluid.

The permeablhty of compacted sodium bentonite (from 0.5 to 2.2 g/cm ) ranges
from 1x107° to 1x107 m The permeability of bentonite mixtures varies significantly with
density depending on the bentonite content. The permeability of compacted sodium
bentonite increases two to three orders of magnitude when saline solutions (0.7 to 1.2 M
NaCl) are the permeate. NaCl concentration in permeation fluid has a slight influence on the
permeability of Ca-bentonite. If the confining pressure is high enough to compress the
increased pores, such influence may be reduced. The permeability of bentonite mixtures
with sand or crushed rock does not closely relate to the density of the seal (see Figure 2),
but more to the bentonite content (see Figure 1).

The gas permeability of compacted bentonite depends on the moisture content of the
bentonite and its density. Gas penetration through bentonite requires displacing free water in
pores; hence a breakthrough pressure is needed. The breakthrough pressure increases with
increasing moisture content and density. For saturated compacted bentonite, the
breakthrough pressure ranges from 1.6 to 21 MPa for dry densities from 1.4 to 1.79 g/cm
(Pusch and Hokmark, 1990). For WIPP shaft sealing, bentonite seals should maintain
enough density and moisture content to limit gas migration to an acceptable level.

For compacted sodium bentomte the swelling pressure ranges from 0.1 to 74 MPa
for dry densities from 0.86 to 2.19 g/cm (Pusch, 1980, 1994; Oscarson et al., 1990; and
Mingarro et al., 1991). The swelling pressure for compacted bentonite with a dry density
less than 1.0 g/cm3 is less than 1.0 MPa. Certain cations (i.e., NaCl, CaCl,, etc.) in the
permeate fluid can significantly reduce the swelling capacity of bentonite (Mitchell, 1976).
A bentonite seal in a NaCl-bearing environment may generate much less swelling pressure.

Bentonite has persisted in nature over geologic time scales. Geologic evidence,
laboratory data, and theoretical analysis show that highly compacted bentonite can maintain
physical, thermal, and chemical stability in environments other than Na" and Ca’-rich ones.
In the WIPP environment, two factors may potentially influence the stability of compacted
bentonite. The first is cation exchanges, which lead to conversion of the sodium bentonite
into other types of bentonites that have higher permeability. Illite may be an inevitable
product of reaction of smectite with K™ -nch pore fluid. Calcium bentonite may be formed
when the pore fluid is rich enough in Ca?*. A second factor is that bentonite may decrease
its volume when brine penetrates because NaCl in brine can reduce the thickness of the
double layer.

The mechanical properties of compacted bentonite are not well characterized when
the pore fluid contains a high NaCl concentration (i.e., similar to WIPP conditions of >5 M).
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The shear strength of compacted bentonite increases significantly when distilled water is
replaced by 1 M NaCl solution as pore fluid (Di Maio and Fenelli, 1994). The reported
compressive strength ranges from 2.5 to 4.6 MPa for compacted dry bentonite, and reduces
to 1.2 to 2.1 MPa after saturation (Radhakrishna and Chan, 1982). The Young’s modulus of
compacted bentonite decreases with water uptake, from 68 — 352 MPa to 26 — 109 MPa
(Radhakrishna and Chan, 1982; Meyer and Howard, 1983).

In situ compaction with conventional equipment is unlikely to produce the desirable
density for bentonite seal construction. Two technologies (dynamic compaction and
precompacted blocks) have been studied for bentonite seal construction for Swedish,
Canadian, German, and US nuclear waste programs. Dynamic compaction technology has
been evaluated both in the laboratory and in the field for mixtures of bentonite with sand or
crushed rock. In situ compaction using a dynamic impact hammer (Kjartanson et al., 1992)
or a plate vibrator (Nilsson, 1985) can densify mixtures of bentonite and sand or crushed
rock to a dry density of 1.75 to0 2.0 g/cm3. Dixon et al. (1985) and Yong et al. (1986)
reported that a dry density of 1.3% can only be achieved by dynamic compaction for
bentonite when the modified Proctor effort is applied. Howard (1989), Pusch (1994), and
Pusch et al. (1982) report that bentonite blocks with a dry density higher than 1.8 g/cm3 can
be produced in a block machine under 26 to 150 MPa static compression pressure.

A conservative estimate of the remaining Wyoming bentonite reserves is about 90 to
100 million tons (Rath, 1986). The proven high quality sodium bentonite reserves are about
1900 million tons in North America (Dixon et al., 1992b). The North American bentonite
industry has an annual production capacity of 20 million tons (Dixon et al., 1992b). The
WIPP shaft sealing system requires only about 88,000 metric tons of bentonite, which is
about 3% of the current annual US production.
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