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ABSTRAGCT

This study includes a systematic investigation of the sealing
performance of bentonite and bentonite/crushed rock plugs. American
Colloid C/S granular bentonite and crushed Apache Leap tuff have been
mixed to prepare samples for laboratory flow testing. Bentonite weight
percent and crushed tuff gradation are the major variables studied. The
sealing performance assessments include high injection pressure flow
tests, polyaxial flow tests, high temperature flow tests, and piping
tests. The results indicate that a composition to yield a permeability
lower than 5 x -10°8 cm/s would have at least 25% bentonite by weight
mixed with well-graded crushed rock. Hydraulic properties of the
mixture plugs may be highly anisotropic if significant particle
segregation occurs during sample installation and compaction.
Temperature has no significant effect on the sealing performance within
the test range from room temperature to 60°C. Piping damage to the
sealing performance is small if the maximum hydraulic gradient does mnot
exceed 120 and 280 for samples with a bentonite content of 25 and 35%,
respectively. The hydraulic gradients above which flow of bentonite may
take place are deemed critical.

Analytical work includes the introduction of bentonite occupancy
percentage and water content at saturation as two major parameters for
plug design. A permeability model is developed for the prediction of
permeability in clays,-especially in view of the difficulties in
obtaining this property experimentally. A piping model is derived based
on plastic flow theory. This piping model permits the estimation of
critical hydraulic gradients at which flow of bentonite takes place.

The model can also be used to define the maximum allowable pore diameter
of a protective filter layer.
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SEALING PERFORMANCE OF BENTONITE AND BENTONITE/CRUSHED ROCK
BOREHOLE PLUGS

EXECUTIVE SUMMARY

Bentonite is an excellent sealant material due to its swelling and self-
healing characteristics, low permeability, sorptive qualities, and lon-
gevity in nature. The use of bentonite in constructing hydraulic
barriers for waste containment has greatly increased in recent years.
Bentonite and bentonite/crushed tuff as well as portland cement-based
concrete are being considered as sealing materials for high-level radio-
active waste repositories. It may be desirable to use bentonite and
bentonite/crushed tuff to minimize deterioration of seal properties and
adverse effects on ground water chemistry in the repository environment.
Sealing performance evaluation of such plugs is needed under diverse
conditions to allow for overall repository performance assessments.

American Colloid C/S granular bentonite and crushed densely welded
Apache Leap tuff* have been used to prepare samples for flow testing.
The material properties are described in Chapter 2. Bentonite content
and crushed tuff gradation are the major variables in sample prepara-
tion. The sealing performance assessments include high injection pres-
sure flow tests, polyaxial flow tests, high temperature flow tests, and
piping tests. Chapter 3 gives detailed experimental results.
Analytical work includes the introduction of bentonite occupancy per-
centage and water content at saturation as two primary parameters for
plug design. A piping model is developed to evaluate the susceptibility
of the seals to piping as a result of bentonite flow (Chapter 4). The
proposed permeability model in Chapter 5 allows making predictions of
permeability in bentonite.

Flow test results of sedimented bentonite plugs indicate the dependence
of permeability on the molding water and permeant. The bentonite sample
deposited in and permeated with the synthetic groundwater gives a
permeability (7 x 10-8 cm/s) very similar to that of the sample prepared
and tested with deaired distilled water. The permeability of bentonite
can be reduced by molding or percolating with a dispersing solution
(e.g. 2% sodium pyrophosphate solution). During flow testing, the water
content tends to become highly nonuniform, as confirmed by multiple
observations. Therefore, the permeability calculated assuming the mate-
rial is uniform should be treated as some equivalent measure of a sam-
ple’s ability to transmit water.

*Unless explicitly noted otherwise, in this report all references to
Apache Leap tuff refer to the densely welded brown unit of the Apache
Leap tuff formation.
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Mixtures of bentonite and crushed densely welded Apache Leap tuff can be
engineered to yield a low permeability, close to that of bentonite
itself. An appropriate composition to yield a permeability lower than 5
x 108 cm/s would contain at least 25% bentonite by weight mixed with
well-graded crushed rock. A mixture containing 25% bentonite and 75%
crushed tuff of type A (maximum particle size of 9.42 mm) gradation is a
promising seal material. Crushed tuff of FA or FC gradations (Fuller-
Thompson gradations, n = 0.5 and Dmax = 9.42 mm and 19.05 mm, respec-
tively) may also be good candidates for mixing with bentonite. The
sealing performance of mixture plugs is enhanced by increasing the
amount of bentonite to 35%. The increase in bentonite content improves
the bentonite occupancy percentage and reduces the water content of ben-
tonite at saturation, giving better resistance to piping, erosion and
flow. Similar effects have been observed if crushed rock constituting
a Fuller-Thompson grading curve (e.g. type FA) is used.

Compaction and bentonite content are decisive factors in producing good
mixture seals. The effectiveness of compaction in reducing bulk poros-
ity is hindered by the soft bentonite buffer. To reduce the porosities
of the plugs containing 25% or more bentonite, a compaction energy
higher than that of the standard Proctor compaction is necessary. For a
loosely or ineffectively compacted mixture containing 25% bentonite or
less, the sealing performance can be damaged by dynamic disturbances.
The influence of such disturbances is greatly reduced when more benton-
ite is added.

Bentonite/crushed tuff mixtures tested in this study exhibit heterogene-
ity and anisotropy. A difference of up to one or two orders in magni-
tude can be expected between the vertical and horizontal permeabilities,.
The high horizontal permeability results from the uneven bentonite
distribution in the pores between crushed rock particles due to particle
segregation occurring during sample installation and compaction. More-
over, the contact between adjacent compacted layers may serve as a pref-
erential flow path. Increasing the bentonite content from 25 to 35%
reduces the vertical permeability by nearly an order of magnitude, but
results in little change in the horizontal permeability. Adequate seal-
ing ability of the mixture plugs in the transverse direction may be
necessary to minimize the lateral flow of groundwater or gases into and
out of fractures in the host rock. Compromising the sealing ability in
the transverse direction may jeopardize the entire sealing performance
if piping occurs. Temperature has no significant effect on the sealing
performance of bentonite/crushed tuff plugs within the test range from
room temperature to 60°C. The specific permeability reaches a maximum
at 35°C and decreases with increasing temperature, indicating the effect
of temperature on the structure of the samples. The decreases in the
specific permeability are likely due to the thermal expansion of crushed
tuff particles and the expansion of the diffuse double layer of benton-
ite. The structural change is reversible within the temperature range
tested.



The possibility for piping to occur in passageways created by the radial
expansion of pores due to an increasing injection pressure is small
except for the mixture plugs containing a low bentonite content (e.g.
15% by weight). The effect of pore expansion is believed to be counter-
acted by pore clogging resulting from the migration of fine particles,
The fine particle migration is evidenced by bentonite flow between
crushed tuff aggregates. The migration also may be the cause of the
breakdown of the linear relation between flow rate and hydraulic gradi-
ent observed in all high injection pressure flow tests. The breakdown
is believed to indicate the onset of bentonite flow. For mixtures
consisting of type A crushed tuff and 25% or 35% bentonite, the piping
damage is small if the maximum hydraulic gradient does not exceed
approximately 120 and 280, respectively.

Piping can occur if bentonite is lost externally. A piping model is
developed which combines the yield stress characteristics of bentonite
and the flow of bentonite through capillaries. The model provides an
analytical means to determine the critical pressure gradient at which
bentonite of a given water content starts to flow. The concept of yield
stress and critical pressure gradient has been extended to filter
design. For bentonite water contents from 50 to 300% and hydraulic
gradients of no more than 1000, filters with an effective pore diameter
of no more than 0.5 mm are necessary to prevent piping, erosion and flow
of bentonite. This may suggest that for seals in contact with open
joints or fractures, discontinuities having apertures larger than 0.5 mm
should be grouted to minimize any loss of bentonite. This generaliza-
tion from pore voids to (approximately) rectangular slots needs further
validation.

The Kozeny-Carman equation has been modified to improve the predictabil-
ity of the saturated permeability in clays. The modification includes a
correction factor to account for the microstructural changes which
develop in clays in response to changes in water content. Permeability
measurements of eleven bentonite samples obtained in this study, along
with five measurements reported in the literature, are used to examine
the validity of the model proposed. The ratio between the predicted and
measured permeabilities varies from 0.8 to 3.75. The prediction is
within 34% of the measured permeability for eleven out of sixteen sam-
ples.

Swelling pressures of bentonite can be predicted using the modified Yong
and Warkentin model as well as the Sridharan-Jayadeva model (for benton-
ites with low salt concentrations). The former model gives predictions
close to the measured swelling pressures, with differences ranging from
0 to 25.8%. Swelling pressures calculated from the Sridharan-Jayadeva
model are approximately 8 times higher than the experimental measure-
ments. Assuming a microstructure of three clay sheets per cluster and
correspondingly reducing the specific surface of montmorillonite (800
m2/g) by a factor of three, the Sridharan-Jayadeva model yields predic-
tions comparable to the experimental results. The difference between
predicted and measured swelling pressures varies from 0 to 25.6%.

Several recommendations for future studies can be drawn from this inves-
tigation:
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(1) High injection pressure flow tests and piping tests in the trans-
verse direction are recommended to evaluate the consequences of the per-
meability anisotropy.

(2) If more homogeneous and isotropic bentonite/crushed tuff plugs are
deemed desirable, methods are needed to minimize the particle segrega-
tion and to assure a uniform distribution of bentonite. The permeabil-
ity anisotropy may be reduced by emplacing a layer of bentonite on top
of each compacted layer. The crushed rock, during subsequent
compaction, should carve into the bentonite layers above and below to
tie together adjacent lifts. This method deserves further investiga-
tion.

(3) Precautions have been taken to reduce the particle segregation dur-
ing the sample installation, e.g. by emplacing thoroughly mixed materi-
als by scooping. The differences observed between the vertical and
horizontal permeabilities therefore may only be minimal, i.e. smaller
than in field installations. Particle segregation and uneven distribu-
tion of bentonite may be more severe when the mixtures are emplaced in
small-diameter long boreholes. The sealing performance evaluation of
small-diameter and long bentonite/crushed tuff plugs is warranted.

(4) The proposed permeability model adequately predicts permeabilities
of Wyoming sodium bentonite mixed and permeated with distilled water.
The model is believed to be adjustable for other fine-grained clays and
for different pore water chemistries. Different material type and pore
water chemistry likely require changes in parameters of the specific
surface and plastic limit. Further studies are suggested.

(5) Changes in the pore water chemistry influence the structure and
hence the yield stress of bentonite. Studies of the influence of pore
water chemistry on the yield stress of bentonite are recommended.

(6) The effect of bentonite loss into fractures on the sealing perform-
ance deserves further investigation. This effect may be evaluated by
conducting flow tests on seals installed in rock containing fractures.

(7) Dynamic effects on the sealing performance of bentonite-based plugs
should be studied, in view of the possible disturbances caused by earth-
quakes.

(8) The bond strength of seals in boreholes in rock needs to be deter-
mined in order to allow seal design for anticipated loads.




CHAPTER ONE
INTRODUCTION
1.1 Introduction

Bentonite is considered as a promising repository sealant material
because of its desirable swelling and self-healing characteristics, low
permeability, sorptive qualities, and longevity in nature (e.g. Meyer
and Howard, 1983; Pusch, 1983).

The use of bentonite in constructing compacted clay liners or admixed
liners has greatly increased in recent years. Boyes (1986) recommends
the use of bentonite for liners, rather than local clays, where long-
term storage of liquids is needed. Bentonite/crushed rock mixtures have
been used to form cap layers to reduce infiltration for uranium mill
tailings1 (Southwestern Pay Dirt, March 1990, p. 7A). The use of
bentonite/crushed rock mixtures may be extended further if the disposal
of hazardous wastes in salt mines (Schoenberger, 1988; Stegmann, 1988),
abandoned open pits (Libicki, 1989), or abandoned underground mined
openings can be demonstrated to be practical and acceptable.

The Nuclear Waste Policy Amendments Act of 1987 designated Yucca
Mountain, Nevada, as the candidate repository site for the underground
disposal of high-level radioactive waste in welded tuff (U.S. Dept. of
Energy, 1988). All penetrations of a high-level waste repository must
be properly sealed to retard any radionuclide migration to an acceptable
level. Bentonite and bentonite/crushed tuff as well as portland cement
and concrete have been proposed as sealing materials for a nuclear waste
repository in tuff formations. The current preference, however, is to
propose bentonite and bentonite/crushed tuff for as many applications as
possible to minimize potential degradation of physical properties and
potential adverse effects on ground water chemistry in the repository
environment (Fernandez et al., 1987, p. 7-16). One of the strong
arguments in favor of using bentonite for sealing a repository at Yucca
Mountain is the pervasive natural occurrence of bentonitic materials
throughout and below the repository horizon (e.g. Bish et al., 1984).
While the compatibility between host tuff and bentonite deserves further
investigation, it is reasonable to expect that these two materials
should be highly compatible, i.e. not conducive to detrimental interac-
tions.

An immediate gain from adding crushed rock to bentonite is to reduce the
amount of waste rock to be disposed of (Smith et. al, 1980). According
to Dixon et al. (1985), several advantages are gained by adding sand to

'Reith, Jacobs Engineering, and Weslee, Morrison-Knudsen Environmental
Services, personal communications, Feb. 1990.
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the clay. The addition of up to 50% of sand: (1) increases the achiev-
able compacted density, (2) does not change (or decrease) the swelling
pressure developed by the clay (Taylor et al., 1980, p. 151, on the
other hand, show a nearly steady decrease of swelling pressure over a
sand content range from 25 to 90%), (3) decreases the shrinkage poten-
tial, (4) increases thermal conductivity, and (5) increases the bearing
capacity of the backfill, minimizing creep or settlement. It is
possible that the addition of crushed rock to bentonite may result in
similar advantages.

The sealing performance, in particular permeability, of bentonite and
bentonite/crushed tuff plugs under diverse conditions needs to be
studied to allow for overall repository performance assessments (Binnall
et al., 1987; Thompson, 1988). The seal components may be required to
retain adequate sealing performance over a long period of time
(Fernandez et al., 1987). The effect of piping and erosion, as learned
from the failures of earth dams, embankments, and natural slopes (e.g.
Rosewell, 1977; Sherard et al., 1972, 1977; Goodman and Sundaram, 1980)
is important for the long-term sealing performance of the sealant
materials, especially if the hydraulic barriers are installed in
locations which are intercepted by joints and/or fractures.

1.2 Objectives

The main objective of this study is to evaluate the sealing performance
of bentonite and bentonite/crushed tuff sealants under diverse condi-
tions, such as various hydraulic pressure gradients, temperatures, and
flow directions. Bentonite weight percent and crushed tuff gradation
are the major variables in sample construction. Seals of different
diameters are tested to allow an evaluation of size effects, and
possibly for some extrapolation from laboratory to field scale.

A second objective is to assess the effect of piping on the deteriora-
tion of sealing performance. The results may bear important implica-
tions as to the long-term sealing performance of seals that contain
bentonite in contact with open joints and/or fractures. A piping model
of bentonite, based on plastic flow theory, is proposed. A third
objective is to investigate the predictability of permeability and
swelling pressure of bentonite.

1.3 Scope and Limitations

This study includes a laboratory investigation of the sealing perfor-
mance of bentonite and of bentonite/crushed tuff plugs. American
Colloid C/S granular bentonite and crushed Apache Leap tuff (from the
densely welded brown unit, Superior, Arizona) have been used to prepare
samples. The sealing performance assessments include high injection
pressure flow tests, polyaxial flow tests, high temperature flow tests
(up to 60°), and piping tests.

The sample diameter varies from 2.54 to 10.16 cm for bentonite plugs,
and from 10.16 to 30.15 cm for bentonite/crushed tuff plugs. Fixed-
walled permeameters (PVC or stainless steel) are used for flow testing.
The majority of the plugs are compacted inside the permeameters, and




receive a compactive effort equivalent to that of the standard Proctor
compaction. All the flow tests are performed using either the constant
head or the falling head method. High injection pressures are achieved
by applying compressed gas (helium) pressures to the inflow reservoir
of a constant head flow system. A rectangular Plexiglass permeameter,
12.5 x 11.4 x 11.4 cm in size, is used for polyaxial flow testing. The
walls are detachable. Thin porous plates can be installed at inflow
and outflow ends. Deaired distilled water is the primary permeant used
in this study. Some flow tests have been conducted with different water
chemistries, notably including either a dispersing agent or a floccu-
lent.

The flow tests are aimed at evaluating the sealing performance of
bentonite and of bentonite/crushed tuff plugs under diverse conditionms.
They are also aimed at identifying problems and possible improvements in
plug design. Theoretical analyses are performed to develop permeability
and piping models for bentonite.

1.4 Organization

The first section of this first chapter introduces the subject of
repository sealing, and identifies other sealing applications of
bentonite. The second section describes the objectives of the work
reported on. The third section identifies scope and limitations. This
fourth section gives a chapter-by-chapter overview of this report. The
fifth section introduces the methods of investigation, including a flow
chart summarizing the study. Section 1.6 summarizes the general
characteristics of the materials tested and identifies the sources from
which they have been obtained.

Chapter Two describes material properties and characteristics relevant
to sealing.

Sample preparation and installation, experimental procedures and results
are summarized in Chapter Three. Details are included in Appendices A
through E. Section 3.5 gives analyses and interpretations of the
experimental results. Influences on permeability of bentonite content
and of crushed tuff gradation are discussed. Also given in this chapter
are the methods to calculate the occupancy percentage and consequently
the saturated water content of bentonite, which are useful for the
design of bentonite/crushed rock seals. -

Chapter Four evaluates the effects of piping, erosion, and flow of
bentonite on the sealing performance of bentonite and of bentonite/
crushed tuff plugs. A piping model, based on the theory of plastic
flow, is proposed.

Chapter Five discusses the inadequacy of the Kozeny-Carman equation in
predicting permeability of clays. A refinement of the equation is
suggested to account for the changes of microstructures in clays. An
experimental validation of the proposed permeability model is included.
The latter part of Chapter Five reviews existing models for predicting
swelling pressures of clays. Two models are recommended for calculating
swelling pressure of bentonite for conditions of diluted salt concentra-
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tions. The predicted swelling pressures are compared with experimental
results.

Chapter Six gives a summary, conclusions and recommendations for further
research.

1.5 Methods of Investigation

Figure 1.1 gives a flow chart of the investigation, which includes an
experimental part and an analytical part. Results of the flow tests are
used to evaluate the influence of key parameters (bentonite content,
crushed rock gradation, injection pressure (or hydraulic gradient),
temperature, and sample size on the sealing performance of the plugs.
The analytical work includes the development of a permeability model and
of a plastic flow piping model for bentonite. Results of longitudinal
and high injection pressure flow tests are used to evaluate the two
models. Permeability measurements of bentonite reported in the litera-
ture are also analyzed to test the validity of the proposed permeability
model. Results of bentonite swelling tests are used to assess the
predictive capability of some published swelling pressure models.

1.6 Source location of Test Materials -

The bentonite used in this study is American Colloid G/S granular
Volclay from Upton, Wyoming. The bentonite, a highly colloidal,
éxpansive clay, is an alteration product of volcanic ash (Mitchell,
1976, p. 39). The volcanic ash was first deposited in a salten sea near
the Black Hills region. Later uplift of the region subjected the ash
particles to weathering and altered them from their fragile, glassy
state to a swelling, paste-forming Na-rich bentonite (Jepsen, 1984).

The powdered form of Volclay (MX-80) has been selected by researchers in
Sweden (e.g. Pusch, 1978, 1983; Pusch et al., 1987, 1989) as a potential
buffer and borehole sealing material for underground nuclear waste
storage.

The crushed tuff is produced from the densely welded brown unit of the
Apache Leap tuff. The rock samples are collected along old highway 60,
approximately 1 mile east of Superior, Arizona. Tuff is a volcanic ash
which has been compressed under its own weight and sometimes is welded
due to its high temperature during deposition. Welded tuff, because of
its low permeability and high sorptive capacity, is considered a primary
candidate for disposal of high-level nuclear waste (Organization for
Economic Cooperation and Development, 1982, p. 15).
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Figure 1.1 Flow chart showing the path of investigation for sealing
performance assessments of bentonite and bentonite/crushed
tuff plugs.




CHAPTER TWO

MATERTAL CHARAGCTERIZATION AND PROPERTIES
RELEVANT TO SEALING

2.1 Bentonite

American Colloid C/S granular bentonite from Upton, Wyoming, is used in
constructing bentonite and bentonite/crushed rock plugs for flow
testing. This sodium bentonite, a colloidal, expansive clay, is an
alteration product of volcanic ash (Mitchell, 1976, p. 39). The C/S
granular bentonite consists primarily of the clay mineral montmoril-
lonite, with traces of quartz, feldspar and biotite. Chemical analysis
of the bentonite has been performed by American Colloid Company (Data
No. 202) and by Sawyer and Daemen (1987). The results are shown in
Table 2.1. This highly plastic clay has the ability to adsorb nearly 5
times its weight in water and to swell to 10 to 13 times its dry size
upon complete hydration (Jepsen and Place, 1985).

Bentonites have a wide variety of industrial uses including drilling
muds, ceramics, foundry molding sands, and various geotechnical applica-
tions. Of particular interest within the present context is that
bentonite finds widespread use for many "sealing" applications, e.g.
waste and water pond liners, slurry trench walls, dam cores and aprons,
borehole sealing slurries, piezometer sealing, etc. (e.g. Mitchell,
1976, p. 39).

2.1.1 Engineering Properties

The C/S granular bentonite has an average specific gravity of 2.92,
liquid limit of 433%, plastic limit of 50%, and plasticity index of
383%. Particles smaller than 4.75 mm (sieve #4) are used for the
determination of specific gravity following ASTM Standard D854-83.
Determination of the plastic and liquid limits and plasticity index is
performed in accordance with ASTM D4318-84, Sections 16, 17 and 19,
respectively. A mechanical sieving, as opposed to the washing operation
(D4318-84, 10.1.2.2) is performed to obtain 150 to 200 g of material
passing No. 40 sieve for the testing.

The C/S granular bentonite has an average initial (air-dried) moisture
content of 9.56% over a range from 9.41 to 9.69%. Table 2.2 shows the
grain size distribution of the air-dried bentonite. Moisture-density
relations of the bentonite are determined following the compaction
method A described in ASTM Standard D698-78. Summarized in Table 2.3
are two moisture-density relations determined by two separate compaction
tests on samples from different batches. The results are illustrated in
Figures 2.1 and 2.2.

As shown in Table 2.3, the optimal moisture content varies by up to 7.5%
between the two results (i.e. 31% vs. 23.5%), while the maximum dry
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Table 2.1 Chemical Analysis of C/S Granular Bentonite

American
Sawyer and Daemen” Colloid
Batch #2 Batch #3 Comnagz**

Sio0, 61.6 59.8 64.33
Al,0; 20.4 20.1 20.74
Ca0 3.4 4.9 0.52
MgO 3.56 3.78 2.30
K,0 1.42 1.72 0.39
Na,0 3.40 3.32 2.59
Fe, 05 5.00 5.43 3.03
Ti0, 0.16 0.17 0.14
P,0g 0.10 0.09 0.01
H,0 0.3 0.4 5.14
Other 0.66 0.29 0.82

*:From Sawyer and Daemen (1987, Table 4.1, p. 48).
From American Colloid Company Data No. 202.

Reproduced with permission from American Colloid Com-
pany, IC-352 (Data No. 202, p. 1), Arlington Heights, IL.
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Table 2.2 Grain Size Distribution of American Colloid C/S Granular
Bentonite (Air-Dried)

U.S. Sieve Aperture

Mesh Number (in/mm) Weight Percent Passing
#1 #2 #3 Ave.

10 0.0787/2.0 100 100 100 100
20 0.0331/0.841 94.0 92.2 91.4 92.5
40 0.0165/0.419 8.2 14.3 12.1 11.5
60 0.0098/0.249 2.8 7.2 5.9 5.3
100 0.0059/0.150 0.8 2.7 1.8 1.8
200 0.0029/0.074 0.4 0.5 0.4 0.4

12




Table 2.3 Moisture-Density Relations of American Colloid C/S Granular

Bentonite
Moisture Content (%) Average Moisture Content Dxy Density
Top Middle Bottom (%) (kN/m3)

(Compaction Test 1: Gg = 2.89, temperature = 26°C, sample curing time
= 24 hrs)

14.07 14.09 13.91 14.02 11.12
18.07 18.85 18.01 18.31 11.35
20.52 21.64 23.33 21.83 11.82
24.68 25.33 25.10 25.04 12.03
28.89 27.06 27.46 27.80 12.10
30.34 36.18 26.25 30.92% 12.13%%
33.24 34.50 33.66 33.80 11.94
38.18 37.86 35.82 37.29 11.85
41.40 40.19 39.22 40.3 11.74
(Compaction Test 2: Gg = 2.95, temperature = 23.5°C, sample curing time
= 72 hrs)

17.67 - 17.89 17.78 11.69
18.23 - 20.05 19.14 11.88
21.58 - 21.79 21.69 12.01
23.50 - 23.60 23.55% 12.21%*
25.54 - 25.68 25.61 12.19

*0Optimal moisture content
*%Maximum dry density

Gs = specific gravity

13
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density differs only slightly (12.13 vs. 12.21 kN/m®). This discrepancy
may have largely resulted from the difference in sample curing time. It
is evident by visual inspection that the moisture is more uniformly
distributed for bentonite samples cured for 72 hours than for samples
cured for 24 hours. WFigure 2.2 is therefore considered to represent the
moisture-density relations of the American Colloid C/S granular benton-
ite used in this study.

Push-out tests were performed on the five compacted bentonite samples
from the second compaction test series after specimens were collected
from the top and bottom for the determination of moisture content. The
compaction mold was placed on a rigid hollow cylinder so that, upon
application of an axial force from the top, the sample could move
downward without touching the inner surface of the cylinder. The axial
force and the sample displacement were monitored during the push-out
test. The results are shown in Figure 2.3 in the form of average shear
stress vs. displacement.

2.1.2 Cation Exchange Capacity

Approximately 90% of the C/S granular bentonite is montmorillonite
(American Colloid Company, Data No. 202). Structurally, the montmoril-
lonite clay mineral is classified in the expansive 2:1 clay mineral
group. The 2:1 designation indicates a clay composed of an octahedral
sheet sandwiched between two silicate tetrahedral sheets. The tetrahe-
dral and octahedral sheets combine so that the oxygens forming the tips
of the tetrahedron are common to the octahedral layer (Grim, 1953, p.
55). The theoretical composition of 2:1 clays is (OH)4318A14020 n{inter-
layer)H,0 (Mitchell, 1976, p. 37). (Figure 2.4)

The theoretical composition of 2:1 clays is almost never found due to
isomorphous substitution in the crystal lattice. Isomorphous substitu-
tion is defined by Mitchell (1976, p. 22) as "substitution of ions of
one kind by ions of another type, with the same or different valence,
but with retention of the same crystal structure." In montmorillonite,
isomorphous substitution occurs predominately at the aluminum sites in
the octahedral sheets, where magnesium, Mg?*, replaces every sixth Al%*
cation. The isomorphous substitution results in a net charge deficiency
of 0.66 per unit cell. The net charge deficiency may be balanced by
exchangeable cations adsorbed between successive unit layers and around
the edges of the unit cell (Grim, 1953, p. 59; Mitchell, 1976, p. 38).
The structural formula for montmorillonite suggested by Ross and
Hendricks (1945, p. 48) can be written in the form: (OH)4Sis(A1334

Mgy 6)05p- An approximate chemical formula for the Wyoming bentonite
(American Colloid Company, Data No. 202) is (ALl,Fe; Mg 33)81,0,
(OH),Na,Caj 33, indicating a significant isomorphous substitution of A1%*
by Fe?* and a predominance of Na ions adsorbed. Bonding between succes-
sive montmorillonite layers is by van der Waals force (due to instanta-
neously fluctuating dipoles) and by cations that are present to balance
the net charge deficiency of the unit structure. These bonds are
relatively weak. Unit layers may be separated easily by adsorption of
water or other polar molecules as well as by cleavage (Mitchell, 1976,
PP. 36-37).
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Figure 2.4 Diagrammatic sketch of the montmorillonite structure.

Reproduced with permission from J.K. Mitchell,

Fundamentals of Sojil Behavior, Figure 3.14, p. 37.
Copyright 1976 by John Wiley and Sons, Inc.
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In an aqueous enviromment, the adsorbed ions are exchangeable with other
ions. The capacity for such ion exchanges is termed the cation exchange
capacity. The cation exchange capacity is measured in milliequivalent
per 100 grams of dry clay. The equivalent weight of an element is its
atomic weight (in grams) divided by its valence. The smectite clay
group, which includes montmorillonite, typically has a cation exchange
capacity of 80 to 150 milliequivalents/100 g (Grim, 1953, p. 129). The
exchangeable metallic bases of the Wyoming bentonite, determined
quantitatively by leaching with ammonium acetate (American Colloid
Company, Data No. 202), are summarized in Table 2.4,

No universal replaceability series of cations exists (Grim, 1968, p.
212). The series for a particular clay mineral depends upon the ions
involved, and upon the test or field conditions. Mitchell (1976, p.
131) lists a typical replaceability series:

Na* < Li* < K* < Rb* < Cs* < Mg?* < Ca?* < Ba?* < Cu?*
< A1® < Fe¥* < Th*,

This series indicates that if a montmorillonite with adsorbed Na’ ions
comes in contact with an aqueous solution containing Ca?*, the Ca?* ions
will replace the Na* ions on the clay surfaces. It is possible to
replace cations of high replacing power with cations of low replacing
power by mass action. In this case, a concentrated solution with
cations of low replacing power is necessary.

2.1.3 Diffuse Double Layer

A net negative charge of a montmorillonite particle is due primarily to
isomorphous substitution. It is also due to a combination of broken
chemical bonds and dissociation of hydrogen from hydroxyl molecules
(Grim, 1968, pp. 193-195; Mitchell, 1976, p. 130). The negatively
charged montmorillonite clay particle creates an electric field.
Exchangeable cations are consequently adsorbed on the clay surface to
balance this field. In the dry state, the cations are held tight on the
clay surface. Any cations in excess of those necessary for charge
balancing form a soluble salt precipitate (with its associated anions)
in and around the clay particles (Sawyer and Daemen, 1987). 1In the
presence of free pore water, the salts go into solution. This process
leads to the formation of a higher molar concentration near the clay
surfaces, and the cations tend to diffuse into the surrounding lower-
concentration pore water to create a homogeneous ion concentration
throughout the clay-water system. The cation diffusion is opposed by
the negative electric field of the clay particle. The negatively
charged clay sheet and the positively charged cation distribution in the
pore water are called the "diffuse double layer™ or simply the "double
layer" (Mitchell, 1976, p. 113; Wu, 1976, p. 398). (Figure 2.5)

The behavior of the diffuse double layer is often described by the Gouy-
Chapman theory (Gouy, 1910; Chapman, 1913). According to Mitchell
(1976, p. 113), the theory was developed based on the following ideal-
izations:
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Table 2.4 Capacity of Metallic Bases of C/S Granular Bentonite

Exchange Capacity*

Metallic Base (meq/100 grams)
Sodium 60-65
Potassium 1-5
Calcium 15-20
Magnesium 15-20
Sum (corrected for sulphates) 85-90

*Reproduced with permission from American Colloid Company,
IC-352 (Data No. 202, p. 1), Arlington Heights, IL.
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the double layer. 1/K: double layer thickness. cg: cat-
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Reproduced with permission from J.K. Mitchell, Funda-

mentals of Soil Behavior, Figure 7.8, p. 121.
Copyright 1976 by John Wiley and Soms, Inc.
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1) Ions in the double layer are considered as point charges with no
interactions between them.

2) Charges on the clay surface are uniformly distributed.

3) The particle surface is a plate whose plane dimensions are large
relative to the thickness of the double layer.

4) The dielectric constant of the medium (usually water) is
independent of position.

This theory has been derived for colloidal suspensions of clay parti-
cles, and considers a single diffuse double layer only. A measure of
the extent of the diffuse double layer is the distance from the clay
particle surface to the centroid of the diffuse cation charge (Mitchell,
1976, p. 115). This distance is called the "thickness" of the double
layer, denoted as 1/K. Theoretical work on ionic and potential distri-
butions near the charged clay particle surface shows that the thickness
of the double layer is a function of surface charge potential, electro-
lyte concentration, cation valence (Figure 2.6), dielect¥ia constant of
the medium (usually water) and temperature (Mitchell, 1976, p. 118).
The double layer thickness is given by:

1. [ DKT 11/2

2.1
K " 8nn,e?v? 2.

where 1/K = thickness of the diffuse double layer,
D = dielectric constant of the medium,
k = Boltzmann Constant (1.38 x 101 erg/°K),
T = absolute temperature (%K),
n, = concentration of ions in the electrolyte (ions/cm3) at great
distance from the clay particle surface,
e = unit electronic charge (16.0 x 10°2° coulomb), and
v = valence of cation.

Factors such as ion size, pH and anion adsorption also influence the
extent of the diffuse double layer (Mitchell, 1976, p. 126-127).

2.1.4 Sealing Engineering Significance of Cation Exchange and Double
Layer

The development of the diffuse double layer and cation exchange can
account for many observed changes in the engineering behavior of clays.
Grim (1953, p. 127) points out the great sensitivity of the physical
properties of clays to the type of exchangeable ions carried. Grim and
Guven (1978, p. 238) state that various properties of a clay may change
due to a change in cation and/or cation concentration. Singh (1982)
indicates that the liquid, plastic and shrinkage limits, as well as the
permeabilities of various montmorillonites, are a function of the
adsorbed cation, either Na* or Ca?*. Results from Endell et al. (1938),
reported by Grim and Guven (1978, pp. 242-3), indicate that mixtures of
Ca montmorillonites with sand have permeabilities two orders of magni-
tude higher than similar mixtures of Na montmorillonites with sand.
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Copyright 1976 by John Wiley and Sons, Inc.

23

PSR AR



Similar permeability ratios for the two bentonite types are also
reported by Mesri and Olson (1971). The discrepancy may be explained by
the double layer thickness and cation exchange. As shown in Eq. (2.1),
double layer thickness is inversely proportional to the cation valence.
As valence increases from Na* to Ca®* by cation exchange, the double
layer collapses and the clay particles may be expected to flocculate (in
a clay suspension) or "consolidate" (in a compacted clay plug).
Flocculation or consolidation would increase the void ratio and subse-
quently provide more cross-sectional area for water flow through the
bentonite plug (Pusch et al., 1982).

The plastic and liquid limits of montmorillonites vary, depending upon
the adsorbed cation (Grim and Guven, 1978, pp. 238-9; Mitchell, 1976,
P. 127). Na montmorillonites have extremely high liquid limits. Their
double layer is thicker than that in Ca montmorillonites. The differ-
ence in shear strength between sodium and calcium Wyoming bentonites is
quoted by Grim and Guven (1978, p. 241) from Samuels (1950). The same
authors also show substantial differences between the two materials for
compressibility and for consolidation rates.

Dispersive behavior and resulting cracking and piping failures depend on
the cation type adsorbed by montmorillonite clays (e.g. Jones, 1981). A
laboratory study by Statton and Mitchell (1977) identified the strong
difference in influence on montmorillonite shale dispersivity between
fluids loaded with sodium or with calcium.

2.1.5 Microstructure

The structure of a clay determines its properties. The term "structure"
was initially limited to the arrangement of soil particles (Lambe,
1958). For fine grained soils, it may be more appropriate to term
"structure" as the arrangement of soil particles and the electrical
forces acting between adjacent particles (Lambe, 1958), or as the
combined effects of fabric, composition, and interparticle forces
(Mitchell, 1976, p. 135).

According to van Olphen (1963), particle associations in clay suspen-
sions can be described as follows:

1. Dispersed. No face-to-face association of clay particles.

2. Aggregated. Face-to-face association of several clay particles.

3. Flocculated. Edge-to-edge or edge-to-face association of aggregates.
4. Deflocculated. No association between aggregates.

Different modes of particle association in clay suspensions are shown in
Figure 2.7.

In most soils and sediments, individual particle associations are quite
rare. Aggregates of several clay plates are the more common structural
forming units (Mitchell, 1976, p. 137). Figure 2.8 shows a scanning
electron microscopic photograph of sedimented montmorillonite. The
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mentals of Soil Behavior, Figure 8.1, p. 136.

Copyright 1976 by John Wiley and Somns, Inc. ‘
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schematic microstructure of soft Na bentonite (Mx-80) saturated and
matured at room temperature (Pusch et al., 1989) is shown in Figure 2.9.
Both figures demonstrate an aggregated structure and a distribution of
unequal pore sizes.

According to Pusch et al. (1989), large parts of many grains shown in
Figure 2.9 are not expanded. This may suggest that the external
surfaces of clay aggregates are primarily involved in the hydration
process. The hydration, however, may not necessarily be matured
(possibly is only in a pseudo-equilibrium state) and may continue
further through diffusion at a much slower rate until the adsorbing
capacity and/or the water supply are exhausted. The aggregated struc-
ture also suggests that the water permeation will occur predominantly in
pores between clay aggregates. The inadequacy of the Kozeny-Carman
equation in predicting permeabilities in clays has been attributed to
the distribution of unequal pore sizes (Olsen, 1962).

2.2 Apache leap Tuff

The rock used to produce crushed tuff is from the densely welded brown
unit of the Apache Leap tuff. This tuff has a high porosity and low
permeability and resembles Topopah Spring tuff, in which a proposed
nuclear waste repository may be located. The chemical composition of
Apache Leap tuff reported by Fuenkajorn and Daemen (1991) is compared
with that of Topopah Spring tuff in Table 2.5. Apache Leap tuff
contains more iron oxide and less silica than does Topopah Spring tuff.
The percentages of calcium, magnesium and aluminum oxides of Apache Leap
tuff are slightly higher than those of Topopah Spring tuff.

2.2.1 Physical and Mechanical Properties

Physical and mechanical properties of Apache Leap tuff have been
determined by Fuenkajorn and Daemen (1991) and are shown in Table 2.6.
Also included in this table are the properties of Topopah Spring tuff
reported by Scully (1984), Price and Bauer (1985), Zimmerman et al.
(1985), and Anderson (1981).

The elastic modulus, dry bulk density, and porosity of Apache Leap tuff
are comparable to those of Topopah Spring tuff. The latter tuff has
higher compressive and tensile strengths than does the former one.

2.2.2 Hydrological Properties

Of particular interest is the permeability of the Apache Leap tuff.
Constant head radial flow testing has been performed on two hollow rock
cylinders to determine the permeability of the tuff. The two hollow
cylinders have an outer diameter of 7.55 cm, and inner diameters of
2.575 and 2.582 cm, respectively.

The first cylinder contains an oblique 4-cm long natural fracture. This
cylinder was sealed at both ends with mechanical drainage packers. The
space between the packers was filled with distilled water. Under an
initial 0.4 m water head, no leakage was detected. Water pressure was
then increased to 69 kPa (a water head of 7 m) in an attempt to saturate

27

,
|
¥

PR S A S BN



Figure 2.9 Schematic microstructure of soft Na bentonite saturated and
matured at room temperature. Large parts of many grains are
not expanded.

Reproduced with permission from Pusch, R., O. Karnland,
and A. Muurinen, "Transport and Microstructural Phenomena in
Bentonite Clay with Respect to the Behavior and Influence of
Na, Cu and U," SKB Technical Report 89-34, Figure 53, p. 82.

Copyright 1989, Swedish Nuclear Fuel and Waste Man-
agement Co., Stockholm.
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Table 2.6 Mechanical and Physical Properties of Apache Leap and
Topopah Spring Tuff Specimens

Uniaxial Compressive
Strength (MPa)

Elastic Modulus (GPa)
Poisson’s Ratio

Brazilian Tensile
Strength (MPa)

P-Wave Velocity (km/s)

Internal Friction
Angle (degrees)

Dry Density (g/cc)

Porosity (%)

Apache Teap Tuff*®

73.2 £ 16.5

22.6 = 5.7

0.20 = 0.03

5.72 = 1.2

6.4 = 1.5

43

2.37 = 0.42

7 - 10

*From Fuenkajorn and Daemen (1991)

T h_Sprin I!lff**

95.9 = 35.5
26.7 = 7.7

0.14 = 0.05

12.8 = 3.5

4.1 - 4.6

26

1.32 (non-welded)
2.0-2.3 (welded)

6 - 20

**The properties of Topopah Spring tuff are given by Scully (1984),

Price and Bauer (1985), Zimmerman et al.
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the sample. Approximately 90 minutes after the pressure increase, the
fracture was found wet. About 2 hours later, water started dripping
from the fracture. Subsequent measurements indicate an average flow
rate of 2.3 x 10°% ce/s. A slightly higher flow rate of 2.6 x 10™% cc/s
was obtained under an injection pressure of 103.4 kPa.

The second sample contains no visible fractures. The average flow rate
measured is almost one order of magnitude lower than that of the first
sample. The sample was then subjected to injection pressures of 69 and
103.4 kPa, for 9 and 24 days, respectively. The permeability values
determined at this stage vary from 6.3 to 2.3 x 10°' cm/s, compared to
the range of < 1010 to 1078 cm/s for Topopah Spring tuff (Anderson,
1981; Zimmerman et al., 1985). Fuenkajorn and Daemen (1991) present
permeability measurements of the welded Apache Leap tuff under various
conditions. Table 2.7 summarizes the permeability results for the two
types of tuff.

2.3 Bentonite/Crushed Tuff

A mixture of bentonite and ballast material (e.g. quartz sand and
crushed rock) is being considered as backfill and sealant for nuclear
waste repositories (Pusch et al., 1980; Nilsson, 1985; Holopainen, 1985;
Yong et al., 1986; Williams and Daemen, 1987). Primary advantages for
adding ballast material to bentonite are to increase thermal conductivi-
ty (Pusch et al., 1980; Dixon et al., 1985), to decrease shrinkage
potential, and to increase the bearing capacity of the sealant, minimiz-
ing creep or settlement (Dixon et al., 1985). According to Nilsson
(1985), a suitable composition for such sealant must fulfill the
following requirements: (1) low permeability, (2) low compressibility,
(3) small average pore size to prevent bentonite migration, and (4) some
swelling potential. Immediate gains from adding crushed host rock to
bentonite are to alter the natural geochemical properties as little as
possible (Holopainen, 1985) and to reduce the amount of waste rock to be
disposed of (Smith et al., 1980).

Bentonite content and the gradation of ballast material are two decisive
factors in the design of mixture plugs. If the grading is not proper or
the mixture not thoroughly homogenized, or if the amount of bentonite is
not sufficient to fill the ballast pores, soft parts of the bentonite
gel can be displaced and torn-off fragments transported through channels
that are formed at a relatively low water overpressure (Pusch et al.,
1987). 1In this study, bentonite weight percent and crushed tuff
gradation are wvaried. :

2.3.1 Bentonite Content

A literature survey has been conducted to obtain appropriate bentonite
contents used in this investigation for the construction of bentonite/-
crushed tuff plugs. Pusch et al. (1980) report that the permeability of
water-saturated bentonite/quartz mixtures with a weight ratio varying
from 1:10 to 1:5 (i.e. 9 and 16.7 wt. percent of sodium bentonite,
respectively) ranges between 1077 to 10°' cm/s. Holopainen (1985)
indicates permeabilities of 5 x 1077 to 10°® cm/s for bentonite/crushed
rock mixtures with 15% sodium bentonite. Bentonite/sand percentages of
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Table 2.7 Summary of Water Hydraulic

Conductivities of Tuffs

Hydraulic
Rock Conductivity
Type (cm/s) Test Method Conditions Source
Apache Leap 10-10 . 10-9 Radial permeameter Unconfined Fuenkajorn and
Tuff, Brown test Daemen (1991)%
Unit (densely
welded)
" 10-12 . 10-10 Radial permeameter 12 MPa confining "
test stress
" ~ 10-12 Radial permeameter 7 MPa confining "
test stress
u <6 x 10-11 In-situ borehole 4.3 m deep "
flow test
" 10-9 - 10-8 Back-calculated from - "
porosity
" < 109 to 10-8 Falling head test Unconfined "
" <3 x 10-9 Falling head test 10 MPa uniaxial "
stress
" 6.3 - 2.3 x 10-10 | Constant head flow Unconfined This study.

test

Topopah Spring
Tuff

< 10-10 ¢o 10-8

Zimmerman et al.
(1985) and Ander-
son (1981)

*Fuenkajorn, K. and J.J.K. Daemen, 1991, "Mechanical Characterization of Densely Welded Apache Leap

Tuff," Technical Report NUREG/CR-5688, U.S. Nuclear Regulatory Commission. (In print)




10/90 and 20/80% have been used by Nilsson (1985). Bentonite contents
of 5, 15, 25, and 35 weight percent are selected by Williams and Daemen
(1987) in preparing bentonite/crushed basalt plugs. Their flow test
results indicate massive failure for the mixtures with 5% of bentonite.
In an extensive study of clay/crushed granite mixtures for backfilling a
nuclear fuel waste disposal vault, Yong et al. (1986) conclude that the
candidate backfill should contain between 20 and 30% clay. Based on the
literature research, three bentonite weight percentages (15, 25, and
35%) are chosen for the preparation of bentonite/crushed tuff plugs in
this study.

2.3.2 Crushed Tuff Gradation

Five different crushed tuff gradations have been used to construct
mixture samples. Three gradations (Types A, B, and C) are derived from
the "coarse" type by first eliminating all particles finer than 0.074 mm
(U.S. mesh #200) and then successively removing crushed tuff particles
larger than 9.42, 6.68 and 4.75 mm. The "coarse" gradation is obtained
from crushing Apache Leap tuff chunks of approximately 15 x 15 x 20 cm
(6 x 6 x 8 in), using a jaw crusher and an adjustable roller crusher in
sequence. The other two gradation types (FA and FC) are obtained using
n=20.5 and Dpox = 9.42 and 19.05 mm, respectively, in the Fuller-
Thompson grading equation (Eq. 2.2).

P,~100 (_54._) n (2.2)

max

where P = weight percent passing sieve aperture d,

Dpax = maximum particle size,

n = exponent.

The Fuller-Thompson grading curve is considered to be an ideal grading
which may result in the densest possible state of packing (Winterkorn,
1975; Head, 1980, p. 150). The U.S. Bureau of Public Roads (USBPR,
1962; as cited by Winterkorn, 1975) recommends 0.45 for n as the best
overall value. Head (1980, p. 150) suggests an n value of 0.5. The
Fuller-Thompson equation has been used in formulating backfill material
for a nuclear waste disposal vault (Pusch and Alstermark, 1985, in which
the value of n is not reported; Yong et al., 1986, n = 0.25).

Figure 2.10shows the grain size distributions of the five gradation
types along with the "coarse"™ one. Also shown in the figure are the
coefficients of uniformity (dy/d;;). The uniformity coefficients for
Types FA and FC are theoretical values computed from Eq. (2.1). The
grain size analysis of crushed tuff aggregates smaller than 0.074 mm has
not been performed. Gradation types FA and FC are quite different from
the "coarse" gradation. To obtain crushed tuff of the FA and FC
gradations requires sieving and blending. Crushed tuff of A, B, and C
gradations is obtained easily from the "coarse" aggregates as discussed
earlier.
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Figure 2.10 Grain size distributions of crushed tuff.
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2.4 Permeant

Permeability testing on bentonite and bentonite/crushed tuff plugs with
the local (site-specific) ground water is desirable to incorporate any
possible physical-chemical interactions (Gaudette and Daemen, 1988;
Neuzil, 1986). However, the site-representative ground water is not
available and emphasis has been placed on the use of deaired distilled
water as the primary permeant.

Air dissolved in distilled water can be removed by boiling. According
to Lambe (1951, p. 57), boiling can reduce the dissolved air in water to
about 0.75 ppm of oxygen. Water which has been deaired is slow in
regaining its air. An experiment conducted at M.I.T. indicates that the
deaired water is only 60% saturated .after exposure to air for 13 days
(Lambe, 1951, p. 58). The distilled water used in this study has been
boiled in a stainless steel vessel for at least 30 minutes. The vessel
is covered to prevent the collection of foreign matter from the atmo-
sphere. The water is allowed to cool to room temperature. The deaired
distilled water is then ready to be used. The excess water is stored in
an air-tight plastic bottle. The water in the plastic bottle is no
longer used when the storage time exceeds 72 hours.

The deaired distilled water has a pH value of 6.4, which increases to
7.3 when measured at room temperature after the water has been boiled in
the presence of crushed Apache Leap tuff. Crushed tuff particles used
in the boiling range from 12.7 to 19.05 mm in size. The pH of bentonite
suspensions varies from 8.5 to 9.5 (American Colloid Company, Data No.
202). .
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CHAPTER THREE
FLOW TEST RESULTS AND ANALYSIS

3.1 Sample Preparation and Installation

3.1.1 Bentonite Plugs

Four 25.4 mm diameter bentonite plugs, for flow testing with different
permeants, have been constructed using the sedimentation method by
gradually dropping 16.45 g of air-dried bentonite powder into a fluid
column. The samples have not been compacted and have been allowed to
hydrate for three weeks to a month prior to permeability testing.
Saturation of the samples has been aided by intermittent vacuuming from
the top. The applied vacuum was less than 34.5 kPa to avoid upward
movement of the samples.

Bentonite of the optimal water content (23.5%) has been used to prepare
the compacted samples. To achieve a uniform water content, a plant
sprayer is used to evenly distribute the (distilled) water across the
clay while mixing. The bentonite is then cured for 72 hours before
installation. For sample diameters greater than 50.8 mm (2 in), a
manual rammer as specified by ASTM D698-78 (Standard Proctor Method),
D3.2.1, is used to compact the samples. A hammer compactor with hammer
weight of 0.53 kg (1.16 1b) and circular specimen contact of 25.4 mm (1
in) in diameter, is used for compacting samples of smaller diameters.
For either case, the drop height and the number of drops per layer are
adjusted to provide the same energy input as for the Standard Proctor
Test (593 kJ/m3; 12375 ft-1b/ft3).

The compacted bentonite samples installed in PVC permeameters have no
immediate confinement on top, and therefore swell vertically upon
further hydration. They are saturated under a water pressure of 24.5
kPa (2.5 m water column) from the bottom port for about 75 days. A
vacuum pressure of 34.5 kPa (5 psi) is applied continuously to the top
port to help saturation. For the compacted samples totally confined in
stainless steel permeameters, saturating has been attempted by an
injected water pressure of 345 kPa (50 psi) and an intermittent vacuum
pressure of 103.5 kPa (15 psi) for approximately 35 days. Such samples
are later subjected to a low water pressure of 6% kPa (10 psi) for about
45 days and then to a pressure of 24.5 kPa for another two weeks, prior
to flow testing.

Procedures for sample preparation and installation are given in
Appendix A.

3.1.2 Bentonite/Crushed Tuff Plugs

The mixture plugs are prepared by thoroughly mixing crushed tuff (of a
selected gradation) with a predetermined amount of bentonite having a

36




S, TR B Y A e

23.5% water content. A mixed sample is stored and cured in an air-tight
plastic jar for 72 hours. The sample is then transferred into a
permeameter using a small plastic shovel. This emplacement method,
termed herein the scooping method, is selected to minimize particle
segregation. All the mixture samples receive a compaction energy
equivalent to that of the Proctor compaction method, except for the
three samples mixed with crushed tuff of the FC gradation, which
received only 25% of the Proctor compaction energy.

The procedure for sample saturation follows ASTM D2434-68, Section
6.6.4. To minimize changes in sample structure, the samples are
saturated under a 2.5 m water column (24.5 kPa) from the bottom for
approximately 2 months, frequently aided with a vacuum of 103.5 kPa (15
psi) at the top.

Procedures for sample preparation and installation are given in Appendix
A,

3.1.3 Sample Designation
The sample identification system is given in Figure 3.1. Crushed tuff
grain size distribution curves used in preparing the mixture type of

plugs are shown in Figure 2.10 along with the "coarse" gradation.

3.2 Flow Test Methods

Constant head, standard falling head (Lambe, 1951), and modified falling
head (double-pipette falling head) (Williams and Daemen, 1987) methods
are used to determine permeabilities of the sealant plugs. They are
characterized as steady and quasi-steady (e.g. falling head) flow test
methods. Test procedures are described in Appendix B. Equations (3.1),
(3.2), and (3.3) are used to compute permeability for the constant head,
standard falling head, and modified falling head methods, respectively.

- OL 3.1
K: =5 (3.1)

coefficient of permeability (cm/s)

quantity of water discharged over time t (cec)
sample length (cm)

cross-sectional area of the permeameter (cm?)
elapsed time of discharge (s)

head difference across the specimen (cm).

e aL ;.
A(t,-t,) h,

where

SaPrOR

(3.2)

37




(I) Bentonite plugs
B - § - 1 - X - X
|
Sample No. (A, B, 1, 2, etc.)

S: Stainless steel permeameter

Nominal sample diameter (in)

Installation method: C - compaction; S - sedimentation

Material type: B - bentonite

(I1) Bentonite/crushed tuff plugs
B/AL - C - 4 - 15/A - X - X
Sample No. (A, B, 1, 2, etc.)

S: Stainless steel permeameter
P: Piping test

Type of crushed tuff grain size distribu-
tion

Bentonite weight percent

Nominal sample diameter

Installation method: C - compaction

Bentonite/crushed tuff plug: B - bentonite
AL - Apache Leap tuff

Figure 3.1 Bentonite and bentonite/crushed tuff sample number
designation system.

38




aL h,
Km— 8Lt 1p2 (3.3)
2A(t,~t,) 1n h,

where a = cross-sectional area of the inflow and outflow pipettes
(cn?)
t, = time when water level difference is h,
t, = time when water level difference is h
h; = height difference between water levels in the pipettes at t,
h, = height difference between water levels in the pipettes at t,

°

and other parameters are already defined.

Other flow test methods are available, such as the constant flow rate
method (Olsen, 1966, Olsen et al., 1985), hydraulic transient flow
methods (Brace et al., 1968; Hsieh et al., 1981; Neuzil et al., 1981),
and mechanical transient flow methods (step load consolidation test,
Terzaghi, 1927; Lambe, 1951). The constant flow rate method is mnot
chosen for this study, mainly because this method is not suitable for
high injection pressure flow tests, high temperature flow tests, and
piping tests, because pressure/gradient is the critical independent
variable. The transient flow methods are excluded from this investi-
gation as they tend to yield lower permeability values than those
obtained from the steady flow methods (Seaber and Vecchioli, 1966; Olson
and Daniel, 1981; Tavenas et al., 1983). Permeability discrepancies
between a steady flow test and transient flow tests of the Pierre Shale
are reported by Neuzil (1986).

Precise measurement of permeability in highly deformable media (e.g. the
bentonite studied here) is difficult with any technique (Gibson et al.,
1967; Smiles and Rosenthal, 1968; Smiles, 1968; Kharaka and Smalley,
1976; Olson and Daniel, 1981). 1In this investigation, low hydraulic
gradients are used for the determination of permeability to minimize the
deformation of the samples during flow testing. The flow tests with
large hydraulic gradients are aimed at studying the sealing performance
under high injection pressures. Considerable efforts are devoted to
obtaining the mass balance of inflow and outflow.

3.3 Results of Bentonite Permeability Testing

Eighteen bentonite samples have been constructed for flow testing: (1)
four 2.5-cm (1-inch) diameter plugs for flow testing with different
water chemistries, (2) six compacted samples of 2.5, 5, and 10 cm (1, 2,
and 4 in.) diameter (two for each size) for studying the size effect on
permeability, (3) four compacted plugs having diameters of 2.654, 3.475,
6.01, and 10.246 cm, respectively, for the high injection pressure flow
testing, and (4) four 2.5-cm diameter samples for determining the
permeability to air.
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Figure 3.2 Examples of discrepancies between permeabilities obtained
from steady flow tests and from hydraulic and mechanical
transient flow tests.

Reproduced with permission from Neuzil, C.E., "Ground-
water Flow in Low-Permeability Environments", Water
Resources Research, Vol. 22, No. 8, pp. 1163-1195, Aug.
1986, American Geophysical Union, Washington, DC.
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3.3.1 Influence of Water Chemistry

Samples B-S-1-A, B-S-1-B, B-S-1-C, and B-S-1-D are constructed by
gradually dropping 16.45 g of air-dried bentonite into a water column.
The samples are allowed to deposit by sedimentation for about three
weeks prior to testing. Sample descriptions and test conditions are
given in Table 3.1.

Sample B-S-1-A, deposited in and tested with distilled water, shows a
permeability as low as 6.9 x 1078 cm/s at the end of a testing period of
21 days (Figure 3.3). To replace distilled water with 2% sodium
pyrophosphate solution (a dispersing agent), the sample has been flushed
with the solution for about 37 days before the flow testing resumed.

Two months later, the permeability has dropped to 2 to 3 x 1078 cm/s
(Figure 3.4).  Sample B-S-1-B has originally been deposited in and
permeated with 2% sodium pyrophosphate solution. As shown in Figure
3.3, the sample has a permeability of 1.4 x 108 cm/s about 25 days
after the test started. The sample has then been flushed with distilled
water for 30 days and subsequently tested with the same water for 83
days. A permeability of 1.6 x 108 cm/s has been measured at the end of
the test (Figure 3.5). '

Relatively high permeability values, around 107 cm/s, are measured for
Sample B-S-1-C during a test period of 8 days. This sample has been
deposited in a 2% calcium hydroxide suspension (a flocculent agent) and
later tested with distilled water. Subsequently, the sample has been
flushed with 4% sodium pyrophosphate solution for 48 days. The perme-
ability testing has then been resumed and continued for 72 days. A
reduced permeability of 3.4 x 1077 cm/s has been measured at the conclu-
sion of the test (Figure 3.6). Sample B-S-1-D, sedimented in the
synthetic water, has a permeability of 7.7 x 1078 cm/s when tested with
the synthetic water (Figure 3.3) and a permeability of 2 x 1078 cm/s
with the 2% sodium pyrophosphate solution (Figure 3.7).

3.3.2 Influence of Sample Size

Six compacted bentonite plugs of 2.5, 5 and 10 cm (1, 2 and 4 in)
diameter (two of each size) have been constructed for flow testing in
PVC permeameters. The samples are compacted at the optimal moisture
content of 23.55%, with compaction energy equal to that of the standard
Proctor method (ASTM D698-78). The sample descriptions can be found in
Table 3.2. During the saturation stage, the samples are allowed to
adsorb water and swell vertically. This hydration-swelling process has
continued throughout the subsequent flow testing period. Changes in
sample length as a result of the hydration-swelling process are summa-
rized in Table 3.3. The sample length at the end of flow testing is the
maximum possible expansion, given the restraint imposed by the end caps
of the permeameter. Considering that the bentonite can swell to 10 to
13 times its dry size upon complete hydration (Jepsen and Place, 1985),
the final sample lengths in Table 3.3 suggest that the samples are still
capable of swelling further. Due to the geometric restraint, a certain
amount of swelling pressure must have been genmerated. This is confirmed
by the fact that the bottom cap plate of the PVC permeameter housing
Sample B-C-4-B has been detached from the sample chamber (originally
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Table 3.1 Sample Descriptions of Sedimented Bentonite Plugs

Initial
Sample
Sample Type of Fluid* Length
Number for Sedimentation (cm) Permeant #1 Permeant #2
B-S-1-A Distilled water 15 Distilled water 2% Sodium
(pH = 6) pyrophosphate
B-S-1-B 2% Sodium 9 2% Sodium Distilled water
pyrophosphate pyrophosphate
(pH = 9)
B-S-1-C 2% Calcium 14.7 Distilled water 4% Sodium
hydroxide pyrophosphate
(pH = 12)
B-S-1-D  Synthetic water® 19.7 Synthetic water 2% Sodium
(pH = 6) pyrophosphate

*Percentages refer to the ratio between weight of chemical added and
weight of distilled water.

#Synthetic water was produced by boiling distilled water in the
presence of A-Mountain crushed tuff
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Figure 3.4 Flow test results of Sample B-S-1-A when permeated with 2%
sodium pyrophosphate solution.
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Figure 3.5 Flow test results of Sample B-S-1-B when permeated with
distilled water.
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Figure 3.6 Flow test results of Sample B-S-1-C when permeated with 4%
sodium pyrophosphate solution.
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Figure 3.7 Flow test results of Sample B-S-1-D when permeated with 2%
sodium pyrophosphate solution.
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Table 3.2 Sample Descriptions of Compacted Bentonite Plugs

Compaction®

Sample Sample Sample Length Rammer Drop Number
Sample Diameter Weight (after compaction) Weight Height of
Number (cm) (g) (cm) (1b) (in) Blows
B-C-1-A 2,560 25.62 3.404 1.155 12.4 3/3
B-C-1-B 2,568 25.62 3.327 1.155 12.4 3/3
B-C-2-A 5.130 102.63 3.175 . 1.155 11.93 13712
B-C-2-B 5.133 102.63 3.759 1.155 11.93 25
B-C-4-A 9.985 395.85 3.353 5.5 12 11/9
B-C-4-B 10.157 395.85 3.353 5.5 12 10/10

*Compaction was performed in a sequence of 2-layer installation except for sample B-C-2-B.
Combination of rammer weight, drop height, number of blows results in the standard proctor

compaction energy (12375 ft-1b/ft3, 593 kJ/m3).



Table 3.3 Changes in Sample Length of Compacted Bentonite Plugs

Sample Length (cm)

Sample After Before After
Number Compaction Flow Testing Flow Testing
B-C-1-A 3.40 11.5 12.8
B-C-1-B 3.33 11.35 12.8
B-C-2-A 3.18 9 9.1
B-C-2-B 3.76 9.2 9.4
B-C-4-A 3.35 10.1 10.2
B-C-4-B 3.35 9.7 10.0
47

P T PR I R OC 41 W JEIR e AT e R A S

ANSALRS




glued on with epoxy). The detachment has been observed for the first
time approximately 47 days after the flow testing was started.

3.3.2.1 Results of First Flow Test Sequence

Permeabilities of the six compacted bentonite plugs have been measured
continuously for approximately 85 days, using the double-pipette falling
head method. For Sample B-C-4-B, the testing method has been changed to
the standard falling head method after the detachment of the bottom cap
has been noticed. The permeability results are shown in Figures 3.8
through 3.10. Experimental results, including inflow, outflow, elapsed
time, as well as calculated permeability, are tabulated in Appendix C.
The inflow and outflow are out of balance throughout the flow testing.
This imbalance most likely is due to the continuing hydration and
expansion of bentonite. The permeability values shown in Appendix C
(except for the latter part of flow testing on Sample B-C-4-B) have been
calculated using Eq. (3.3).

In order to use Eq. (3.3), the measured amounts of inflow and outflow
are divided by the cross-sectional area of the measuring pipettes and
are transformed into equivalent lengths. The height difference h, is
then obtained by subtracting the equivalent lengths from h;. For
unequal inflow and outflow, the use of corrected equivalent lengths,
each corresponding to 1/2 (inflow + outflow), may seem desirable in
calculating h, such that the continuity assumption for Eq. (3.1) is
maintained. As long as h, is less than h;, the correction is automati-
cally included in the computation.

Permeabilities of all six compacted bentonite plugs are of the order of
10"° cm/s. Recognizing that the samples are not yet completely hydrat-
ed, these permeabilities appear quite reasonable when compared with the
value of 6.9 x 10® cm/s (for Sample B-S-1-A, Fig. 3.3) at which com-
plete hydration can be assumed.

The standard falling head method (Appendix B, Method B) has been adopted
for the latter part of flow testing on Sample B-C-4-B, after the
detachment of the bottom cap plate from the permeameter chamber had been
observed. Eq. 3.2 is used to calculate permeability. Due to the
breakage of the permeameter, the outflow has been difficult to measure,
and therefore has been assumed equal to the inflow. The permeabilities
thus calculated are, as expected, higher than the values obtained using
the double-pipette falling head equation.

For samples of the same diameter, permeability varies only slightly, and
not systematically, e.g. as a function of diameter. Differences
typically amount to two to three times the permeability obtained. The
small variations suggest that similar test results can be obtained if
the same procedures for sample preparation, installation, and flow
testing are repeated. Permeabilities of the bentonite plugs appear
invariant with sample diameters used in this study.
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Figure 3.10 Permeability results of bentonite Samples B-C-4-A and B-C-4-B, using double-pipette falling
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3.3.2.2 Results of Second Flow Test Sequence

In an attempt to improve the mass balance and to examine changes of
permeability with continued hydration, five of the six compacted
bentonite plugs have been subjected to flow testing for an additional 43
days. Flow testing has not been continued for Sample B-C-4-B because
the bottom cap detached from the permeameter chamber. Upon refilling
the inflow pipette, this sample responded to the increased hydraulic
pressure by slipping. The interface 'strength is estimated as 2.33 to
2.48 kPa (0.34 to 0.36 psi), based on the weight of static water column
sustained by the sample when the slippage stopped. Sample B-C-4-B has
been used for the determination of water content at various locations.

The permeability results show a relatively small variation over the
additional test period of approximately 43 days (Figures 3.11 to 3.15).
Test duration, inflow and outflow, as well as the calculated permeabili-
ty, can be found in Appendix C. The inflow and outflow remain out of
balance throughout the testing pericd. This imbalance may, again, be
due to the continuing hydration and expansion of the bentonite.

During the second flow test sequence, Samples B-C-1-A and B-C-1-B yield
an average permeability of 2 x 1078 cm/s, about 2 times higher than the
value obtained from the later measurements of the first test sequence.
Samples B-C-2-A, B-C-2-B, and B-C-4-A show essentially the same perme-
abilities as measured before, in a ‘range from 2 to 4 x 109 cm/s. As
shown in Table 3.3, the sample lengths of the latter three plugs vary
only slightly, indicating similar hydration and swelling states. No
evidence can be discerned for the size effect on permeability.

3.3.2.3 Water Content Distribution of Sample B-C-4-B

Sample B-C-4-B was pushed out of the PVC permeameter and sliced into
eight disks for the study of water content distribution and of crack
pattern (upon desiccation). The disks are numbered 1, a, 2, b, 3, ¢, 4
and d, in ascending order from the outflow side (bottom) to the inflow
side (top). Disks a, b, ¢ and d were used for the determination of
water content distribution. Disks 1, 2, 3 and 4 remained exposed to air
in a room at 40% relative humidity for the study of cracking patterns.
Disks a, b, ¢ and d were each divided into three parts, the outer ring
(1.27 cm wide), middle ring (1.27 em ammulus width), and inner disk
(5.08 cm in diameter). The water content of each part was measured
following ASTM Standard D2216-80. Table 3.4 summarizes disk thickness,
relative position, and use. The results of the water content determina-
tions are shown in Table 3.5.

The nonuniform water content distribution of Sample B-C-4-B manifests
the effect of the continuing hydration and expansion during the flow
testing. A uniform water content distribution would be expected if the
sample were allowed to reach an equilibrium state within the space
provided by the permeameter. It would take a long time for such an
equilibrium state to be established. The sample was permitted to absorb
water and swell (expand) vertically. The non-uniform distribution of
the water content causes problems in interpreting the permeability
results (Gaudette and Daemen, 1988, Ch. 6). Rather than related to a
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Figure 3.11 Permeability results for bentonite Sample B-C-1-A.
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Figure 3.12 Permeability results for bentonite Sample B-C-1-B.
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Figure 3.13 Permeability results for bentonite Sample B-C-2-A.
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Figure 3.14 Permeability results for bentonite Sample B-C-2-B.
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Figure 3.15 Permeability results for bentonite Sample B-C-4-A.
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specific water content and thereby a specific dry density, the calculat-
ed permeability should be treated as ‘some equivalent measure (for the
system of layers) of the sample’s ability to transmit water for the
range of water content or dry density of the sample. A similar non-uni-
form water content distribution may have developed for other bentonite
samples installed in PVC permeameters, i.e. in permeameters in which
vertical expansion is not restrained.

3.3.2.4 Cracking Patterns of Bentonite Disks

Disks 1, 2, 3, and 4 exhibit different cracking patterns upon drying
(Figures 3.16 through 3.18). The water contents of the disks are
inferred from the water contents measured for the adjacent disks (column
6 in Table 3.5). The disks, lying on plexiglass plates, are exposed to
air in a room at 40% relative humidity. The desiccation cracks first
develop along the periphery of the disks, approximately three hours
after being exposed to air. Disks 1 and 2, whose water contents are
presumably less than 200%, appear to have more desiccation cracks than
disks 3 and 4, with water contents greater than 220% (Figure 3.17). For
the latter two disks, the cracks, with much wider openings, penetrate
deeper toward the centers. The volume reduction increases with water
content (Figure 3.18). ’

3.3.3 Results of High Injection Pressure Flow Tests

This experimental series includes flow tests of Samples B-C-1-A-S, B-C-1
3/8-A-S, B-C-2 3/8-A-S8, and B-C-4-A-S. The numeric in the sample number
designation represents the nominal plug diameter in inches. The §
stands for stainless steel permeameter. Sample dimensions, initial
water content, bulk density, and porosity are given in Table 3.6.

Before flow testing, the samples are subjected to an injection water
pressure of 345 kPa (50 psi) for about two months, and intermittently to
vacuuming at the top, The double-pipette falling head method is then
used to determine permeabilities. With approximately 1.2 m of water
head difference across the samples, the flow testing has continued for
more than a month. No positive outflows have been discerned. The
samples have again been subjected to vacuum and the test set up has been
replaced with the constant-head method driven by a compressed helium
pressurization system. The outflow is monitored by observing the
movement of an air bubble in a horizontal pipette. The inflow is
calculated from the drop of the water column in a 2.54 cm diameter PVC
water reservoir. Initial permeability results (the upward permeation)
obtained under an injection pressure of 34.5 kPa (5 psi) are shown in
Figure 3.19. No outflow has.been detected for Sample B-C-1 3/8-A-S.

Figures 3.20 through 3.23 show the flow test results under injection
pressures from 68.9 to 620.5 kPa (10 to 90 psi). The hydraulic gradi-
ents range from 47 to 720. The permeability values primarily fall
between 2 x 10" to 5 x 10" cm/s, and appear to decrease with increas-
ing hydraulic gradient. Table 3.7 gives the inflow-outflow balance for
each sample.
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Figure 3.17 Bentonite disks 1, 2, 3 and 4 sliced from Sample B-C-4-B
and exposed to relatively dry room environment (approxi-
mately 24 hours after slicing).

. .,’ OPAKE

Figure 3.18 Bentonite disks 1, 2, 3 and 4 sliced from Sample B~C-4-B
and exposed to relatively dry room environment (approxi-
mately 48 hours after slicing).
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Table 3.4 Thickness, Relative Position and Use of Disks Sliced from
Sample B-C-4-B

Depth of Cracking

Disk Thickness Disk Center Water Content Pattern
Number (cm) (em) Study Study

d 1.2 0.6 X

4 1.2 1.8 X

c 1.2 3.0 X

3 1.2 4.2 X

b 1.2 5.4 X

2 1.2 6.6 .4

a 1.2 7.8 X

1 2.2 9.5 X

Table 3.5 Water Content Distribution (Sample B-C-4-B)

Depth of Average
Disk Water Content (%) Water
Disk Center Outer Middle Inner Content
Number (em) Ring Ring Disk (%)
4 0.6 374.65 390.10 372.62 379.12
4 ) 315.45%
c 3.0 257.13 250.09 248.13 251.78
'3 224.21*
b 5.4 196.31 196 .00 197.60 196.64
2 181.60%
a 7.8 160.20 167.77 171.72 166.56
1 < 166.56%
*Water content inferred from water contents of neighboring disks.
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Table 3.6 Sample Characteristics of Compacted Plugs Installed in Stainless Steel Permeameters

Sample Number B-G-1-A-S B-C-1 3/8-A-S B-C-2 3/8-A-S B-C-4-S
Sample Length (cm) 8.89 9.623 14.95 13.125
Sample Diameter (cm) 2.654 3.475 6.01 10.246
Initial Water Content 23,55 32 23.55 23.55

(%)

Initial Bulk Density 1.431 1.482 1.384 1.358

(g/cm3)

Saturated Water Con- 57.13 88.32 60.26 62.05

tent (%)

Saturated Bulk Density 1.720 1.536 1.603 1.683

(g/cm3)

Porosity 0.625 0.721 0.638 0.644
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Figure 3.19 Preliminary permeability results of compacted bentonite
samples installed in stainless steel permeameters. Hydraulic
gradient: 43-45 for B-C-1-A-S, 25.5-26.7 for B-C-2 3/8-A-S,
and 29-31.3 for B-C-4-A-S.
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The sample length, porosity, saturated water content, and bulk density
of Sample B-C-4-A-S listed in Table 3.6 may differ somewhat from the
actual values. A 10.16 cm diameter porous plate of sintered bronze is
placed on top of this sample. The vertical movement of the sample is
prevented by inserting a 3.8 cm diameter stainless steel rod between the
porous plate and the top cap plate of thé permeameter. The difference
in the diameters of the porous plate (10.16 cm) and the permeameter
chamber (10.246 cm) allows some bentonite to flow through the annulus
into the upper portion of the chamber. Moreover, chemical reactions
appear to occur (e.g. cation exchange) between bentonite and the bronze
plate, which may be evidenced by the frequent emergence of air bubbles
in the then discolored Tygon tubing which connects the exit port and the
horizontal pipette. The chemical reactions and bentonite flow may
explain why the permeability of this sample, unlike that of the other
samples, does not decrease further when hydraulic gradients higher than
300 are imposed. -

3.3.4 Permeability of Bentonite to Air

The seals to be placed in a nuclear waste repository are required to
prevent significant amounts of water from reaching waste. They may be
required additionally to prevent significant amounts of gaseous radionu-
clides from escaping through shafts, ramps, and boreholes (Gupta et al.,
1989). Four bentonite samples of 25.4 mm (1 in) diameter installed in
Plexiglass permeameters have been tested to determine the permeability
to air. The test procedure follows ASTM Standard D4525.

Nine tests have been performed on the four samples. Each sample
contains a different initial water content. Various dry densities are
achieved by changing the number of layers compacted. The rammer weight
and drop height used for compaction are 0.053 kg (1.15 1lbs) and 0.27 m
(10.62 in). The permeability results (expressed in m? , 1 m? = 1012
Darcy) are plotted against the reciprocal of the mean pressure in Figure
3.24. The legend in this figure indicates, in order, the water content,
the number of layers compacted, and the number of blows per layer.
Figure 3.25 shows the air permeability as a function of dry density.

The%permeability to air of the compacted samples ranges from 10" to
10" w2, It appears that the permeability to air first decreases and
then starts to increase. The decrease may be explained by pore clogging
due to particle migration. The increase in permeability that occurs
later can be, at least in part, accounted for by pore enlarging result-
ing from loss of moisture. For the samples of high water contents (e.g.
28 and 41.3%), the loss of moisture to the percolating air changes the
color of the sample from dark grey to a distinctive light gray. To
effectively minimize the migration of gaseous radionuclides, highly
compacted bentonite plugs at low water content are suggested.
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3.4 Permeability of Bentonite/Crushed Tuff

3.4.1 Longitudinal Flow Tests
3.4.1.1 Mixed Samples with 15% Bentonite by Weight

Figures 3.26 through 3.28 show the permeability results for Samples
B/AL-C-4-15/A, B/AL-C-4-15/B, and B/AL-C-4-15/C, respectively. These
three samples contain 15% bentonite by weight with different crushed
tuff gradations. The-first five permeability values in Figure 3.26 have
been measured using the double-pipette falling head method. Subsequent-
ly, the flow testing has been changed to the standard falling head
system due to high flow rates. Permeabilities of Samples B/AL-C-4-15/B
and B/AL-C-4-15/C have been determined by the double-pipette and
standard falllng head methods for the former and by the standard falling
head method for the latter. Erosion has been observed for Samples
B/AL-C-4-15/A and B/AL-C-4-15/C, as evidenced by cloudy outflow. The
resultant piping or channelllng can be seen in Figure 3.29. Permeabili-
ty as high as 8 x 1074 cm/s has been registered for B/AL-C-4-15/A, and 4
x 107 cm/s for B/AL-C-4-15/C. No erosion or piping effects have been
detected for Sample B/AL-C-4-15/B. The last-ten flow measurements of
B/AL-C-4-15/B, using the standard falling head method, yield permeabili-
ties near 4 x 1078 cm/s, slightly lower than the values obtained from
the double-pipette falling head method. The flow tests on these three
samples have not been: performed continuously.

3.4.1.2 Samples with 25 or 35% Bentonite by Weight - First Test
Sequencg (Downward Permeation)

The samples have been tested under injection pressures of 2, 4, 8, 15,
20, 30, and 40 psi (13.8, 27.6, 55.2, 103.4, 138, 206.9 and 275.9 kPa,
respectively). The injection pressures can be expressed in terms of
water head as follows: 1.41, 2.82, 5.64, 10.58, 14.1, 21.15 and 28.2 m
at a room temperature of 23.5°C. Constant injection pressures are
maintained by exerting a desired gas pressure, regulated from a com-
pressed helium tank, on top of the water in the inflow reservoirs. The
solubility of helium in water is 0.94 cc per 100 cc of water at 0°C, and
1.05 cc per 100 cc of water at 50°C (CRC Handbook of Chemistry and
Physics, 1982, p. B104). :

Figure 3.30 shows the permeability of Sample B/AL-C-4-25/A. The results
for B/AL-C-4-25/B and B/AL-C-4-25/C are given in Figures D.1 and D.2
(Appendix D). Permeability decreases as injection pressure increases.
Under an injection pressure of 40 psi (275.9 kPa, 28.2 m water he%;ht),
permeabilities of the three samples fall in the upper range of 10°

cm/s. Although the permeabilities of the samples continue to decrease,
the outflows appear slightly cloudy after the injection pressure is
raised to 30 psi (206.9 kPa).

Figures 3.31 and 3.32 show the flow test results for Sample B/AL-C-4-
35/A. Similar plots for Samples B/AL-C-4-35/B, and B/AL-C-4-35/C can be
found in Figures D.3 through D.6 (Appendix D). Significant variations
can be seen in the permeabilities measured under injection pressures of
2, 4 and 8 psi (13.8, 27.6 and 55.2 kPa, respectively). The variations
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Figure 3.29 Erosion channels in B/AL-C-4-15/A (left) and B/AL-C-4-15/C
(right). .
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Figure 3.32 Permeability results of Sample B/AL-C-4-35/A, using constant head method (constant injection
pressures = 15, 20, 30 and 40 psi (103.5, 138, 206.9 and 275.9 kPa).
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are most conspicuous for permeability measurements obtained under 2 psi
(14 kPa) injection pressure and appear to decrease as injection pressure
increases. The fluctuations in permeability.may indicate that the
samples are not saturated and that water adsorption and percolation
occur simultaneously. Permeabilities measured at higher injection
pressures become more uniform (Figures 3.34 and 3.36). Under injection
pressures of 30 and 40 psi. (206.9 and 275.9 kPa), the samples exhibit
permeabilities in the upper and middle ranges of 1079 cm/s.

Similar to the samples with 25% bentonite, cloudy outflows are observed
first at an injection pressure of 30 psi. Visual examinations reveal no
evidence of channelling in the samples.

3.4.1.3 sSamples with 25 or 35% Bentonite by Weight - Second Test
Sequence (Downward Permeation)

Reported in this section are the constant head flow test results of six
previously-tested compacted bentonite/crushed tuff plugs subjected to
injection pressures from 103.5 to 690 kPa (15 to 100 psi). The perme-
ability results (except for Sample B/AL-C-4-25/C) are illustrated in
three separate plots according to the following injection pressure
groups: (1) 138, 345 and 552 kPa (20, 50 and 80 psi); (2) 207, 414 and
621 kPa (30, 60 and 90 psi); and (3) 103.5, 276, 483 and 690 kPa (15,
40, 70 and 100 psi). The results for Samples B/AL-C-4-25/A, B/AL-C-4-
25/B, and B/AL-C-4-35/A are shown in Figures 3.33 through 3.41. The
results for the other three samples are shown in Figures E.l through E.9
(Appendix E). .

The outflow agrees well with the inflow, as shown in Figures 3.42
through 3.44. Plots of the inflow-outflow balance for the other three
samples are included in Figures E.10 through E.12 (Appendix E). The
inflow is calculated from the change of the water level in a translucent
inflow reservoir (a PVC pipe of 2.54 cm diameter). With a few excep-
tions, the difference between the total inflow and outflow at any
injection pressure is less than 10% of the outflow. Under low injection
pressures, the outflow appears to be less than the inflow. The trend is
reversed as the injection pressure increases. This behavior is common
to all six samples. Similar inflow-outflow behavior is observed in flow
testing cement plugs emplaced in tuff and in granite cylinders (South
and Daemen, 1986, Tables 4:12, 4.13).

The permeabilities measured for the samples with 25% bentonite lie
primarily in the upper to middle range of 10"% cm/s. Those for the
samples with '35% bentonite fall in the middle to lower range of the same
order of magnitude. The results for the six samples reported on earlier
(Section 3.4.1.2) include measurements under injection pressures from
13.8 to 275.9 kPa (2 to 40 psi). Tests at the injection pressures of
103.5, 138, 206.9 and 275.9 kPa (15, 20, 30 and 40 psi) have been
repeated during this extended test series. Given the same sample,
injection pressure, and testing temperature (room temperature), the
permeabilities measured in the second series are noticeably lower than
those obtained earlier. The discrepancy suggests that the permeation of
water may have caused structural changes in the samples. Moreover, the
permeabilities tend to decrease with increasing injection pressure when
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Figure 3.33 Permeability results of Sample B/AL-C-4-25/A at injection
pressures = 138, 345 and 552 kPa (20, 50 and 80 psi).
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Figure 3.34 Permeability results of Sample B/AL-C-4-25/A at injection
pressures = 207, 414 and 621 kPa (30, 60 and 90 psi).
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Figure 3.35 Permeability results of Sample B/AL-C-4-25/A at injection
pressures = 104, 276, 483 and 690 kPa (15, 40, 70 and 100

psi).
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Figure 3.36 Permeability results of Sample B/AL-C-4-25/B at injection
pressures = 138, 345 and 552 kPa (20, 50 and 80 psi).
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Figure 3.37 Permeability results of Sample B/AL-C-4-25/B at injection
pressures = 207, 414 and 621 kPa (30, 60 and 90 psi).
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Figure 3.38 Permeability results of Sample B/AL-C-4-25/B at injection
pressures = 104, 276, 483 and 690 kPa (15, 40, 70 and 100
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Figure 3.39 Permeability results of Sample B/AL-C-4-35/A at injection
pressures = 138, 345 and 552 kPa (20, 50 and 80 psi).
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Figure 3.40 Permeability results of Sample B/AL-C-4-35/A at injection
pressures = 207, 414 and 621 kPa (30, 60 and 90 psi).
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Figure 3.41 Permeability results of Sample B/AL-C-4-35/A at injection
pressures = 104, 276, 483 and 690 kPa (15, 40, 70 and 100
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the pressure is raised to 345 kPa (50 psi) and higher, except for Sample
B/AL-C-4-25/B as shown in Figures 3.36 to 3.38. The decrease in
permeability is likely due to clogging as a result of particle migration
(Mitchell and Younger, 1967). The tendency can also be.seen in the
Plots of the outflow rate vs. hydraulic gradient (Figures 3.45 through
3.50). For hydraulic gradients up to 150 to 200 for the samples
containing 25% bentonite, and up to 300 for the samples containing 35%
bentonite, the flow rate increases linearly with hydraulic gradient, an
expected relation predicted by Darcy’s law. The linear relation is
lost, however, when higher hydraulic gradients are imposed. Higher
gradients also appear to be accompanied by wider fluctuations of the
results. The steep increase in flow rate of Sample B/AL-C-4-25/B
(Figure 3.46) at hydraulic gradients of 400 and higher [i.e., injection
pressure of 414 kPa (60 psi) and higher] is due to piping.

After having been subjected to injection pressures up to 690 kPa (100
psi), the samples are tested again at injection pressures of 207 and 345
kPa (30 and 50 psi). The permeability résults and the cumulative inflow
and outflow for each sample :are given in.Figures E.13 through E.21
(Appendix E). The results are compared with those obtained earlier
under the same injection pressures in Figures 3.51 through 3.56.  Except
for Sample B/AL-C-4-25/B, the second run permeabilities appear to be
consistently 2 to 4 times lower than the first run results. This
suggests that irreversible changes in sample structure may have oc-
curred. The contrasting behavior of B/AL-C-4-25/B (Figure 3.52) is
believed to indicate sealing performance deterioration resulting from
piping. The outflow collected from this sample has remained cloudy
throughout the testing.

3.4.1.4 Samples with 25 or 35% Bentonite by Weight - Third Test
Sequence (Upward Permeation)

In the subsequent flow testing, the ‘flow direction has been reversed (to
the upward direction) to study the sealing performance under the action
of an upward seepage force. Sample B/AL-C-4-25/B has been omitted from
this test series because of the rapid depletion of its inflow reservoir.
Limited results (for injection pressures up to 69 kPa) are shown in
Figures 3.57 and 3.58 for the samples with 25 and 35 bentonite weight
percent, respectively. Upon incrementing the.pressure from 35 kPa

(5 psi) to, 69 kpa (10 psi), cracks are seen to develop around the coarse
portions (which contain less bentonite) close to the bottom of Sample
B/AL-C-4-25/C. This may be due to insufficient confinement during
installation of the sample, -or due to particle migration or rearrange-
ment. Sample B/AL-C-4-25/C has been eliminated from this upward flow
testing after a leak of its permeameter had been detected at an injec-
tion pressure of 276 kPa (40 psi). The other samples have been permeat-
ed upward for injection pressures up to 62L kPa (90 psi). The per-
meabilities obtained from the upward permeation fall in the middle to
lower range of 1079 cm/s and appear to decrease as the injection pres-
sure increases

The upward flow test results of Samples B/AL-C-4-25/A and B/AL-C-4-35/A

are compared with the downward flow test results obtained earlier under
the same injection pressures. Figures 3.59 through 3.62 show the
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Figure 3.45 Flow rate vs. hydraulic gradient for Sample B/AL-C-4-25/A.
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Figure 3.47 Flow rate vs. hydraulic gradient for Sample B/AL-C-4-25/G.
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Figure 3.49 Flow rate vs. hydraulic gradient for Sample B/AL-C-4-35/B.
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Comparison between first-run and second-run permeability
results of Sample B/AL-C-4-25/A at injection pressures of 207
and 345 kPa (30 and 50 psi). Second run was after injection
pressure of 690 kPa (100 psi) had been applied.
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Figure 3.52 Comparison between first-run and second-run permeability
results of Sample B/AL-C-4-25/B at injection pressures of 207
and 345 kPa (30 and 50 psi). Second run was after injection
pressure of 690 kPa (100 psi) had been applied.
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Figure 3.53 Comparison between first-run and second-run permeability
results of Sample B/AL-C-4-25/C at injection pressures of 207
and 345 kPa (30 and 50 psi). Second run was after injection
pressure of 690 kPa (100 psi) had been applied.
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Comparison between first-run and second-run permeability
results of Sample B/AL-C-4-35/A at injection pressures of 207
and 345 kPa (30 and 50 psi). Second run was after injection
pressure of 690 kPa (100 psi) had been applied.
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Figure 3.55 Comparison between first-run and second-run permeability
results of Sample B/AL-C-4-35/B at injection pressures of 207
and 345 kPa (30 and 50 psi). Second run was after injection
pressure of 690 kPa (100 psi) had been applied.

87




T T e s e T e AT e Y 0 T e e T AT e e e T e A e T e

Sample B/AL-C-4-35/C
Injection Pressure 30 Psl

10"

Permeabllity (cm/s)

o
=3
] °®
B (@)
1i3 1 T !
* 0.0 4.0 8.0 12.0
Time (Days)
—~ J1 Sample B/AL-C-4-35/C
?. Injection Pressure 50 Psl
E ©3
O ¥ 3
> N W
5
S
£ - o
o o
T
' 1 T T
™ 0.0 4.0 8.0 12.0
Time (Days
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Figure 3.57 Permeability results of the mixture samples containing 25%
bentonite by weight (measured in the upward permeation).
Injection pressure p = 13.8, 34.5 and 69 kPa (2, 5 and 10
psi). Hydraulic gradient: 12-16, 30-35 and 63-70, respectively.
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permeabilities at injection pressures of 103, 138, and 621 kPa (15, 20,
and 90 psi, respectively). The comparisons at other pressures are given
in Figures E.22 through E.27 (Appendix E). The permeability measured in
the upward flow direction is lower than that measured in the downward
direction. The upward seepage forces seem to have no major damaging
effect on the sealing performance. It should be recognized that the
samples had been subjected previously to injection pressures up to 690
kPa (100 psi) in the downward flow tests. The lower permeability in the
upward permeation may have resulted from particle migration induced at
the inflow end and/or consolidation at the outflow end. The effect of
upward seepage force on the deterioration of sealing performance is
observed from the downward-upward flow testing performed on three fresh
mixture samples installed in stainless steel permeameters, described in
Section 3.4.1.6.

3.4.1.5 Samples with 25 or 35% Bentonite by Weight - Fourth Test
Sequence (Downward Permeation)
Samples B/AL-C-4-25/A, B/AL-C-4-35/A, B/AL-C-4-35/B, and B/AL-C-4-35/C
had been tested previously in the downward and upward flow direétions.
Figures 3.63 through 3.66 present the permeabilities measured in an
additional downward flow test sequence for which injection pressures are
raised up to 1 MPa (145 psi), equivalent to a 102 m water column. The
maximum hydraulic gradients are between 900 and 1000. The permeability
varies from the lower 1078 to below the 10°% cm/s range. Variations in
permeability are noted and may be attributed, in part, to the fluctua-
tion of ambient temperature (Section 3.4.1.9.1). Temporary and inter-
mittent pore clogging by displaced bentonite gel or individual particle
aggregates have also been proposed to explain time-dependent variations
in flow rate and permeability (Pusch et al., 1987). Sealing performance
of the four samples has been evaluated under various injection pressures
and flow directions for more than 9 months. Although depositions of
dispersed or eroded bentonite have been observed in the outflow tubing,
no deterioration of sealing ability can be detected.

It is recognized that the preservation of low permeability has been
obtained in a rather restricted condition which precludes any external
lateral flow. The laterally confining boundary provided by a fixed-wall
permeameter by no means simulates a possible field situation of open
joints or fractures intersecting sealants installed in boreholes or
shafts. Fixed-wall permeameters have been modified by drilling circular
holes into the wall for flow testing of mixture samples. Results of
flow tests in such permeameters are discussed in Section 3.4.4.

3.4.1.6 Samples B/AL-C-12-25/A and B/AL-C-12-35/A

The results presented in this section have been obtained from the flow
testing of two large bentonite/crushed tuff plugs, 30.15 cm (12 in) in
diameter and 10.5 and 12.3 cm (4.13 and 4.84 in) long. Crushed tuff of
Type A gradation (D, = 9.42 mm) has been mixed with 25 and 35 weight
percent of bentonite. It is important to test large samples so that the
performance can be evaluated on g relatively large scale (Olson and
Daniel, 1981), especially in light of the variation between field and

i
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Figure 3.59 TUpward and downward permeability of Sample B/AL-C-4-25/A
under injection pressures of 103 kPa (15 psi) and 138 kPa
(20 psi). Hydraulic gradient: 101.3-108.4 (top), 139.6-
143.3 (bottom).
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Figure 3.60 Upward and downward permeability of Sample B/AL-C-4-25/A
under injection pressure of 621 kPa (90 psi). Hydraulic
gradient: 611.1-619.9.
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Figure 3.61 Upward and downward permeability of Sample B/AL-C-4-35/A
under injection pressures of 103 kPa (15 psi) and 138 kPga

(20 psi). Hydraulic gradient: 104.5-105.9 (top), 136.1-
139.4 (bottom).
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Figure 3.62 Upward and downward permeability of Sample B/AL-C-4-35/A
under injection pressure of 621 kPa (90 psi). Hydraulic
gradient: 539.9-602.2.
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Figure 3.63 Permeability of Sample B/AL-C-4-25/A at five injection
pressures as a function of flow test time.
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Figure 3.64 Permeability of Sample B/AL-C-4-35/A at five injection
pressures as a function of flow test time.
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Figure 3.65 Permeability of Sample B/AL-C-4-35/B at five injection
pressures as a function of flow test time.

98




i1 Sample B/AL-C-4-35/C

1q‘“

Permeability (cm/s)

10°

207 kPa
414 kPa
621 kPa
828 kPa
1035 kPa

1
G

-1

ojo|e|d

107"°

1 ]

i 1
0.0 2.5 5.0 7.5 10.0 12.5
Time (days)

Figure 3.66 Permeability of Sample B/AL-C-4-35/C at five injection
pressures as a function of flow test time.

99




laboratory measured permeabilities reported for clay liners (Dunn, 1986;
Day and Daniel, 1985; Daniel, 1984).

The Standard Proctor method was used to compact the samples in the
permeameters. The samples received 225 blows per layer for 3 layers to
adjust the compaction effort for the large sample diameter. To keep the
ratio of impact area to sample cross-sectional area close to that in the
Proctor compaction (1l:4), a 15 cm diameter aluminum plate was placed on
top of the sample and was moved around during compaction. Each blow was
aimed at the center of the aluminum plate.

The flow testing with an injection pressure of 34.5 kPa (5 psi) contin-
ued for about 18 days. The resulting hydraulic gradients are approxi-
mately 31 and 36 for B/AL-C-12-25/A and B/AL-C-12/35/A, respectively.
The corresponding total inflows and outflows for 18 days are 338, 364
cc, and 73, 57 cc. Only limited flow data have been obtained for an
injection pressure of 69 kPa (10 psi) due to leaks in the permeameters.
Figures 3.67 and 3.68 show the flow test results. In spite of differ-
ences in the stiffnesses of the permeameters, in compaction and in the
ratio of grain size to permeameter diameter, the low permeability
exhibited by these 30.15 cm diameter samples conforms with those yielded
by the smaller samples (e.g. Figures 3.69 and 3.70 for the 10.16 and
20.65 cm diameter samples). The similarity in the permeability measure-
ments suggests that differences between laboratory and field measure-
ments may be due more to differences in installation procedures than to
true size effects. Bentonite/crushed tuff seals of even larger diame-
ters may retain similarly low permeabilities if the proper procedures of
mixing, installation and compaction are carefully followed.

3.4.1.7 Effects of Piping

Basic designs for backfilling boreholes, shafts and other seal compo-
nents in the proposed nuclear waste repository at Yucca Mountain may
require the seals to retain adequate sealing performance over a long
period of time (Fernandez et al., 1987). The effect of piping, as
learned from the failures of earth dams, embankments, and natural slopes
(Rosewell, 1977; Sherard et al., 1972, 1977), may be important for the
long-term performance of the backfilling materials. The concern is
substantiated by piping observed in tests reported on here, which have
caused significant increases in permeability during the flow testing of
B/AL-C-4-15/A, B/AL-C-4-15/C, and B/AL-C-4-25/B.

Various definitions of piping are reviewed by Jones (1981, pp. 7-15).
Piping is defined here as "any progressive internal erosion of the soil
or rock mass by the flow of water along preferred seepage paths". This
definition is modified from the one given by Perry (1975, as cited by
Jones, 1981). For flow testing of bentonite plugs with either the
standard falling-head or double-pipette falling head method, only
minimal piping, or possibly dispersion of bentonite, has been observed.
Except for a few gel-like flocks in the tubes close to the permeameter
ends, the inflow and outflow has remained clear. For bentonite/crushed
tuff plugs with 15% bentonite by weight, piping has been observed in
B/AL-C-4-15/A and B/AL-C-4-15/C, and has caused their permeabilities to
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Figure 3.67 Permeability results of Sample B/AL-C-12-25/A.

Figure 3.68 Permeability results of Sample B/AL-C-12-35/A.
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increase by approximately one order of magnitude. Erosion channels have
developed as a result of piping (Figure 3.29).

Cloudy outflows have been observed when six mixture plugs containing 25%
and 35% bentonite were first subjected to an injection pressure of 206.9
kPa (30 psi). The outflows appeared cloudy for less than 24 hours and
returned to clear under the same injection pressure. The clearing may
be accounted for by healing as a result of the migration of fine
particles during water percolation. In the second series of flow tests
(Section 3.4.1.3), muddy outflow emerged from Sample B/AL-C-4-25/B,
while it was subjected to an injection pressure of 414 kPa (60 psi).

The permeability increased correspondingly and then decreased to a
lesser degree toward the end, before incrementing the injection pressure
(Figure 3.37). The outflow collected from this sample remained cloudy
at higher injection pressures. The effluent of Sample B/AL-C-4-25/A
became slightly foggy about 3 days after the injection pressure was
raised to 690 kPa (100 psi). The amounts of suspension and solute
carried in the outflows of Samples B/AL-C-4-25/A and B/AL-C-4-25/B have
been determined by oven-drying the collected effluents for a number of
cases. The results are given in Table 3.8.

After having been subjected to injection pressures up to 690 kPa

(100 psi), the six samples have been tested again at injection pressures
of 207 and 345 kPa (30 and 50 psi). The amount of solids carried in the
outflows has been measured. The results are summarized in Table 3.9.
Also included in the table are the pH values of the outflows measured at
the end of the flow testing at 345 kPa injection pressure. The pH
values of the outflows collected from Samples B/AL-C-4-25/B,
B/AL-C-4-25/C and B/AL-C-4-35/B appear to be lower than those for the
other samples. The lower pH values seem to be associated with higher
flow rates. The de-aired distilled water yields a pH value of 6.36,
which increases to 7.31 when measured at room temperature after the
water has been boiled in the presence of crushed tuff. Crushed tuff
particles used in the boiling range from 12,7 to 19.05 mm in size. The
boiling was maintained for 30 minutes, at room pressure.

3.4.1.8 Mixed Samples in Stainless Steel Permeameters

Crushed tuff of gradation type A and with 25 and 35 bentonite weight
percent was selected to prepare four samples in stainless steel per-
meameters. Compactive efforts equivalent to the Standard Proctor method
were applied to the samples, i.e. 25 blows per layer for the 101.6 mm (4
in) samples and 100 blows per layer for the 203.2 mm (8 in) samples.
After inserting piston and capping plate, the samples were subjected to
a 2.5 m water head from the bottom port for saturation. The saturation
process was aided intermittently by applying vacuum from the top port,
at a vacuum of 103.5 kPa (15 psi) for 30 to 45 minutes. During the
saturation, the pistons gradually moved upward, responding to the
swelling of samples. Such movements were minimized by filling the
remaining space between piston and top cap plate with water.

3.4.1.8.1 Double-Pipette Falling Head Flow Testing. The results are
presented in Figures 3.69 and 3.70. The samples are tested at room

temperature using the double-pipette falling head method. The inflow
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Table 3.7 Inflow-Outflow Record for Bentonite Plugs

Sample Number: B-C-1-A-S B-C-1 3/8-A-S B-C-2 3/8-A-S B-C-4-A-S

Injection Pressure Fin Fout Fin Fout Fin Fout Fin Fout

(kPa/psi) (ce) (ce) (cc) (ce) (ce) (ce) (ce) (ce)
68.9/10 - - - - - - - -

137.9/20 - - - - - - 5.32 8.02
(31.8 days)

206.8/30 0.51 0.19 1.39 2.55 3.01 3.23 6.84 0.80
(67.9 days) (51.0 days) (60.5 days) (29.2 days)

413.7/60 1.14 1.19 2.66 1.99 4.56 3.39 1.39 1.60
(52.0 days) (32.1 days) (32.0 days) (3.3 days)

620.5/90 0.76 0.48 1.52 1.52 3.04 1.37 15.34 15.74
(19.1 days) (14.5 days) (18.4 -days) (18.0 days)

‘TOTAL: 2.41 1.86 5.57 6.06 10.61 7.99 28.89 26.16

NOTES:

1. The actual values of the saturated water content, saturated bulk density, porosity, and sample length
for B-C-4-A-S may be somewhat different from the values indicated in the table.

fully confined vertically on the top.

the permeameter chamber,

2. The first numbers in the inflow and outflow columns give the total inflow and outflow from the preceding

flow tests under lower injection pressures.

3. The number in parentheses indicates test period in days.

4, Fin:

cumulative inflow; Fgyut:

cumulative outflow.

This sample is not

Upon saturation, bentonite may expand through the annulus between
a sintered bronze porous plate (10,16 cm in diameter) and the permeameter wall into the upper portion of
The upward movement of the porous plate is prevented by inserting a 3.8 cm
diameter stainless steel solid rod against the top cap plate.




Table 3.8 Measurements of Solids Carried in the Outflows of Samples
B/AL-C-4-25/A and B/AL-C-4-25/B (Second Test Sequence)

Injection Outflow Weight of
Sample Pressure Volume Solids Concentration
Number (kPa/psi) (ce) (g) (g per 100 cc)
B/AL-C-4-25/A 690/100 21.8 0.05 0.23
25.2 0.05 0.20
B/AL-C-4-25/B 552780 25.9 0.12 0.46
26.5 0.13 0.50
690/100 13.0 0.10 0.77
18.75 0.14 0.75
19.2 0.12 . 0.625
31.2 0.14 0.45
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Table 3.9

Flow Rates and Solids Carried in the Outflows of Mixed
Samples with 25% and 35% Bentonite by Weight.
sequence, after being subjected to injection pressures up to
690 kPa)

(Second test

Sample Number

Hydraulic
Gradient

Flow Rate
(x 10-4 cc/s)
Mean *= S.D.%*

Solids in
Outflow
(g per 100 cc)

pH

B/AL-C-4-25/A

343-347

.818 = 0.102

.09
.08
.075
.036

9.23

B/AL-C-4-25/B

209-211

349-351

445 = 0.

245 = 0,

.26
.30
.12
.24

.24
.17
.18
.15
.08
.082
.075
.088
.12

8.89

B/AL/G-4-25/C

310-314

.977 = 0,

.076
.083
.083
.081

9.06

B/AL-C-4-35/A

333-337

401 = 0.

.087
.08

9.25

B/AL-C-4-35/B

321-325

.508 = 0.

.091
.082

9.03

B/AL-C-4-35/C

342-347

404 = 0.

QO |0 |OCO0O | OO0 |COO0CO0OO0O0O0O0O0O0 OO0OO0OO |00 O

.086
.081

9.15

*S.D. = Standard Deviation

1) The first three samples consist of 312.5 g (air-dried) bentonite and
The latter three samples consist of 437.5 g bentonite
The last letter shown in the sample number

crushed tuff,
and 812.5 g crushed tuff.

designation indicates the type of crushed tuff gradation used for

mixing.

2) The air-dried bentonite has a moisture content of 9.5%.
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Figure 3.69 Permeability results of the mixture samples installed in
stainless steel permeameters (25% bentonite by weight).
Hydraulic gradient: 6-9.75 for B/AL-C-4-25/A-S and 0.1-6.5
for B/AL-C-8-25/A-S.
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Figure 3.70 Permeability results of mixture samples installed in stain- .
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lic gradient: 9.5-10.6 for B/AL-C-4-35/A-S and 1.5-6 for
B/AL-C-8-35/A-S.
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and outflow measurements are shown in Figures 3.71 and 3.72. Sample
dimensions and bulk densities before and after saturation are summarized
in Table 3.10.

B/AL-C-8-25/A-S has the lowest bulk density (1.582 g/cm’) among the four
saﬂgles and exhibits comparatively high permeability, on the order of
107® cm/s. It was noted that, while compacting this sample (203.2 mm in
diameter), the material in the vicinity of the contact zone heaved with
each impact. Lateral movements of particles also were associated with
the heaving. The compactor has a rammer of 50.8 mm (2 in) in diameter
and is in accordance with the specifications of ASTM standard D698-78.
For samples of 101.6 mm (4 in) in diameter, each impact of the rammer
covers 1/4 of the cross-sectional area. The same rammer covers only
1/16 of the sample area when compacting 203.2 mm (8 in) plugs. The same
compaction procedure has been applied to the other 203.2 mm sample which
contains 35 bentonite weight percent (Sample B/AL-C-8-35A-S). In this
case, the heaving and the lateral movements of particles seemed to be
minimal and the coarse material appeared to be anchored in the fine
particles during the compaction. After compaction this sample yielded a
bulk density of 1.74 g/cm’.

For the same bentonite content, the 203.2 mm (8 in) samples have higher
permeability than the 101.6 mm (4 in) samples. The difference may be
due to the variations in compaction (e.g. number of blows) and in the
ratio of grain size to permeameter diameter. It may also suggest a
possible size effect. Additional tests are needed to confirm the
statistical validity of a size effect. If such size effect observations
are confirmed, flow tests on larger diameter samples would be warranted.

The break in the curves in Figures 3.71 and 3.72 corresponds to the
refilling of the inflow pipette preceded by vacuuming the sample at a
vacuum of 103.5 kPa for 30 to 45 minutes. After the vacuuming, the
permeability of Sample B/AL-C-4-25/A-S appears to increase, while that
of Sample B/AL-C-8-35/A-S seems to decrease. The corresponding changes
in permeability can be seen in Figures 3.71 and 3.72.

3.4.1.8.2 Effect of the Upward Seepage Force on Sealing Performance.
Samples B/AL-C-4-25/A-S, B/AL-G-8-25/A-S, and B/AL-C-8-35/A-S have been
subjected to the downward-upward flow testing to further investigate the
effect of the upward seepage force. The permeabilities have been
determined using the double pipette falling head method. The hydraulic
gradients are kept low (less than 10) to minimize changes in sample
structure. The upward permeability and the downward permeability are
compared in Figures 3.73 and 3.74. For all three samples, the upward
permeability appears to be roughly three times higher than the downward
permeability. The negative effect of the upward seepage force on the
sealing ability of the sealants is apparent. Such a sealing performance
evaluation is necessary and of importance since an upward flow situation
is likely to occur for a nuclear waste repository (Bonne et al., 1985).

3.4.1.8.3 High Injection Pressure Flow Testing on Samples B/AL-C-8-
25/A-S and B/AL-C-8-35/A-S. The flow testing of Samples B/AL-C-8-25/A-S
and B/AL-C-8-35/A-S has been extended to evaluate the sealing perfor-
mance under high injection water pressures. The maximum injection
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Cumulative inflow and outflow vs. time for Samples B/AL-C-
4-25/A-S and B/AL-C-8-25/A-S. The break in the curves cor-
responds to the refilling of the inflow pipette preceded by

vacuuming samples at a vacuum of 103.5 kPa for 30 to 45
minutes.
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Table 3.10 Sample Dimensions and Bulk Density of Mixed Samples Installed
in Stainless Steel Permeameters

Sample Sample Length (cm) Bulk Density (g/cm3)

Sample Diameter Before After Before After
Number (em) Saturation Saturation Saturation Saturation

B/AL-C-4 10.24 10.8 11.05 1.633 1.596
-25/A-8

B/AL-C-8 20.65 11.0 10.90 1.582 1.597
-25/A-8

B/AL-C-4 10.25 10.8 11.25 1.644 1.579
-35/A-8

B/AL-C-8 20.65 10.05 10.65 1.740 1.642
~35/A-8

111

T 7 g o, ST TS
HEE P S VN S Ay EYTRAON REETENEEZ NG TR




~ 1 B/AL-C-4-25/A-S
S
g O3
CANN
> ] 5\ .
=, 14 . ‘j\ﬂ*&“’ x_ B-n-n-8._ |
2" BN
g v ?7.~.,.\.-.~o.',0\.,.—0..0.-o’..oom._...-o..o‘o...,...
3 ; s = Upward flow
e e = Downward flow
lc l | | |
— 0.0 5.0 10.0 15.0 20.0 5.0
Time (Days)

Figure 3.73 Upward and downward permeability of Sample B/AL-C-4-25/A-S.

Hydraulic gradient: 1.78-5 (upward), 6-9.75 (downward).
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Figure 3.74 Upward and downward permeability of Samples B/AL-C-8-25/A-S
and B/AL-C-8-35/A-S. Hydraulic gradient: 0.1-6.5 (upward),
and 2.3-6.2 (downward) for the former sample; 1.5-6 (upward)
and 6.3-7.5 (downward) for the latter.

113




pressures applied are 0.83 MPa (120 psi) for the first sample and 1.86
MPa (270 psi) for the second, equivalent to 84.5 and 190.2 m water
columns (at 22°C). The corresponding hydraulic gradients amount to 800
and 1800. Permeability values and flow rates are plotted against
hydraulic gradient in Figures 3.75 through 3.78. Permeability appears
to be constant for relatively low hydraulic gradients (up to 150 for
B/AL-C-8-25/A-S and 280 for B/AL-C-8-35/A-S), and decreases when higher
gradients are imposed incrementally. The jumps in permeability shown in
Figure 3.77 may result from the radial expansion of pores and hydraulic
fracturing due to the quick large increases in injection pressure at
which the jumps occur. The increases occur at 389.6 kPa (56.5 psi) for
the first permeability jump and 761.9 kPa (110.5 psi) for the second
one. No permanent damage in permeability can be detected, which may be
indicative of the excellent healing capability of bentonite. The
constant permeability implies, based on Darcy’s law, a linear variation
of flow rate with hydraulic gradient. Such a linear relation can be
seen in Figure 3.78 for gradients up to about 250. The constant
permeability may also suggest that the lower hydraulic gradients induce
no significant changes in sample structure. The higher hydraulic
gradients introduced later start to alter the structure. The permeabil-
ity reduction may be attributed to bentonite compression and consolida-
tion. These mechanisms do not fully explain the relatively constant
permeability measured under low hydraulic gradients. Bentonite slurries
exhibit non-Newtonian flow behavior (Jones, 1963; Marsland and Loudon,
1963), which requires a driving pressure exceeding the yield stress for
bentonite flow to start. The permeability decreases observed in Figures
3.75 and 3.77 may be explained if bentonite in the mixtures behaves as a
non-Newtonian fluid. The assumption is confirmed when the samples are
examined after the flow testing. Bentonite has flowed downward, leaving
the top quarter of Sample B/AL-C-8-25/A-S comprised primarily of crushed
tuff (Figure 3.79, left). This phenomenon is less developed in Sample
B/AL-C-8-35/A-S, which consists of 35% bentonite, and can only be
discerned by examining the subtle difference in texture between the
sample’s top and bottom (Figure 3.80).

The yield stress of a bentonite slurry depends on the bentonite concen-
tration in the carrying fluids (Marsland and Loudon, 1963). Bentonites
of different water content, therefore, have different yield stresses;
the higher the water content, the lower the yield stress. Water
contents of saturated bentonite in Samples B/AL-C-8-25/A-S and B/AL-C-8-
35/A-S are 115% and 89.5%, respectively. The hydraulic gradient
required for bentonite flow in the former sample is thus expected to be
lower than for the latter. This reasoning is substantiated when
comparing Figures 3.76 and 3.78. The change of flow rate with hydraulic
gradient behaves differently. The flow rate increases continuously up
to the highest hydraulic gradient for B/AL-C-8-25/A-S. The flow rate of
B/AL-C-8-35/A-S becomes relatively constant for hydraulic gradients from
400 to 800. The different behaviors suggest that comparatively more
permeable channels may exist in Sample B/AL-C-8-25/A-S, which contains
only 25% bentonite. These permeable channels may have been spared from
clogging by fine particles and bentonite filling as the pore pressure in
the channels would be higher than in the surrounding material because of
the smaller head loss. The channels might have maintained a relatively
constant permeability throughout the range of hydraulic gradients, so
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Figure 3.75 Permeability vs. hydraulic gradient for Sample
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Figure 3.77 Permeability vs. hydraulic gradient for Sample
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Figure 3.78 Flow rate vs. hydraulic gradient for Sample B/AL-C-8-35/A-S.
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that the flow rate continuously increases ‘as hydraulic gradient increas-
es. The permeable channels appear to be greatly reduced by increasing
the bentonite content in the mixture, as demonstrated by the flow rate
behavior of B/AL-C-8-35/A-S (Figure 3.78). The bentonite content in the
mixtures accounts for .66.3% of the amount. required to fill the void
space in between the crushed tuff particles for B/AL-GC-8-25/A-S (25%
bentonite weight) and 81.4% for B/AL-C-8-35/A-S (35% bentonite by
weight).. The number and volume of unfilled voids is certainly higher in
the former sample than in the latter.

3.4.1.9 Flow Tesping of Samples Containing Crushed Tuff with Ideal
Gradation

Flow tests have been conducted on an additional six samples to explore
further the effect of grain size gradation on the sealing performance.
The Fuller-Thompson equation (Eq. 2.2) has been adopted to prepare the
crushed tuff portion. The Fuller-Thompson grading curve is considered
to be an ideal grading which may result in’ the densest possible state of
packing (Winterkorn, 1975; Head, 1980, p. 150). The Fuller-Thompson
curve has been used in formulating backfill material for a nuclear waste
disposal vault (Pusch and Alstermark, 1985; Yong et al., 1986).

3.4.1.9.1 Tests in PVC Permeameters. The crushed tuff used in the
preparation of four samples follows a grading curve obtained using D =
9.42 mm and n = 0.5. They include two each of 15 and of 25 bentonite
weight percent. The flow tests are performed downward. The results are
shown in Figure 3.81. The cumulative inflow-outflow balances of Samples
B/AL-C-4-15/FA-A and B/AL-C-4-15/FA-B are given-in Figure 3.82. These
two samples have been tested uising the double-pipette falling head
method. The constant head method with a compressed.gas (helium)
pressurization system (Lambe, 1951, p. 58) has been. employed to test
Samples B/AL-C-4-25/FA-A and B/AL-C-4-25/FA-B, which contain 25%
bentonite by weight.

As shown in Figure 3.81, the permeability..values obtained for each pair
of samples are consistent. The conformity may indicate -the quality
control of the sample preparation, installation and test procedures.
The sharp jumps in permeability observed for B/AL-C-4-15/FA-A and
B/AL-C-4-15/FA-B correspond to the refilling of the inflow pipette. A
similar phenomenon has been reported in Section 3.4.1.8.3. Considering
the good inflow-outflow balance (Figure 3.82), the sudden increase in
permeability after the refilling is most likely due to hydraulic
fracturing. The local fluctuations of permeability in Figure 3.81
correlate with room temperature variations, as illustrated in Figures
3.83 and 3.84. Using the same data, the permeabilities have been
recalculated on a time-interval basis such that the temperatures at two
ends of each interval are equal or approximately equal. Such a correc-
tion reduces the major permeability variations. The corrected perme-
abilities are represented by open circles in Figures 3.83 and 3.84.

Samples B/AL-C-4-25/FA-A and B/AL-C-4-25/FA-B were further subjected to
higher injection pressures up to 550 kPa (80.psi). The permeabilities
measured at higher gradients are summarized in Table 3.11. Also
included in the table are the permeability values of Sample B/AL-C-425/A
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Figure 3.83 Room temperature effect on the permeability measurement of
Sample B/AL-C-4-15/FA-A. Solid circles: original data
points; open circles: temperature-corrected data points;
open square: temperature.
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Table 3.11 Flow Test Results of Samples B/AL-C-4-25/FA-A, B/AL-C-4-25/FA-B and B/AL-C-4-25/A

Injection -G-4- - -C-4- - -C-4-

Pressure Hydraulic Permeability Hydraulic Permeability Hydraulic Permeability

(kPa/psi) Gradient (x 10-9 cm/s) Gradient (x 10-9 cm/s) Gradient (x 10-9 cm/s)
34.5/5 43.7-39.9 18-16 40.1-36.7 21-12 - -
69/10 80.3-77.7 - 29-15 74.3-71.4 31-16 - -
138/20 151.2-148.5 19-9.8 138.9-136.4 22-12 140.3-139.6 7.2-5.1
276/40 294.2-290.5 21-8 270.2-266.8 31-5 278.6-276.8 6.5-4.4
414/60 441-435.9 10-5.5 405.2-400.5 9-6 415.4-409.6 6.6-3.2

NOTE: The crushed tuff of Samples B/AL-C-4-25/FA-A and B/AL-C4-25/FA-B follows a Fuller-Thompson curve

obtained using D = 9.42 mm and n = 0.5,

type A gradation, which has Dpgx = 9.42 mm and Dyip = 0.075 mm.
bentonite by weight (air-dried) and were installed in 101.6 mm (4 in) diameter PVC permeameters,

The crushed tuff of Sample B/AL-C-4-25/A constitutes the
All three samples contain 25%



for the same injection pressures. The two samples having ideal crushed
tuff gradation do not necessarily seal better than the sample with type
A crushed tuff gradation. It should be noted that the permeability
results in Table 3.11 have been measured only in the downward perme-
ation.

Upward flow tests also have been performed on the samples for the same
injection pressures. Downward and upward flow test results are shown in
Figures 3.85 through 3.92. The permeabilities measured in the downward
direction range from 3 x 108 to 6 x 109 cm/s, and tend to decrease with
increasing hydraulic gradient. The permeability reduction, however, is
not as great as that exhibited by Sample B/AL-C-8-25/A-S (Figure 3.75).
The flow rate behaviors depicted in Figures 3.86 (for B/AL-C-4-25/FA-A)
and 3.90 (for B/AL-C-4-25/FA-B) are similar to that shown in Figure 3.76
for Sample B/AL-C-8-25/A-S. This can be expected as all three samples
contain 25% bentonite by weight. The upward flow testing exhibits
relatively constant and significantly lower (about one order of magni-
tude) permeability. The flow rate increases linearly over the range of
hydraulic gradients imposed (Figures 3.88 and 3.92). Samples B/AL-C-4-
25/FA and B/AL-G-4-25/FA-B had become overconsolidated prior to the
upward flow testing previously, while being subjected to a 550 kPa
injection pressure in the downward flow testing. Similar results have
been reported by Mitchell and Younger (1967) for the flow testing of
loosely and densely compacted silty clay.

3,4.1.9.2 Tests in Stainless Steel Permeameters. The crushed tuff in
Samples B/AL-C-8-25/FC-S (25% bentonite) and B/AL-C-8-35/FC-S (35%
bentonite) follows a gradation curve obtained from Eq. (2.2) with

Dpax = 19.05 mm and n = 0.5. It is desirable to test such samples as
larger particles are likely to be used in the field. The two samples
are installed in 203.2 mm (8 in) diameter stainless steel permeameters
so that the ratio of sample diameter to maximum particle size is kept
greater than 10, minimizing the possibility of arching (Ouyang and
Daemen, 1989, p. 32). The two samples received a compaction effort
equivalent to one quarter of the standard Proctor compaction. The
samples are sandwiched between two porous stones and two layers of clean
sand such that the permeameter chambers are filled. After the initial
downward flow testing, the samples are shaken and pounded to try to
remove some entrapped air. Shaking and pounding has been pursued after
an attempt to remove the air by applying a 69 kPa (10 psi) vacuum
failed. In subsequent upward flow testing, Sample B/AL-C-8-25/FC-S
exhibits a larger permeability (3 to 5 orders of magnltude) while Sample
B/AL-C-8-35/FC-S maintains a permeablllty in the lower 1078 cm/s range.
The flow test results are shown in Table 3.12.

3.4.2 Polyaxial Flow Tests

The upward and downward flow tests conducted on bentonite/crushed tuff
sealants provide information about sealing performance in the longitudi-
nal direction. Adequate sealing in the transverse direction may also be
necessary to minimize lateral flow of groundwater or gases into any
connected fracture system. Moreover, compromising of the sealing
ability in the transverse direction ultimately may jeopardize the entire
sealing performance if piping occurs radially. This consideration can
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Figure 3.85 Permeability vs. hydraulic gradient for Sample
B/AL-C-4-25/FA-A (downward flow testing).
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Figure 3.86 Flow rate vs. hydraulic gradient for Sample
B/AL-C-4-25/FA-A (downward flow testing).
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Figure 3.87 Permeability vs. hydraulic gradient for Sample
B/AL-C-4-25/FA-A (upward flow testing).
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Figure 3.88 Flow rate vs. hydraulic gradient for Sample
B/AL-C-4-25/FA-A (upward flow testing).
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Figure 3.89 Permeability vs. hydraulic gradient for Sample
B/AL-C-4-25/FA-B (downward flow testing).
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Figure 3.90 Flow rate vs. hydraulic gradient for Sample
B/AL-C-4-25/FA-B (downward flow testing).
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Table 3.12 Summary of Flow Test Results of Samples B/AL-C-8-25/FC-S and B/AL-C-8-35/FC-S
Sample Test Inflow Outflow Permeability Flow®
Number Duration (ce) (ce) (cm/s) Direction Remarks
B/AL-C-8 1453 min 1.55 2.125 2.1 x 10-8 Downward Double-pipette
-25/FC-S 1355 1.25 0.825 1.4 x 10-8 falling head
2774 1.45 1.55 1.4 x 10-8 method,
1614 1.875 2.475 2.1 x 10-8
1317 0.825 0.7 1.3 x 10-8 Hydraulic gradients:
2949 1.275 2.5 1.6 x 10-8 3.4-1.8
34 min 10.5 8.3 1.4 x 10-3 Upward Double-pipette
15 0.925 0.925 1.3 x 10-2 falling head
31 . 0.475 0.9 1.6 x 10 method. Hydraulic
40 21.225 15.9 1.7 x 10-3 gradients: 3.85-0,02
27 18.3 13.325 1.0 x 10-5 The sample had been
28 17.175 12.825 1.3 x 109 subjected to shaking
34 4,025 2.9 9.4 x 10-6 and pounding before the
upward permeation
started.
47.86 s 33 - 5.9 x 10-4 Upward Standard falling
45.13 33 ) 6.2 x 10-4 head. Hydraulic
42.31 33 - 6.7 x 10-4 gradients: 5.4-1.74
40.51 33 - 6.9 x 10-4 The sample had not
36.78 33 - 7.6 x 10-4 been tested for 25
32.98 33 - 8.5 x 10-4 days before this
25.89 33 - 1.1 x 10-3 test sequence,
23,09 33.2 - 1.2 x 10-3
22.24 35 - 1.5 x 10-3
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Table 3.12 Summary of Flow Test Results of Samples B/AL-C-8-25/FC-S and B/AL-C-8-35/FC-S --Continued

43.62 33 - 3.5 x 10-4 Downward Standard falling
42.97 33 - 3.6 x 10-4 head method.
42.26 33 - 3.6 x 10-4
42,58 33 - 3.6 x 10-4 Hydraulic grandients:
39.06 33 - 3.9 x 10-4 8.26 - 5.1
37.78 33 - 4.0 x 10-4
38.44 33 - 4,0 x 10-4

B/AL-C-8 1453 min | 2.0 2,475 2.3 x 10-8 Dovmward “Double pipette

-35/FC-8 1355 1.85 0.875 1.6 x 10-8 falling head method,
2774 3.025 2.7 2.4 x 10-8 Hydraulic gradients:
1614 2.325 2.2 1.9 x 10-8 3.9-1.8
1317 ©1.45 0.825 1.6 x 10-8
2949 2.9 3.325 2.3 x 10-8
1469 2,05 1.7 1.7 x 10-8 Upward Double pipette
4745 3.825 3.1 1.4 x 10-8 falling head method,
5701 3.075 3.6 1.5 x 10-8 Hydraulic gradients:
4193 1.85 1.825 1.6 x 10-8 3.8-0.5. The sample
7219 2.475 3.55 2.4 x 10-8 had been subjected to
1473 0.35 0.725 3.2 x 10-8 shaking and pounding

before the upward per-
meation started,




be significant if seals are installed at locations intercepted by joints
and/or fractures. It is anticipated that the horizontal permeability
will be higher than the vertical permeability for the mixture sealants.
Such a permeability wvariation is common to most geological formations
(Freeze and Cherry, 1979, p. 31) and natural soils, as well as compacted
£fills (Lambe and Whitman, 1979, p. 275).

The polyaxial permeameter, developed independently, is similar to the
three-dimensional consolidation permeability cell devised by Budhu! and
to the one used by Hsieh (1988). Polyaxial flow testing has been
performed on two rectangular samples. One sample consists of 75%
crushed tuff and 25% bentonite, the other one of 65% crushed tuff and
35% bentonite. The crushed tuff constitutes the type A gradation. The
samples are compacted in the vertical direction (z direction). The
energy input is equivalent to the standard Proctor method. The final
dimensions of the samples are 11.038 x 11.032 x 12.544 cm (x,y,z). The
standard falling head method has been employed to measure the permeabil-
ity in each direction. The z-direction coincides with the downward
direction. Two porous end plates are emplaced normal to the flow
direction before each flow test. The permeabilities measured in the
three directions are shown in Figures 3.93 and 3.94, and are summarized
in Table 3.13.

The flow test results clearly indicate hydraulic anisotropy. For the
sample containing 25% bentonite, the permeability in one horizontal
direction (K,) is about 4 times higher than that in the vertical direc-
tion (Kz). The permeability in the second horizontal direction (K,) is
approximately 3 times lower. The horizontal permeabilities differ by
nearly an order of magnitude. The large decrease in permeability
observed along the x direction is most probably due to migration of
particles and clogging of pores (Mitchell and Younger, 1967; Dunn,
1985). For the sample having 35% bentonite by weight, the vertical and
one horizontal permeability are about the same, both in the upper 1079
cm/s. The permeability in the other horizontal direction is similar to
that of the sample containing 25% bentonite, and differs from the
vertical permeability by nearly two orders of magnitude.

Considering the low hydraulic gradients (6.25 to 1.46 for the first
sample, 5.52 to 4.69 for the second one) at which the tests have been
performed, and the likely occurrence of particle migration, sealants
similar to these two plugs may not survive long if piping develops. In
particular, it may be difficult to impede particle migration in the
lateral direction, unless any open joints or fractures are effectively
grouted.

Many variables affect the heterogeneity and the anisotropy in permeabil-
ity of a crushed tuff/bentonite mixture, including the size and grada-
tion of the rock particles, method of mixing and installation, water
content, and the amount of bentonite added. Particle segregation

'Personal communication, Prof. M. Budhu, Dept. of Civil Engineering,
University of Arizona, Tucson, 1989.
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Figure 3.93 Vertical and horizontal permeabilities of a mixture
containing 25% bentonite and 75% type A crushed tuff.
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Table 3.13 Summary of Polyaxial Flow Test Results

Wt. Percent Permeability (cm/s)
Tuff rtical Horizontal(l) Horizontal(2)
25/75 5.2-1.7%*10-8 1.8-1.4*%10-7 1.8-1.5%10-8
35/65 9.2-2,5%10-9 11-1.9%10-7 12-6.3*10-9

NOTE: The crushed tuff constitutes the type A gradation.

Table 3.14 Results of Flow Tests at Elevated Temperature

Test Total Total Permeability
Temp. Duration Inflow Outflow Measured -Predicted Specific

(°c) (days) (cc) (cc) (cm/s) (cm/s) (m2)

Sample 1: 25% bentonite, 75% type A crushed tuff
(*1078) (¥1078)  (*107Y)

21 28 29.25 28.6 1.28+0.40 1.28 1.28
35 23 23.25 22.6 2.32%0.15 1.72 1.72
45 21 21.5 21.8 2.35%0.12 1.62 1.45
60 6 8.05 8.6 2.39%0.31 2.05 1.16
35 17 17.07 15.65 2.2610.10 1.72 1.68

Sample 2: 35% bentonite, 65% type A crushed tuff
(*1077) (*¥107%)  (*1071%)

21 28 8.1 7.25 3.06%1.16 3.06 3.05
35 23 7.25 6.15 5.02+1.38 4.13 3.72
45 21 6.45 6.1 5.26%0.90 3.88 3.24
60 4 0.8 1.2 4.26%1.34 4.92 1.58
35 17 3.65 3.67 4.27+1.22 4.13 3.17

NOTE: Hydraulic gradients applied are less than 10.
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observed during sample installation and compaction is likely responsible
for the occurrences of high horizontal permeability.

3.4.3 High Temperature Flow Tests

The heat generated by radioactive decay of high-level nuclear wastes
will result in an elevated temperature field around a waste repository
(International Atomic Energy Agency, 1984). The temperature changes
could affect the integrity or effectiveness of sealants. Temperatures
experienced by borehole or shaft seals for the proposed Yucca Mountain
repository, however, are expected not to exceed 100°C (Fernandez et al.,
1987, Table 7.1).

Samples B/AL-C-4-25/A-S and B/AL-C-4-35/A-S installed in stainless steel
permeameters are immersed in a constant temperature water bath for flow
testing up to 60°C. The samples are constructed by mixing crushed tuff
of type A gradation with 25% and 35% bentonite. Figures 3.95 and 3.96
show the permeability results vs. time. Table 3.14 summarizes the
results of high temperature flow testing.

The "measured" permeabilities shown in Table 3,14 are computed directly
using the experimental measurements. Assuming the major temperature
effects are the changes in viscosity and density of the permeant (i.e.
water), permeabilities of the plugs at other temperatures can be
predicted based on the average permeability measured at room temperature
(21°C) provided that the permeant properties are adjusted. Results of
such calculations are shown in the sixth column of Table 3.14. The
specific permeabilities calculated are given in the last column of Table
3.14.

The measured permeability increases with temperature, except for B/AL-C-
4-25/A-8 at 60°C. The permeabilities measured at 35°C are about 2 times
higher than those at 21°C. A large portion of the permeability increase
can be accounted for by the viscosity decrease of the permeant corre-
sponding to the higher temperature. From 21°C to 35°C, this viscosity
effect amounts to 74% and 82% of the permeability increase for B/AL-C-
4-25/A-S and B/AL-C-4-35/A-S, respectively. The percentages indicated
above are calculated using the viscosities of pure water at 21°C and at
35°C (Rouse, 1946, p. 364; Streeter and Wylie, 1979, p. 534). The actual
viscosity of the percolating water may be different from that for pure
water; the ratio of the viscosities at two temperatures, however, is
sufficiently accurate for practical purposes (Marsland and Loudon,
1963).

The specific permeability of the two samples also changes with tempera-
ture, implying an alteration of sample structure. The specific perme-
ability reaches a maximum at 35°C. The specific permeability at 60°C
is reduced by 10% for the sample containing 25 percent bentonite, and by
50% for the sample containing 35 percent bentonite, when compared to the
specific permeability at 21°C.
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Figure 3.95 Permeabilities of Sample B/AL-C-4-25/A-S at room and elevated

temperatures.
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3.4.4 Piping Tests

Piping tests have been performed on Samples B/AL-C-4-25/A-P-A, B/AL-C-4-
25/A-P-B, B/AL-C-4-35/A-P-A,7 and B/AL-C-4-35/A-P-B installed in perfo-
rated 10.16 cm diameter PVC permeameters. A 2.25 mm diameter hole
drilled through the walls of the PVC permeameters housing the first
three samples simulates an opening in the walls of boreholes or shafts
where seals. have been emplaced. The bottom of the three samples is
approximately 1 cm below. the centér of the holes. A 20 mm diameter hole
has been cut in the wall of the fourth permeameter. The bottom of this
sample is about 2.4 cm below the center of the hole. The four samples
have been subjected to a series of injection pressures to study the
conditions under which bentonite may be lost through the openings, and
the possible development of piping channels.

3.4.4.1 Sample B/AL-C-4-25/A-P-B

The initial vertical permeability of B/AL ~-C-4- 25/A P-B is in the lower
1078 cm/s range when all side holes are plugged.” Upon completion of
these flow tests, the bottom outlet of the peérmeameter was capped and a
side hole of .2.25 mm diameter unplugged. At an injection pressure of
32.75 kPa (4.75 psi), bentonite and fine tuff particles along with a
small amount of water move through the open hole into the connecting
tubing. Upon re-opening the bottom outlet, the vertical permeability
had increased by two orders of magnitude, into the lower 10 cm/s range
(Figure 3.97). The detailed results are shown in Appendix F.

In the subsequent.flow testing, the bottom outlet was closed again and
the injection pressure increased. The amount of water flowing out of
the side hole appeared to incregse with injection pressure. Approxi-
mately 12 hours after the injection pressure had been raised to 113 kPa
(16.4 psi), a spill of water was found in the laboratory (Figure 3.98,
left). The inflow reservoir had been drairied completely. The material
in the side hole and in the connecting tubing was partially flushed out
and collected in the graduated glass cylinder. The gross hydraulic
gradient induced by the injection pressure (113 kPa) is 116. The
failure of B/AL-C-4-25/A-P-B is believed to have resulted from piping,
channeling, or erosion. The sample was later impregnated with resin so
that the permeable flow channels can be observed (Figure 3.98, right).

The test geometry in which Sample B/AL-C-4-25/A-P-B failed represents an
all-around impermeable boundary, except for a small side hole. Under
these conditions, the flow net is expected to be quite different from a
side hole and the bottom outlgt simultaneously The former simulation
may be warranted when the material underneath the plug forms a practi-
cally impermeable boundary. The results of flow testing on Sample
B/AL-C-4-25/A-P-B therefore deserve consideration in the multiple-
component seal design for boreholes and shafts.

For the flow testing on B/AL-C-4-25/A-P-A,.B/AL-C-4-35/A-P-A, and
B/AL-C-4-35/A-P-B, the on/off state of the bottom outlet of the per-
meameters is controlled by a valye such that the sealing performance
under either condition can be evaluated.
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Figure 3.97 Vertical permeabilities of Sample B/AL-C-4-25/A-P-B before
and after piping.
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3.4.4.2 Sample B/AL-G-4-25/A-P-A

During flow testing of this sample, the bottom outlet was left open
while the injection pressure was increased. Bentonite and fine tuff
particles appeared in the tubing connected to the side hole at an
injection pressure of 27 kPa (4 psi). No additional signs of piping
failure were detected for injection pressures up to 376 kPa (54.5 psi).
The amount of water flowing out of the side hole is less than 2% of the
amount flowing out of the bottom outlet. The latter outflow was used in
calculating the vertical permeability (Figure 3.99). This sample
maintained a relatively constant permeability, in the low 1078 cm/s
range, under injection pressures up to 145 kPa (21 psi, gradient 160).
The permeability decreased as the injection pressure increased above 145
kPa. This behavior parallels what has been observed in the high
injection pressure flow testing described in Section 3.4.1.8.3.

3.4.4.3 Samples B/AL-C-4-35/A-P-A and B/AL-GC-4-35/A-P-B

The PVC permeameter housing Sample B/AL-C-4-35/A-P-A has a side hole of
2.25 mm diameter. The permeameter for Sample B/AL-C-4-35/A-P-B has a
circular sidewall opening of 20 mm diameter. The two samples were
subjected to injection pressures from 20.7 (3 psi) to 207 kPa (30 psi)
for about 44 days. The induced hydraulic gradients vary from 30 to 230.
During this stage of flow testing, the bottom and side outlets remained
open. The vertical permeabilities measured under a hydraulic gradient
of approximately 30 are 1.1 and 2.1 x 109 cm/s, respectively. About
two days after the injection pressure has been raised to 207 kPa (30
psi), bentonite in Sample B/AL-C-4-35/A-P-A emerges in the tubing
connected to the side outlet. No emergence of bentonite has been
observed for Sample B/AL-C-4-35/A-P-B. '

After closing the bottom outlets, the two samples were subjected to
injection pressures up to 275.8 kPa (40 psi, hydraulic gradient of
approximately 305) for 18 days. Measurements of the vertical permeabil-
ity under injection pressures of 68.95 (10 psi) and 207 kPa (30 psi)
were attempted later by opening the bottom outlets. During the flow
testing under the reduced injection pressure of 68.95 kPa, the inflow
and outflow quantities recorded are 5.65 and 17.2 cc for B/AL-GC-4-35/A-
P-A, and 13.95 and 13.15 cc for B/AL-C-4-35/A-P-B. The magnitude of the
flow mass imbalance suggests that the dissipation of excess pore
pressure was faster for the latter sample than for the former one. The
difference in pore pressure dissipation appears to be related to the
diameter of the side outlets, the only obvious difference between the
two samples. The measured permeabilities (based on the outflow) are
slightly lower but very close to the ones obtained earlier for the same
injection pressures. The detailed experimental record is given in
Tables F.3 and F.4 (Appendix F).

In the subsequent flow testing, the bottom outlets were closed again and
the injection pressure was increased to 310.3, then 345, 413.7, and
eventually 482.6 kPa (45, 50, 60, and 70 psi). The injection pressures
were maintained for 24, 9, 15, and 33 days, respectively. Approximately
19 days after the pressure had been raised to 310.3 kPa (45 psi), a
burst of cloudy outflow (14.65 cc) was noticed (1452 minutes (24.2 h)
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after the previous measurement), compared with the normal daily amount
of 0.4 to 0.45 cc. The inflow over the 1452 ‘minutes was 2.05 cc.
Unlike Sample B/AL-C-4-25/A-P-B (Section 3.4.4.1) which contains 25%
bentonite by weight, the outflow of B/AL-C-4-35/A-P-A (35% bentonite)
returned to the normal rate. No further evidence of piping has been
detected thereafter.

For Sample B/AL-C-4-35/A-P-B, a slow migration of mud flow through the
side outlet was observed at the injection pressure of 482.6 kPa (70 psi,
hydraulic gradient: approximately 528). The injection pressure at which
the flow of bentonite took placé is -uncertain because the view was
blocked partially by silicon gels applied to glue tubing to the opening.
The bentonite flow appeared to be smooth. No outflow bursts were seen.

3.4.5 Flow Tests of Bentonite/Crushed Tuff Seals in Tuff Cylinders

Mixtures of crushed tuff and bentonite have been installed in four
hollow rock cylinders designated RC-1, -2-, -3, and -4. The cylinders
are prepared from densely welded Apache Leap tuff blocks, except for
RC-1, which was obtained from a Topopah Spring welded tuff block from
the Nevada Test Site (NTS). According to South and Daemen (1986, p.
66), the NTS tuff block was collected loose on the surface, not broken
from an outcrop. The mixtures are prepared by mixing type A crushed
Apache Leap tuff with 25 or 35% bentonite by weight. Sample character-
istics are shown in Table 3.15. The mixtures are compacted inside the
centered holes in three layers for the two 10-cm diameter samples, and
in two layers for the two 5-cm samples. Each impact of the compaction
rammer covers 25% of the cross-sectional area for the 10-cm diameter
samples, and close to 100% for the S5-cm samples. The compaction energy
rendered is 36% higher than that of the standard Proctor compaction
method (ASTM D698-78). The sealants are confined by a thin layer of
sand, followed by a mechanical drain packer at each end. The mixtures
are then subjected to 1.2 m water head from the bottom for over a month,
in an attempt to saturate the samples.

3.4.5.1 Mixed Sample in RC-1

During the saturation process, a cone-shaped wetting front has been
observed only in the NTS tuff cylinder, indicating that this particular
rock sample is more permeable than the Apache Leap tuff cylinders. The
NTS rock cylinder was later immersed in a water bath, in order to
accelerate the saturation of the mixture inside the cylinder. Graduated
pipettes have been attached to the top and: bottom of this plug and the
flow rates have been monitored. The average flow rate is 0.15 cc/mm for
the top pipette within 144.4 to 105.5 cm of water head, and 0.04 cc/min
for the bottom pipette within 161.6 to 152.1 cm of water head. Most of
the water travels through the rock and consequently raises the water
level in the bath. The water level has been lowered so that the top
surface of the NTS rock cylinder slightly emerges. During the subse-
quent saturation process, a wet zone with water droplets developed
around the periphery of the centered hole. The far end of this ring-
shaped zone was about 2.5 cm from the edge of the hole, approximately
25% of the hole diameter. Such a phenomenon may be a result of gravity
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Table 3.15 Characteristics of Crushed Tuff/Bentonite Plugs Installed in
Tuff Cylinders

Bentonite Air-dried Wt, (g) Sample Sample Type
Sample Weight Bentonite Crushed Length Diameter of
Number Percent . Tuff (cm) (cm) Tuff
1 35 317 589 8.9 9.95 | NTS
2 25 296 890 8.3 10.3 Apache
. ) Leap
3 25 37 111 4.4 5.14 Apache
’ ) Leap
4 35 61 114 5.4 5.14 Apache
Leap

Table 3.16 Flow Test Results for the Bentonite/Crushed Tuff Plugs in
Tuff Cylinders RC-3 and RC-4

Test Nominal Hydrau- Permeabili
Dura- Injection Total Total lic (em/s x 1077)
tion Pressure Inflow Outflow Gradient Stand.
(days) (kPa) (ce) (ce) Range Mean Dev.

Sample in RC-3: 25% bentonite and 75% type A crushed tuff
plug diameter; 5.145 cm; plug length: 5.45 cn,
measured after flow testing

17 34.5 18.6 1.8 -75.2- 1.98 1.94
66.6

10.5 69 17.7 6.4 135.8- 2.96 1.02
128.2

10 103.5 22.8 11.8 201.8- 3.56 0.68
197.7

5.3 138 16.1 9.35 266.9- 3.79 0.54
263.4

7.6 207 30.0 20,2 408.0- 3.71 0.22
388.2

Sample in RC-4: 35% bentonite and 65% type A crushed tuff
plug diameter: 5.143 em; plug length: 5.35 cm

24 345 60.4 10.8 667.8- 0.383 0.142

657.7

145




pull on the flow upon the water injection from the top, and/or a result
of drilling damage.

No outflow through this plug has been observed for a total test period
of 12 days. The plug remained in the rock cylinder, which was then

exposed to the atmosphere at room temperature of 24 z 1°C for about 45

days. During this drying period, the top and bottom surfaces of the
plug were open to the atmosphere through the drained inflow and outflow
tubings passing through the confining packers. After removing the end
packers, a gap of approximately 0.2 mm wide between the plug and the
rock wall was found along 75% of the circumference of the center hole.
The bond force provided by the remaining interface area, however, was
enough to hold the plug in place. It required an additiomal 50 N to
free the sample. The bond strength is estimated to be 8.8 kPa. Figure
3.100 shows the plug taken out of the rock cylinder. The radial
permeability of the NTS cylinder itself was determined to range from
3.08 to 2.26 x 107 cm/s, using Eq. 3.4 (Hsieh, 1983, p. 14).

-—L2 _In¢-L 3.4
K 27rLAhw1n( w) when L >> 2y, . (3.4)

where Q@ = volumetric injection rate
L = length of injection zone
Yw = wellbore or center hole radius
Ah, = hydraulic differential across the effective radius of
influence, assumed to be the cylinder wall thickness.

3.4.5.2 Mixed Sample in RG-2

The mixture sample in tuff cylinder RC-2 consists of 25% bentonite by
weight blended with 75% type A crushed tuff. This rock cylinder
contains an oblique, natural hairline fracture 5 cm long, forming a 60°
angle with the horizontal and located about 1.5 cm from the bottom.

After the sample had been saturated under a 1.2 m water head from the
bottom for over a month, a double-pipette flow system was attached to
the plug-rock assembly in an attempt to measure the permeability of the
plug. The double-pipette flow testing continued for 50 days with no
outflow recorded. A constant-head flow system, aided by compressed air,
was then employed to impose a higher hydraulic gradient across the plug.
Approximately 8 days after the injection pressure had been raised to
34.5 kPa (3.5 m water head), the sample failed as a result of piping.
The piping channels developed along the rock-plug interface (Figure
3.101), as evidenced by the resurgence of water in the refilled inflow
reservoir. The width of the channeling is no greater than 0.5 cm; the
channel location is indicated by the arrow in Figure 3.101.

Leaving the top end open to the atmosphere for about two weeks in a room

with temperature of 24.5 + 0.5°C and relative humidity from 55 to 65%
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Figure 3.100 Bentonite/crushed tuff cylinder pushed out of rock cylin-
der RC-1.

Figure 3.101 Piping channels that developed along the rock-plug inter-—
face of tuff cylinder RC-2. The channel location is indi-
cated by the arrow.
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caused the sample to desiccate (Figure 3.102). The dessication cracks
appear to extend to the bottom of the sample. This postulation is con-
firmed by observing the uniform, steady rise of inflow water in the
peripheral crack as well as in the central crack. The cracks are healed
(Figure 3.103) after the plug has been submerged for 3 days. The piping
channel, however, remains as a preferential flowpath. The rehydration
continued for 72 hours more before a push-out test was performed.
Assuming uniform distribution of shear stress along the plug-rock
interface, the bond strength is estimated to be 47.9 kPa. The average
radial permeability of this Apache Leap tuff cylinder, which contains
hairline cracks, ranges from 1.61 to 2.72 x 1078 cm/s. The pushed out
plug is shown in Figure 3.104. The upper photo in Figure 3.104 depicts
the vertical, peripheral piping channel located in the center of the
photograph, where the granular texture is ‘most conspicuous. The back
side of the plug is much more homogeneous, as shown in the bottom photo
of Figure 3.104. The horizontal detachment occurred during the push-out
test.

3.4.5.3 Mixed Sample RC-3

The 5-cm diameter sample in RG-3 has the same composition as the plug in
RC-2, i.e. 25% bentonite and 75% well-graded type A crushed tuff. This
sample has been subjected to the initial saturation process for about 30
days and then to the double-pipette flow testing for an additional 50
days, with hydraulic gradients less than 10. No positive outflow was
recorded during the 80 days. In subsequent flow testing, a constant-
head flow system aided by compressed air has been employed to impose
higher hydraulic gradients. Positive outflow measurements have been
collected at an injection pressure of 34.5 kPa (5 psi) for 17 days with
gradients ranging from 66.6 to 75.2. The total outflow collected
accounts for 9.67% of the inflow. The injection pressure has been
increased to 69, 103.4, 137.9 and 206.8 kPa for a total of 33 days. The
outflow collected under each injection pressure amounts to 11.3, 52, 58
and 67.3% of the inflow, respectively (Table 3.16). At the injection
pressure of 276 kPa, the bottom packer partially slipped out of the
center hole and the flow test was terminated.

The permeability of the mixture sealant is evaluated on the assumption
that the outflow collected is attributable only to the one-dimensional
vertical flow through the plug. The results are summarized in Table
3.16. For the injection pressures of 103.5, 138 and 207 kPa, the mean
permeabilities of this 5-cm diameter plug are approximately two times
lower than the permeabilities of the similar plug installed in a 101.6
cm diameter PVC permeameter as shown in Figures 3.33 through 3.35. The
mean permeabilities are closely comparable to those of Sample B/AL-G-8-
25/A-S (20.3 cm in diameter) emplaced in a stainless steel permeameter
(Figure 3.75 for the hydraulic gradient range 200-400). The one-
dimensional vertical flow assumption seems to be appropriate as the
permeability values vary only slightly and all fall in the same order of
109 cm/s. Differences in plug size, compaction effort, and confining
material, however, are noted.

Push-out testing was performed on the sample to determine the interface
shear strength. The displacement of the plug requires a force of 890 N.
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Figure 3,102 Shrinkage and desiccation cracks of the bentonite/crushed

tuff plug in rock cylinder RC-2 after the top of the sam-
ple had been exposed to the atmosphere for about 14 days.

B s S

1

Figure 3,103

The healing of shrinkage and desiccation cracks of the
bentonite/crushed tuff seal in rock cylinder RC-2 upon
rehydration. The piping channel remains as a preferential
flowpath.
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Figure 3.104 Bentonite/crushed tuff cylinder pushed out of rock cylin-
der RC-2. The top and bottom photographs show the front
side and the back side, respectively, of the rock. Note

the vertical, peripheral piping channel located in the
center of the upper photograph.
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The interface shear strength is 103 kPa, assuming a uniform shear
stress.

3.4.5.4 Mixed Sample in RC-4

The plug installed in tuff cylinder RC-4 consists or 35% bentonite and
65% type A crushed tuff. This 5-cm diameter sample has been subjected
to a 1.2 m hydraulic head and various injection pressures up to 276 kPa
(40 psi) for about 170 days. No outflow was observed during that
period. The injection pressure was then raised to 345 kPa; outflow was
first detected approximately 8 days later. The flow testing continued
for an additional 24 days. The total outflow (10.8 cc) accounts for 18%
of the inflow (60.4 cc). Based on the assumption of 1-D vertical flow
through the mixture, this plug is estimated to have a mean permeability
of 3.83 x 107" cm/s and a standard deviation of 1.42 x 10710 cm/s (Table
3.16).

3.5 Analysis

3.5.1 Bentonite Permeability as a Function of Void Ratio

Permeabilities of eleven bentonite (C/S granular) plugs are summarized
in Table 3.17. The results are obtained from the flow testing under low
hydraulic gradients. Also shown in the table are bentonite (MX-80)
permeability measurements reported by Borgesson et al. (1988). Figure
3.105 shows bentonite permeability as a function of void ratio for the
eleven samples along with a dashed line of the best fit. Figure 3.106
depicts a similar plot including the data from Borgesson et al. (1988).
The regressed equations are Egs. 3.5 and 3.6, respectively.

K(cm/s)=3.72%10711 (g)2-8399¢ (3.5)

K(cm/s) =6.68%10711 (g)3-15926 (3.6)

where e = void ratio. As shown in Figure 3.106, Eq. (3.6) gives a
better fit and therefore is more suitable for estimating the permeabili-
ty of bentonite.

3.5.2 Sealing Performance of Bentonite/Crushed Tuff Plugs

Permeabilities of bentonite/crushed tuff plugs obtained from the
downward flow testing under low hydraulic gradients (< 35) are shown in
Figure 3.107 as a function of bentonite weight percent. The permeabili-
ty decreases with increasing bentonite content. The permeabilities of
the plugs containing 25 or 35% are close to the permeability of plugs
constructed of bentonite only. Figure 3.107 also demonstrates the
effect of crushed tuff gradation on the sealing performance: the greater
the uniformity coefficient (dyy/ds,) of crushed tuff (e.g. types FA and
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Table 3.17. Measured Permeabilities of Bentonites
(C/S granular and MX-80)

Sample Porosity Water Hydr. Measured
Number (n) Content  Grad. K, (cm/s)

(C/S granular, from this study)

B-S-1-A 0.933 475.8 < 10 7.0%1078
B-C-1-A 0.879 249.7 < 12 1.2%10°8
B-C-1-B 0.880 251.5 <12 1.3%1078
B-C-2-A 0.831 168.1 <12 2.5%107°
B-C-2-B 0.836 175.0 < 12 3.7%10°9
B-C-4-A 0.846 188.5 < 12 3.3%10°7
B-C-4-B 0.848 191.7 < 12 3.5%1077
B-GC-1-A-S 0.625 57.1 < 57 9.0%10™ M
B-C-1 3/8-A-S 0.721 88.3 < 77 2.2%107°
B-C-2 3/8-A-S 0.638 60.3 < 50 1.1%10710
B-C-4-A-S 0.644 62.1 < 57 3.0%10°10

Saturated

Density Porosity Water Measured

(g/cc) (n) Content K, (cm/s)

(MX-80, from Borgesson et al., 1988)

2.1 0.421 25.08 3.0%10712
1.9 0.526 38.31 1.9%10°1
1.7 0.631 59.10 2.0%10710
1.57 0.7 80.45 6.0%10710
1.295 0.845 187.62 3.8%10°°
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Figure 3.105 Permeability of the C/S granular bentonite as a function
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A), the lower the permeability. The results suggest that an appropriate
composition for the mixture plugs would contain at least 25% bentonite
by weight mixed with well-graded crushed rock.

The effect of sample size on sealing performance is not clear. The
inconsistency in the permeabilities measured for different plug sizes
may be due more to variations in the stiffness of the permeameters,
compaction, and the ratio of grain size to permeameter diameter (Ouyang
and Daemen, 1989, 1990). For all the normally consolidated mixture
samples, the upward permeability is about three times higher than the
downward permeability.

According to the high injection pressure flow test results of Samples
B/AL-C-8-25/A-S and B/AL-C-8-35/A-S (Figures 3.76 and 3.78), the
potential for piping damage to the sealing performance is small if the
maximum hydraulic gradient does not exceed approximately 120 and 280,
respectively. The piping test results of Sample B/AL-C-4-25/A-P-B
(Section 3.4.4.1) tend to support this deduction. For a loosely or
ineffectively compacted mixture containing 25% bentonite (Sample B/AL-C-
8-25/FC-S), the sealing performance can be damaged by dynamic distur-
bances. The influence of such disturbances is greatly reduced when more
bentonite is added (e.g. Sample B/AL-C-8-35/FC-S).

Polyaxial flow test results indicate that a difference of up to one or
two orders of magnitude may be expected between the vertical and
horizontal permeabilities. The high horizontal permeability results
from the uneven bentonite distribution in the pores between crushed rock
grains due to particle segregation resulting from the actions of sample
installation and compaction. The segregation of particles can be seen
in Figure 3.108. The permeability difference may be reduced by intro-
ducing a thin layer of bentonite on top of each compacted layer, an
approach which deserves further investigation.

Temperature seems to have no significant negative effects on the sealing
performance within the test range from room temperature to 60°C. The
specific permeability reaches a maximum at 35°C and decreases slightly
with increasing temperature.

Flow testing of bentonite/crushed tuff sealants installed in rock
cylinders provides additional information for assessing the performance
of the mixture plugs when they are emplaced in boreholes or shafts. The
flow test results show a much higher permeability (3.08 to 2.26 x 1076
cm/s) for the rock cylinder RC-1 (NTS tuff cylinder) than for the
mixture plug (35% bentonite and 65% type A crushed tuff). Therefore,
most of the water travels through the rock. The mixture plug in RC-2
(Apache Leap tuff cylinder) consists of 25% bentonite mixed with 75%
type A crushed tuff. This 10.28 cm diameter sample failed as a result
of piping under a hydraulic gradient of approximately 37. The piping
channel has developed vertically along the rock-plug interface. Its
lateral extent, however, is limited. Localized compositional defects
(e.g. uneven bentonite distribution in the pores between crushed tuff
particles) must exist in the sample, which invite the development of
channeling. Having the sample composition as the plug in RC-2, the
5.14-cm diameter sample installed in RC-3 gives a rather satisfactory
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Figure 3.108 Appearance of particle segregation highlighted by desicca-
tion cracks (sample composition: 257 bentonite and 75%

type A crushed tuff, air-dried after the polyaxial flow
testing).
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sealing performance throughout the imposed injection pressures up to 207
kPa. The permeability of the plug in RGC-3 falls in the lower range of
10"? cm/s, which is slightly smaller, but quite conformable, to the
earlier results of similar plugs installed in PVC and stainless steel
permeameters. The mixture plug in RC-4 contains 35% bentonite by weight
and yields a mean permeability of 3.83 x 10°'0 cm/s for hydraulic
gradients from 668 to 658 over a 24 day period.

The flow test results of the mixture sealants installed in tuff cylin-
ders parallel those of similar plug emplaced in permeameters. A higher
degree of compaction seems to reduce the permeability of the mixtures,
but is unable to totally remove compositional defects in the samples
that originate during sample installation. The occurrence of such
defects, manifested through piping, diminishes when more bentonite (e.g.
35% by weight) is added.

3.5.3 Influence of Gradation of Crushed Tuff

Figure 3.107 shows a probable trend that, for bentonite/crushed tuff
plugs, the greater the uniformity coefficient (C,, d6mhyo) of crushed
tuff (e.g. types FA and A), the lower the permeability.

The flow test results of Samples B/AL-C-4-25/A and B/AL-C-4-25/A-S
(Type A crushed tuff gradation, C, = 16.5, 25% bentonite by weight),
B/AL-C4-25/FA-A and B/AL-C-4-25/FA-B (Type FA crushed tuff gradation, a
theoretical C, = 36, 25% bentonite by weight), show that their perme-
abilities basically fall in the lower 10°° cm/s range for the low
hydraulic gradients applied. Type FA contains fewer large particles
than type A, and more small particles, including 8.86 weight percent of
particles smaller than 0.074.mm (U.S. mesh #200). Nevertheless, the
permeability decrease with increasing hydraulic gradient appears to be
less and slower for samples constructed with crushed tuff of the FA
gradation (Figures 3.85 and 3.89). If the decrease in permeability with
increasing hydraulic gradient is primarily due to pore clogging by
particle migration, then the samples with FA crushed tuff are expected
to have a denser structure, smaller average pore size, and less suscep-
tibility to piping than samples constructed with type A gradation.

Particle size distributions of nine crushed tuff gradations are given in
Table 3.18. They include gradation types Coarse, A, B, C, and five
ideal gradations obtained from the Fuller-Thompson grading equation (Eq.
2.2). The equation has been used in formulating backfill material for a
nuclear waste disposal vault (Pusch and Alstermark, 1985, in which the
exponent n is not reported; Yong et al., 1986, n = 0.25). In the
following subsections, the bulk porosity and permeability of some of the
systems of crushed tuff are studied.

3.5.3.1 Bulk Porosity of Systems of Crushed Tuff Particles

The bulk porosity of an assembly of crushed tuff particles is primarily
controlled by particle gradation and emplacement method. Porosities of
crushed tuff of gradation types A, FA (n = 0.5), FC (n = 0.25), FC (n =
0.45), and FC (n = 0.5) are evaluated for the pouring and scooping

emplacement methods. Porosities obtained by pouring followed by shaking
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Table 3.18 Particle Size Distribution of Nine Crushed Tuff Gradations

Sieve Grushed Tuff Gradation Type

Size FA FA FC FC FC

(mm) A B c (n=0.5) (n=0.45) Coarse (n=0.25) (n=0.45) (n=0.5)
"Weight percent retained:

19.05 (3/4 in) !

12.7 (1/2 in) ! : 35.8 9.64 16.68 18.35
19.42 10.37 4y | i § ' 18.08 6.50 10.47 11.32
|6.68 0.26 in) | 26.98 i 15.8 14.34 12.4 6.91 10.45 11.11
16.75 ) | 1694 | 26 13.2 12.19 7.75 6.29 8.88 9.29

2.0 (#10) 23.69 | 29.5 45 24.93 23.69 11.01 13.74 17.26 17.53

0.84 (#20) 12.71 | 19.5 23 16.20 16.07 5.40 11.08 11.71 11.39
10.42 (#40) 7.09 [ 7.5 10 8.78 9.07 3.23 7.33 6.61 6.18

0.25 (#60) 4.22 6.0 8.0 4.84 5.14 1.84 4.7 3.75 3.4

0.15 (#100) 3.80 [ 5.5 6.0 3.63 3.98 "1.78 4.02 2.90 2.56

0.074 (#200) 4.575 6.0 8.0 3.76 4.23 1.74 4.825 3.08 2.64

. Weight percent passing:
0.074 (#200) 0.0 0.0 0.0 8.86 11.29 0.97 24,97 8.23 | 6.23

NOTES:

1. Crushed tuff gradation type 'coarse’ is obtained by crushing chunks of Apache Leap

crusher and a roller crusher in sequence.

tuff using a jaw

2. The prefix 'F' in gradation type stands for a Fuller-Thompson grading curve, which is described by
P, = 100(d/D)", where P, = weight percent passing sieve aperture d, D = maximum particle size, and

n = exponent.




are also determined to evaluate the possible range of porosity.
Particles smaller than 0.074 mm are removed from the crushed tuff before
the determination of the porosity. The crushed tuff aggregates emplaced
by scooping are compacted using the standard Proctor method. Impact
compaction is likely to be used for compacting backfill in a borehole or
a shaft (Martin, 1975, p. 18).

From the sample weight and dimensions, both porosities of packings of
crushed tuff particles are calculated in two ways, based on the solid
density (2.61 g/cms) and based on the dry bulk density (2.37 g/cm?).
The results are summarized in Table 3.19.

Shaking gives the lowest porosity, pouring the highest. Shaking also
induces significant particle segregation, leaving fine particles on the
bottom and large particles on top. The particle segregation is reversed
for the same crushed sample emplaced by pouring because large particles
fall faster than small particles. The crushed tuff aggregates installed
by scooping appear to be most homogeneous. The difference between a
poured and a scooped sample can be seen in Figure 3.109.

The porosities in Table 3.19 are based on at least three measurements
for each emplacement method, except for the compacted samples (one
measurement per sample). At least two samples have been prepared for
each gradation type. The maximum particle size is 9.43 mm for crushed
tuff gradation types A and FA, 19.05 mm for the three FC types (i.e.

n = 0.25, 0.45 and 0.5). For the former two gradation types, the
porosities obtained for the scooped samples are similar. The porosity
ranges overlap. Porosity measured after compaction is lower for type FA
than for type A. For the three FC types, porosity obtained from
scooping tends to increase with n values in both the uncompacted and the
compacted cases. Among the five gradations, crushed tuff aggregates of
the type FC with n = 0.25 give the lowest porosity.

3.5.3.2 Permeability of Systems of Crushed Tuff Particles

Permeabilities of the five crushed tuff gradations have been determined
using the constant head method. The crushed tuff assemblies tested
contain no particles smaller than 0.074 mm. Each flow test includes at
least six measurements. The results are summarized in Table 3.20. The
porosities are slightly lower than those in Table 3.19. This is the
result of knocking on the permeameter wall, in an attempt to remove air
bubbles during the saturation process.

For the uncompacted samples, permeability decreases with increasing
amount of fine particles in the aggregate, with the lowest permeability
of 2.9 x 1073 cm/s measured for type FC (n = 0.25). This observation
parallels the results reported by Kenney et al. (1984), who state that
permeability of granular materials is primarily controlled by the small
particles and is practically independent of the shape of the gradation.

Compaction reduces the permeability of the mixtures for gradation types
FA (n = 0.5), FC (n = 0.45), and FC (n = 0.5), while increasing the

permeability for types A and FC (n = 0.25). The lowest permeabilities
are obtained for the compacted FC aggregates (n = 0.45 and 0.5). This
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Table 3,19 Bulk Porosities of Packings of Crushed Tuff Particles (as a function
of gradation and of emplacement method)

Crushed
Tuff Grada- Porosity, n, Porosity, n,
tion Type Pouring Scooping Shaking Pouring Scooping Shaking
A-1 0.517-0.522 0.483-0.503 0.466-0.485 0.468-0.474 0.431-0.453 0.412-0.433
(0.519 = 0.002) | (0.492 = 0.009) | (0.476 = 0.008) | (0.470 = 0.002) | (0.441 = 0.010) | (0.424 = 0.009)
A-1 0.388 0.326
(compacted)
A-2 0.522-0.537 0.478-0.496 0.475-0.478 0.473-0.491 0.425-0,445 0.422-0.425
(0.528 = 0,007) | (0.488 = 0,008) | (0.476 = 0.002) | (0.479 = 0,008) | (0.436 = 0,008) | (0.423 = 0.002)
A-3 0.524-0,533 0.483-0,493 0.455-0.461 0.476-0.485 0.431-0.441 0.399-0.407
(0.527 » 0,004) | (0.489 = 0,004) | (0.457 = 0,003) | (0.479 = 0.004) } (0.437 = 0.004) | (0.402 = 0.004)
A-4 0.379 0.316
(compacted) ,
A-5 0.490 0.438
A-5 0.378 0.315
(compacted)
FA-.5-1 0.493-0.528 0.491-0,498 0.486-0,492 0.442-0,481 0.439-0.448 0.434-0.441
(0.516 = 0.014) | (0.496 = 0.003) | (0.489 = 0.003) | (0.468 = 0.015) | (0.444 = 0,004) | (0.438 = 0,004)
FA-.5-1 0.365 0.301
(compacted)
FA-.5-2 0.470 0.417
FA-.5-2 0.364 0.300
(compacted)
IFG-.25-1 0.483-0.494 0.427-0.458 0.415-0.471 0.425-0.443 0.369-0.403 0.356-0.418

(0.484 = 0.007)

(0.445 = 0.013)

(0.439 + 0.025)

(0.432 = 0.008)

(0.389 = 0,014)

(0.383 % 0,027)
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Table 3.19 Bulk Porosities of Packings of Crushed Tuff Particles --Continued

Crushed
Tuff Grada- Porosity, n, Porosity, n,
tion Type Pouring Scooping Shaking Pouring Scooping Shaking
FC-.25-1 0.353 0.287
(compacted)
FC-.25-2 0.455 0.399
FC-.25-2 0.348 0.282
(compacted)
FC-.45-1 0.495-0.503 0.484-0.492 0.466-0.501 0.444-0.453 0.432-0,441 0.412-0.,450
(0.500 = 0.004) | (0.488 = 0.003) | (0.486 + 0.016) | (0.450 = 0.004) | (0.436 = 0.004) | (0.434 = 0.018)
FC-.45-1 0.377 0.314
(compacted)
FC-.45-2 0.472 0.418
FC-.5-1 0.507-0.527 0.478-0.493 0.469-0.517 0.457-0.479 0.426-0.441 0.415-0.468
(0.516 = 0.010) | (0.484 % 0.006) | (0.492 = 0.026) | (0.468 = 0.010) | (0.432 = 0.006) | (0.440 = 0.029)
FC-.5-1 0.382 0.320
(compacted)
FG-.5-2 0.476 0.423

NOTES :

1. Porosity m, is calculated based on the sample weight and sample dimensions using tuff solid density
of 2.61 g/cm3. Dry bulk density of 2.37 g/cm3 is used in calculating porosity n,.

2. A-1 stands for sample 1 of crushed tuff gradation A. The maximum particle size is 9.42 mm.
FA-.5 stands for the Fuller-Thompson gradation with D = 9.42 mm (type A) and n = 0.5,
FC-.25-1 stands for the Fuller-Thompson gradation with coarse D = 19.05 mm and n = 0.25.

3. The

Standard Proctor compaction method is used in compacting the samples.

than 0.074 mm were included in the sample preparation.

No particles smaller




*(3y8ta) Butanod £q pue (3397) Sutdoods £q pasejduws

e

V-

) O‘.» wmm

se3e3aa33e 3yn3 paysnad jo soueaeaddy 6Q7°E 2andtg

163

N re e




Table 3.20 Flow Test Results of Crushed Tuff Aggregates

Sample Permeabilit Hydraulic

Number Porosity (cm/s x 10°°) Gradient

A-4 (compacted) 0.316 3.537 = 0.179 1.71-1.37

A-5 0.369 6.977 = 0.249 1.66-1.05

A-5 (compacted) 0,299 7.965 = 0.197 1.86-1.07

9.887 = 0.291 0.37-0.13

FA-.5-2 0.336 5.148 = 0.291 1.68-1.15

FA-.5-2 (com- 0.300 © 3.774 = 0.158 2.28-1.05
pacted)

FC-.25-2 0,347 2.926 = 0.065 1.93-1.06

FC-.25-2 (com- V 0,282 4,674 = 0.147 2.11-1.19
pacted)

3.253 = 0.329 1.83-1.40

FC-.45-1 (com- 0.314 2.358 = 0.195 1.44-1.05
pacted)

FC-.45-2 0.362 4,994 = 0,323 2.03-1.08

FC-.5-1 (com- 0.32 1.644 = 0.077 1.40-1.06
pacted)

FC-.5-2 0.339 6.471 = 0.348 2.08-1.10

NOTES:

1. Porosity is calculated using the dry bulk density of 2.37 g/cm3 for
tuff.

2. Knocking on the side wall of the permeameters to help remove air
bubbles entrapped in the samples during the sample saturation pro-

in a further reduction of porosity.

164




may indicate that the crushed tuff aggregates of the Fuller-Thompson
gradations (n = 0.45 or 0.5), after compaction, can reach a denser
packing state than crushed tuff of other gradation types, possibly due
to the particle migration or the generation of more fine particles from
compaction. The amount of fine particles produced by compaction has not
been determined. In this sense, the results may suggest a permeability
dependence of granular materials on particle gradation when the effect
of compaction is taken into account.

3.5.3.3 Bulk Porosity of Systems of Crushed Tuff Particles in the
Presence of Bentonite

The bulk porosity of the system of crushed tuff particles is different
when mixed with bentonite. The effectiveness of compaction in reducing
porosity is hindered by the soft bentonite buffer. The porosity of the
crushed tuff component can be calculated if the sample dimensions,
weight and density of the crushed tuff are known. The dry bulk density
of tuff (2.37 g/cm®) is used in computing porosity. This porosity of
the crushed tuff component has been computed for each of the compacted
mixture samples tested. The results are shown in Table 3.21.

For the compacted samples containing 15% bentonite, the bulk porosity
lies in between those of the uncompacted and compacted counterparts in
the absence of bentonite. The porosity increases with the bentonite
content (Table 3.21). The samples with 15% bentonite failed to yield
permeabilities lower than 1078 cm/s. Piping was observed during flow
testing of Samples B/AL-C-4-15/A and B/AL-G-4-15/C (Type A and Type C
crushed tuff gradations, respectively), with permeabilities in the order
of 10" em/s. Samples B/AL-C-4-15/FA-A and B/AL-C-4-15/FA-B, with
crushed tuff of type FA gradation, exhibit a permeability of 1077 cm/s.
These results indicate that the effect of the crushed tuff gradation on
sealing performance is significant for mixtures having 15% bentonite.
They also indicate that more bentonite is needed to secure lower
permeabilities. The effect of crushed tuff gradation becomes insignifi-
cant when more bentonite is added, as a result of the increase of the
bulk porosity with increasing bentonite content (Table 3.21). The
long-term sealing performance is then heavily dependent on the resis-
tance of bentonite to erosion or flow. ‘

The bulk porosities of systems of crushed tuff in the compacted mixture
samples containing 25% bentonite by weight (Table 3.21) are similar to
those of crushed tuff only emplaced by scooping (Table 3.19). The
similarity suggests that a higher compaction energy than that of the
applied standard Proctor compaction is needed if a denser packing state
is desired.

3.5.3.4 Discussion

Based on the results presented in Sections 3.5.3.1 and 3.5.3.2, it
appears that a denser particle arrangement can be achieved if crushed
tuff of gradation types FA (qm = 9,42 mm, n = 0.5) or, in particular,
FC (Dp,y = 19.05 mm, n = 0.25) is mixed with bentonite. The latter
gradation has been recommended by Yong et al. (1986). Both gradations
are quite different from the "coarse" gradation obtained by crushing
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Table 3.21 Calculated Bentonite Occupancy Percentage (P/P ;) and Its Water Content at Saturation

Sample Saturated
Welight (g) Sample Water

Tuff/ Diam- Sample Bulk Den- Poro- Bentonite Weight Percent Content

Bentonite/ eter Length sity sity (%) P/Py3¢  of Benton-

Sample Number Water Added (cm) (cm) (g/cm3) n;8 pb Py2 Py3 (%) Lte (%)
B/AL-C-4-15/FA-A 1190/210/32 10.16 10.27 1.719 0.406 15 35.19 27.51 54,52 143.55
B/AL-C-4-15/FA-B 1190/210/32 10.10 10.22 1.748 0.396 15 34,31 26.67 56.24 136.11
B/AL-C-4-25/FA-A 1050/350/48 10.12 9.92 1.813 0.453 25 39.72 31.54 79.27 79.99
B/AL-C-4-25/FA-B 1050/350/48 10.12 10.58 1.701 0.487 25 43,02 34,55 72.36 96.65
B/AL-C-4-15/A% 1062/188/5 10.16 9.5 1.631 0.426 14 37.10 29.19 46,31 194.55
B/AL-C-4-25/A% 938/312/5 10.09 9.5 1..651 0.487 23 42.99 34,52 66.03 120.61
B/AL-C-4-25/A-S 1050/350/53 10.24 10.8 1.633 0.509 25 45,19 36.56 68.38 108.68
10.24 11.05 1.596 0.520 25 46,29 37.60 66.49 115.18
B/AL-C-4-25/A-P-A 938/312/49 10.16 9.31 1.720 0.484 25 42,67 35.71 70.02 103.48
B/AL-C-4-25/A-P-B 1088/362/45 10.19 11.27 1.626 0.508 25 45,08 36.46 68,57 108.07
B/AL-C-8-25/A-S 4200/1400/229 20.65 11.0 1.582 0.526 25 46.85 38.13 65.57 118.57
20.65 10.9 1.597 0.522 25 46.41 37.72 66.28 115.93
B/AL-C-12-25/A 9917/3306/475 30.15 10.5 1.827 0.450 25 39.39 31.24 80.03 78.42
B/AL-C-4-35/A% 812/438/4 10.07 9.0 1.749 0.529 32 47.13 38.39 84.10 79.10
B/AL-C-4-35/A-S 910/490/64 10.25 10.8 1.644 0.575 35 51.81 42,91 81.56 81.16
10.25 11.25 1.579 0.592 35 53.55 44,64 78.41 89.52
B/AL-C-4-35/A-P-A 812/438/63 10.24 9.42 1.693 0.564 35 50.71 41.84 83.65 76.19
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Table 3.21 Calculated Bentonite Occupancy Percentage (P/Pz) and Its Water Content at Saturation

--Continued

Sample Saturated
Weight (g) Sample Water

Tuff/ Diam- Sample Bulk Den- Poro- Bentonite Weight Percent Content

Bentonite/ eter  Length sity sity (%) P/Py3¢  of Benton-
Sample Number Water Added (cm) (cm) (g/cm3) ne8 pb Pyu2 Pyu3 (8) fte (%)
B/AL-C-4-35/A-P-B 812/438/61 10.19 9.45 1.701 0.562 35 " 50.46 41.60 84.14 75.09
B/AL-C-8-35/A-S 3640/1960/258 20.65 10.05 1.740 0.550 35 49,29 40,47 86.49 70.10
10.65 1,642 0.576 35 51.87 42,97 81.45 81.42
B/AL-C-12-35/A 9810/3270/615 30.15 12,32 1.556 0.598 35 54.16 45,23 77.38 92.54

B/AL-C-4-15/B% 1062/188/5 10.09 9.5 1.651 0.419 14 36.41 28.59 47.29 187.91
B/AL-C-4-25/B% 938/312/5 10.12 9.5 1.642 0.490 23 43,26 34,77 65.54 122.38
B/AL-C-4-35/B% 812/438/4 10.11 9.5 1.643 0.557 32 50.01 41,15 78.46 92.94
B/AL-C-4-15/C% 1062/188/5 10.17 9.6 1.610 0.434 14 37.80 29,82 45,33 '201.59
B/AL-C-4-25/C* 938/312/5 10.13 9.8 1.588 0.507 23 44,93 36.32 62.75 133,33
B/AL-GC-4-35/C% 812/438/4 10.14 10,0 1.551 0.582 32 52.53 43,61 74,04 106.43
B/AL-C-8-15/FC-S** 4760/840/144 20,45 11.01 1.589 0.453 15 39.63 31.46 47,67 180.8
B/AL-C-8-25/FC-S** 4200/1400/192 20.45 11.08 1.591 0.520 25 46,27 37.58 66,52 115.09
B/AL-C-8-35/FC-S*% 3640/1960/258 20.45 11.84 1.506 0.611 35 55. 46.39 75.45 99.60

50

*Bentonite used in mixing with air-dried crushed tuff contained 23.5% water by weight.

**These samples received one quarter of the Standard Proctor compactive effort.

8Porosity of crushed tuff system (neglecting the internal pores in the tuff particles).

bBentonite weight percent based on air-dried weight.

CAmount of bentonite added/amount of bentonite needed to obtain the maximum dry density of bentonite
(ASTM D-698) in a mixture.




rock chunks using a conventional jaw crusher and an adjustable roller
crusher (set at 1.3 cm opening) in sequence. To form crushed tuff
constituting the two gradations requires sieving and blending. Type A
gradation, nevertheless, is derived from the "coarse" gradation by
simply removing particles larger than 9.42 mm. Such a production
procedure for generating crushed tuff of type A gradation can be
implemented easily in the field.

As shown in Tables 3.19 and 3.21, the bulk porosity of the system of
crushed tuff particles is different when mixed with bentonite. The
effectiveness of compaction in reducing porosity is hindered by the soft
bentonite buffer. To reduce the bulk porosities of the mixture samples
containing 25% or more bentonite by weight, a compaction energy higher
than that of the standard Proctor compaction is necessary.

3.5.4 Bentonite Occupancy Percentage and Water Content at Saturation

Whether the clay or the crushed-tuff phase will dominate the sealing
performance can be anticipated to some extent in terms of the amount of
bentonite in the mixture. Equation (3.7) provides a theoretical
calculation for the amount of bentonite required to fill all the voids
of the crushed-tuff phase and to prevent direct contact between the
crushed tuff particles for any water content. This equation is derived
based on the phase diagram relation (Mitchell, 1976, p. 172).

ne 1 _ Py [ 1 Whs +( . )i] (3.7)

( +
1-n. vy, 100 Ggy, 100y, l-n, ¥,

where P, = bentonite weight percent based on dry weight
n, = bulk porosity of crushed-tuff phase (neglecting the
internal pores)
¥, = dry weight of tuff particles = 2.37 g/cm’
G, = specific gravity of bentonite = 2.92
Y, = unit weight of water =1 g/cm’
W, = Water content of bentonite at saturated conditions.

Substituting the numerical values for the variables, Eq. (3.7) becomes:

(nt) 1 _Pwl[ 1 Wpbs (nc) 1 _; (3.8

+ +
1-n,’ 2.37 100 2.9z 100y, 1-n, 2.37

Bentonite weight percent based on the air-dried weight (P ) can be
obtained using the following transformation formula:
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100P,, (100-w,,)

(3.9)

P, -

where P, = bentonite weight percent (based on air-dried weight
W.. = water content of air-dried crushed tuff (1.458%)
W, = water content of air-dried bentonite (9.43%).

Given the optimal water content of bentonite (23.55%) for w, the clay
weight percent, P_,, has been calculated for each of the mixture samples
using Eqs. (3.8) and (3.9). The results are shown in Table 3.21. '
The initial water content of the bentonite can be controlled. For
bentonite of a given initial water content and corresponding bulk
density, the bentonite weight percent required to fill the pores between
crushed tuff particles (P; in Table 3.21) can be calculated using Egs.
(3.10) and (3.11).

1 .
Wrb-va‘bemX(.lOO'f‘Wrb) i (3.10)
p - Lt00Wm (3.11)

b n&b+nGt

where W, = air-dried weight of bentonite
V, = volume of voids (discounting bentonite phase and internal
pores in tuff aggregates)
W, = initial water content of bentonite
Y, = unit weight of bentonite at water content of wy

W, = air-dried weight of crushed tuff.

The water content of bentonite at saturation <wu9 can be calculated
from:

100V.Y W 1
- il - 100 (3.12)
W™ ( Wep (100-w,,) Gsb) %

The values_of Pz in Table 3,21 are obtained using w, = 23.55%, r, =
1.508 g/em®. It can be seen from Table 3.21 that for the samples con-
taining 15 weight percent of bentonite, the clay accounts for less than
45 to 56% of the weight required to fill the pore space (based on Pj3),
depending on the gradation of the crushed tuff. The expected water
content of bentonite at saturation ranges from 130% to 200%. As
discussed in Section 3.4.1.7, this type of sample does not yield a very
low permeability and its probability of failure is high. The occupancy
percentage, defined as the clay added as a percentage of the clay amount
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required to completely fill all voids in between the tuff particles
(P/Pz in Table 3.21), improves as more bentonite is introduced. This
percentage amounts to 65 to 80% for the samples having 25 weight percent
of bentonite, and 75 to 86.5% for the mixtures having 35 weight percent
of bentonite. Moreover, the water content of bentonite at saturation is
reduced and the resistance to flow and piping/erosion is enhanced by
adding more clay.

Gradation of crushed tuff aggregates influences the occupancy percentage
and the saturated water content of bentonite. For the same bentonite
weight percent, the mixtures with crushed tuff of type FA gradation
generally yield the highest occupancy percentage and the lowest water
content of bentonite at saturation.

3.5.5 Mechanical Factors Affecting the Deterioration of Sealing
Performance

Bentonite and bentonite/crushed tuff plugs, when properly engineered,
can yield very low permeabilities. To preserve such sealing ability for
a long time, the seals must be designed such that the loss of bentonite
and fine tuff particles to the surrounding environment is minimized or
prevented. The efficiency of such seals is a function of their ability
to resist piping and erosion by flowing groundwater (Pusch et al.,
1987).

Piping, which generally precedes erosion, refers to local, fast penetra-
tion of water, creating continuous passages through a soil :(Pusch et
al., 1987). It thus depends on pore size and pore distribution, and
water pressure imposed. 1In the case of bentonite/crushed tuff mixtures,
the grading of the crushed tuff is a decisive factor for the water
pressure conditions at which piping takes place. If the grading is not
proper or the mixture not thoroughly homogenized, or if the amount of
bentonite is not sufficient to substantially fill the ballast pores,
soft parts of the bentonite gel can be displaced. Torn-off fragments
are transported through channels formed at a relatively low water
overpressure (Pusch et al., 1987).

In addition to piping/erosion, the flow of bentonite as observed for
Samples B/AL-C-8-25/A-S and B/AL-C-8-35/A-S (Figures 3.79 and 3.80)
should also be taken into account in the evaluation of long-term sealing
performance. The consequence of bentonite flow is that portions of a
mixture plug may eventually become shortcuts for transportation of
contaminated groundwater or air. As indicated by the flow testing of
B/AL-C-8-25/A-S (Section 3.4.1.8.3), the pressure gradient required for
bentonite to flow may be much less than that for piping to take place.
It is therefore necessary to determine the yield strengths of bentonite
at various water contents so that critical hydraulic gradients can be
defined.

The bond strength between crushed tuff/bentonite plugs and the host rock
is low (not more than 110 kPa (16 psi)), based on the small number of
push-out tests performed. While further investigations are recommended
in order to determine the bond strength, and especially its sensitivity
to the numerous variables that might influence it (e.g. bentonite
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content, crushed rock size and size distribution, emplacement method,
water content, including its change as a function of flow), it appears
probable that crushed tuff/bentonite seals, as installed here, need to
be confined axially, or can be subjected only to relatively small axial

loads.
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CHAPTER FOUR
PIPING, EROSION AND FLOW OF BENTONITE
4.1 TIntroduction

Piping, seepage erosion, and channelling have been responsible for the
failures of earth dams, embankments, and natural slopes (Wolski, 1965,
Rosewell, 1977; Sherard et al., 1972, 1977). Such effects can also be
detrimental to the performance of seals installed against fractured
rocks (Aisenstein et al., 1961, Goodman and Sundaram, 1980). To retain
sealing capacity of bentonite and bentonite/crushed rock seals, piping
and erosion of bentonite should be minimized or prevented.

The laws governing piping in cohesionless soils do not apply to cohesive
soils due to their neglect of cohesion between particles (Zaslavsky and
Kassiff, 1965; Graf, 1971; Raudkivi, 1976, pp. 2, 16-18). Studies on
surface erosion of cohesive soils for irrigation and soil conservation
relate the erodibility to maximum permissible velocity (e.g. Fortier and
Scobey, 1926) or to critical tractive force (Smerdon and Beasley, 1961).
The concept of maximum permissible velocity does not adequately take the
soil properties into consideration. Critical tractive forces of non-
plastic to low plastic soils, determined by flume erosion tests, have
been correlated to soil properties such as plasticity index, vane shear
strength, cation exchange capacity, calcium-sodium ratio, and percent
clay (Lyle and Smerdon, 1965). Although the boundary conditions of
surface erosion and seepage erosion are different, their results suggest
that critical tractive force may be an indication of resistance to
erosion. (The term "tractive force" used in agricultural engineering is
synonymous with "shear strength" commonly adopted in geotechnical engi-
neering.)

Zaslavsky and Kassiff (1965) include the tensile strength in their
simple model of piping in cohesive soils. Its application is limited
because the parameters required for input are localized and thus are
difficult to obtain. The model provides valuable insight into piping
mechanisms and may serve for a rough estimation of the critical hydrau-
lic gradient needed to initiate piping. The Zaslavsky-Kassiff model is
described in Section 4.3.

In flow testing of bentonite/crushed tuff sealants, several samples have
been subjected to high injection pressures to evaluate the sealing
performance under large hydraulic gradients. A breakdown of the linear
relationship between flow rate and hydraulic gradient has been observed
in all high injection pressure flow tests. The abrupt departure from
the initial linear relationship between flow rate and hydraulic gradient
can not be explained by small strain deformation. The sudden change is
believed to indicate the onset of plastic flow of bentonite in the pores
between crushed tuff particles. This type of bentonite transport may
damage the sealing performance locally and may eventually jeopardize the
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whole sealing ability, especially if the seals are in contact with
fractures or open joints.

The pressure required to initiate bentonite flow likely relates to the
yield stress of the bentonite, which, in turn, depends primarily upon
its water content if the type of adsorbed cations and the Ph of the pore
water remain the same. If the yield stress can be established as a
function of water content, the critical hydraulic gradient at which flow
of bentonite takes place can be calculated, provided the water content
of bentonite and the mean pore size of the crushed tuff skeleton are
known. The long-term sealing performance should not be impaired by
bentonite loss if the maximum possible hydraulic gradient expected in
the field will not exceed the critical gradient. Conversely, given a
maximum hydraulic gradient, knowledge of the relation between yield
stress and water content of bentonite can facilitate the design of the
clay/crushed rock plugs to assure that no bentonite flow will occur.

A bentonite flow model is proposed, based on the theory of plastic flow
in capillaries. The model has been examined against nine flow test
results. The predicted gradients are about 1.1 to 2.1 times higher than
the ones obtained experimentally. Factors that may contribute to the
deviation are discussed.

4,2 Effect of Dispersion Erosion

Sodium bentonite is highly dispersive in water of low ion concentration
and therefore is susceptible to dispersion erosion during percolation of
such a permeant (Sherard et al., 1972; Landau and Altschaeffl, 1977;
Shaikh et al., 1988). Dispersion erosion is defined herein as the loss
of fine particles suspended in the effluent while the flow rate remains
small and relatively constant. .

The amount of solids carried in the outflows has been measured when flow
testing six bentonite/crushed tuff plugs. The imposed hydraulic
gradients ranged from 310 to 351. The solid concentrations in grams per
100 cc are given in Table 4.]1, Based on the concentrations and average
flow rates measured, the time required for the loss of 10 weight percent
bentonite is calculated, given continuous permeation at a constant flow
rate. As shown in Table 4.1, it will take a few to several tens of
years to lose 10 percent bentonite for the mixture plugs initially
containing 25% bentonite by weight. For the mixture plugs having an
original bentonite content of 35%, it will take more than 100 years for
dispersion erosion to carry away 10% of the bentonite. Assuming that
the flow rates are linearly associated with hydraulic gradient and that
the solid concentrations in the effluents remain constant, a reduction
in hydraulic gradient by 30 times will result in an increase of the time
by 30. In other words, to lose 10 percent bentonite by dispersion
erosion under a hydraulic gradient of approximately 10 may take several
hundred and several thousand years for the mixture sealants containing
25% and 35% bentonite, respectively. The time span may increase further
if the solid concentration reduces with decreasing hydraulic gradient.
On the other hand, the calculations do not account for the fact that
erosion may accelerate as bentonite is progressively removed from the
system.
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Table 4.1 Dispersive Erosion Rates of Mixed Samples Installed with 25%
and 35% Bentonite by Weight.

Solids Estimated Time
in (yrs)
Hydrau- Flow Rate Outflow for Loss of
Sample lic (x 10-4 ce/s) (g per 100 Bentonite to
Number Gradient Mean = S.D.* ce) 15% 25%
B/AL-C- 343-347 0.818 = 0.102 0.09 57.3
4-25/A 0.08 64.5
0.075 68.8
0.036 143.3
B/AL-C- 209-211 1.445 = 0.142 0.26 11.2
4-25/B 0.30 9.8
0.12 24.4
0.24 12.1
349-351 2.245 £ 0,723 0.24 7.9
0.17 11.1
0.18 10.5
0.15 12.5
0.08 23.5
0.082 22.9
0.075 25.1
0.088 21.3
0.12 15.6
B/AL/C- 310-314 0.977 = 0.167 0.076 56.8
4-25/C 0.083 52.0
0.083 52.0
0.081 53.3
B/AL-C- 333-337 0.401 = 0.122 0.087 137.1
4-35/A 0.08 149.1
B/AL-C- 321-325 0.508 = 0.087 0.091 103.5
4-35/B 0.082 114.8
B/AL-C- 342-347 0.404 = 0.133 0.086 137.6
4-35/C 0.081 146.1
*¥S.D. = Standard Deviation

1) The first three samples consist of 312.5 g (air-dried) bentonite and
The latter three samples consist of 437.5 g bentonite
The last letter shown in the sample number

crushed tuff.
and 812.5 g crushed tuff.

designation is the type of crushed tuff gradation used for mixing.
2) The air-dried bentonite has a moisture content of 9.5%.
3) The calculation of time required for loss of bentonite to the next

lower bentonite percentage (i.e. 15% or 25%) is based on the assump-

tion that flow rate and rate of bentonite removal remain constant.
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The dispersion erosion is likely to have a minimal effect on the
deterioration of sealing performance of the mixture plugs containing 35%
bentonite by weight, if the field hydraulic gradient is close to 1. It
is important to take into consideration, when evaluating the implica-
tions of these calculations, that the effective hydraulic gradient
during bentonite flow is not necessarily the gradient over the entire
seal length. Situations can readily be envisioned in which the gradient
between the loaded seal end and a fracture in the host rock intersecting
the sealed hole determines whether or not bentonite will flow into the
fracture.

4,3 Zaslavsky-Kassiff Mechanical Model of Pipin

A theoretical formulation of the piping mechanism has been developed by
Zaslavsky and Kassiff (1965). They consider the balance of the forces
acting on a soil element, namely, the gravitational force, the drag
force, and the cohesive force. The basic model consists of a layer of
fine cohesive soil subjected to flow of water and supported by another
material, through which particles of the fine soil can leave the
interface between the two materials. The model is analogous to the
situations where cohesive sealants are installed against coarse filters
or fractured rocks. Assuming the resultant of the gravitational force
and the drag force work against the cohesive force, their model can be
expressed in the form:

£ o ao,

(4.1)
f dyy,la,j+(G-1) (1-n)cos(a)]

where £, = factor of safety,

= a geometric coefficient,

= tensile strength of the soil,

= the mean particle size,

= specific gravity of the solids,

= porosity,

= unit weight of water,

= angle between the soil surface and the horizontal plane,
where 0 < a < 900,

a; = a shape factor,

j = the hydraulic gradient.

% 8 @t po

For highly cohesive soils, (a0,) is very large compared with the
submerged unit weight. Eq. (4.1) may then be approximated as:
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bo ,
- (4.2)
ts dyY oJ

where b = a/a;. For compacted clays, b may take a value of 1 (Kassiff
et al., 1965).

Considering soil on a plate with a hole of radius r, the hydraulic
gradient may be expressed as:

- Q0 (4.3)
J 2RIr%K

where Q = discharge through the hole,
K = the permeability of the soil in the region near the exit.

Introducing Eq. (4.3) into Eq. (4.2) results in:
bo,

f - (4.4)
® d.y,(0/2nr?K)
For failure conditions £, = 1, and Eq. (4.4) becomes:
2
0,.- 2nbo Kr (4.5)
dm w

where Q. = critical discharge through the hole for failure conditions.

Similarly, for failure conditions, Eq. (4.3) becomes:
om e (4.6)

2RIr2K

Equation (4.5) can be used to calculate Q. if the temsile strength o,
the mean particle size d , the permeability K, the ratio b and the
radius r are known. The critical hydraulic gradient then can be
computed according to Eq. (4.6).

The application of the Zaslavsky-Kassiff piping model is difficult
primarily for two reasons: (1) the representative tensile strength and
mean particle size of the soil are difficult to obtain because of the
soil-water interactions, (2) the hydraulic parameters K and j in the
above equations are local properties in the vicinity of the outlet and
may be quite different from the average macroscopic values over the
whole soil layer.
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The piping test results of Sample B/AL-C-4-25/A-P-B are adopted to
estimate the critical hydraulic gradient for failure, using Eq. (4. 6)
The discharge of 1.651 x 107% cc/s and the permeability of 3.7 x 1076
cm/s, measured prior to failure, are used for Q. and K. The diameter
of the circular outlet is 0.225 mm. The computatlon yields a critical
gradient of 561, about 5 times higher than the experimental average
critical gradient of 116.

4.4 Model of Bentonite Flow

4.4,1 Theory of Flow through Capillaries

The rate of laminar flow of a viscous fluid through a pipe or capillary
is directly proportional to the pressure gradlent and can be described
by the Poiseuille equation:

TR:AP ' 4.7)

o= 811AL

where Q = flow rate,

AP = pressure difference over a length L,

R = radius of capillary,
N = viscosity of the fluid.

A clay slurry or paste is not a true liquid. Its flow properties lie
between those applicable to liquids and solids (Scott Blair and Crow-
ther, 1929; Keen and Scott Blair, 1929). Bingham (1916) introduced the
concept of an ideal material which does not flow until a certain shear
stress, the yield stress T¢, is reached and thereafter flows at a rate
proportional to the excess shear stress, T- “Te The rate of shear

strain, de,/dt at any point in the material is given by:

de, 1 ‘ . (4.8)
gt ", e

where Mot = plastic viscosity of the material.
The application of Eq. (4.8) to flow in a c¢ircular capillary was worked

out by Buckingham (1921), who gave an equation without detailed deriva-
tion in the form:
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4
V_ mRp 4 Do y . . p2 (4.9)
- - = R4V
= 57 (P 3po+ 357 ) +7w R

where V = volume of discharge,

t = elapsed time for discharge V,
R = radius of capillary,

p = mobility of material, equal to 1/np“

P = pressure difference over a length 1 of the capillary,

b, = 21f/R (f: yield stress of material),
Vr; = slip velocity at the wall of capillary.

The derivation of Eq. (4.9) is given in Appendix G.

Assuming that the slip effect at the wall is negligible, Marsland and
Loudon (1963) obtained the following equation:

_TR* Ap . 4 ,2%- A1, 1 2TfAly, (4.10)
Oy a1 3T a3 R A

where Q = volume rate of discharge, the same as V/t in Eq. 4.9,

T¢ = yield stress of material (same as f in p, = 21f/R below Eq.
4.9),

Ap = pressure difference over a length Al of the capillary.

Rearranging Eq. (4.10) leads to:

TR RAp ; 4 %r, 1 Trya (4.11)
Lz Al 3T,

where T, = (R/2)( Ap/Al ).

Expressed in terms of the shear stress, and the rate of shear strain,
(de /dt),, Eq. (4.11) becomes:

4
(Es - 40 1 . 4 1 %,

-2 T o — =
dt ' ® gR3 £

3 3 (4.12)
pl
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Eq. (4.12) gives a bilinear flow curve. No flow occurs in region I,
where t<t,. The material flows according to equation (4.12) in region

II. When 7T, >> 7., the slope of the flow curve becomes 1/n,. Actual
clay slurries or pastes do not follow this idealized law exactly but
have a curved transition region (region III) in between regions II and
IV (Marsland and Loudon, 1963). When the shear stress, T, reaches T,
shear failure occurs near the wall of the capillary and the slurry moves
forward as a solid plug (region II). As the pressure gradient increas-
es, the diameter of the solid plug becomes progressively smaller (region
III) until the whole of the material in the capillary flows in a
streamline manner like a viscous liquid. The rate of flow then increas-
es linearly with the pressure gradient (region IV). '

The flow of clay within a matrix of sand or crushed rock particles is
analogous to the flow of clay paste in capillaries. A mixture of
bentonite and crushed rock should maintain its sealing ability if the
clay remains in place. The maximum pressure gradient that such a plug
can sustain without initiation of bentonite flow depends upon the yield
stress of the clay. The yield stress is a function of many variables.
A brief discussion of this matter is given in the following section.

4.4.2 Factors Influencing the Yield Stress of Bentonite

The behavior of a clay is closely related to its structure, as well as
its fabric. The fabric is influenced by interactions between soil
particles, adsorbed cations, and water because of unbalanced force
fields at the interfaces between the constituents (Mitchell, 1976, p.
112). Clay particles, due to their small size and large surface area,
are particularly susceptible to such effects.

The fabric of clay, as a result of such interactions, depends upon the
thickness of the diffuse double layer, and so does the yield stress. 1In
addition to temperature, electrolyte concentration, and type of cations
adsorbed, factors such as ion size, pH, and anion adsorption also
influence the development of the diffuse double layer (Mitchell, 1976,
pp. 126-127). Brandenburg and Lagaly (1988) report that the rheological
behavior of montmorillonite dispersions in water also depends strongly
on pH and salt type. For NaCl solutions and pH values between 7.5 and
9, their results show that the shear stress of Wyoming bentonite is
insensitive to the salt concentration (from water to 0.1M NaCl). They
also observe a viscosity increase with decreasing particle size.

If the pore water contains divalent cations (e.g. Ca**) exchangeable for
the adsorbed sodium ions, the double layer is suppressed, as predicted
by the Gouy-Chapman theory. The clay structure becomes flocculated and
the shear strength increases (Lambe, 1958). For bentonite dispersed in
distilled water, the yield stress depends primarily upon its water
content (Marsland and Loudon, 1963), and is expected to assume a minimum
value. In this study, yield stresses of bentonite pastes mixed with
distilled water are used to evaluate the critical hydraulic gradient
required to initiate the flow of bentonite.
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4.4.3 Determination of Yield Stress of Bentonite Mixed with
Distilled Water

The bentonite used in this study is American Colloid C/S granular having
a liquid 1limit of 433% and a plastic limit of 50%. Bentonite pastes
having nominal water contents (using distilled water) of 75, 100, 200,
and 500%, have been prepared and allowed to cure for 72 hours in
air-tight containers prior to testing. The pastes were driven through
glass capillaries by compressed gas(helium). The experimental design is
based on the following logic: (1) once a clay paste occupies a capil-
lary, a fixed shearing surface is established; (2) by varying the
driving pressure and measuring the discharge of the clay paste, a flow
curve can be obtained which is similar to the one shown in Marsland and
Loudon (1963, Fig. lc) and discussed on the previous page.

Experience from several pre-trials has indicated that a constant
shearing surface condition is difficult to achieve due to the slow flow
rates of the thick bentonite pastes. To prolong the test duration
solves the problem but brings about another complication, i.e., a
significant change in water content of the clay paste, resulting from
the migration of water. Shortening the length of the capillaries was
found undesirable because the clay slurry near the outlet dried out due
to evaporation and therefore slowed down the advance of the paste.

Since the yield stress of bentonite as a function of water content is
the ultimate interest in determining the critical hydraulic gradient for
bentonite flow, the experiments of bentonite flow in glass capillaries
are aimed at obtaining such a relationship. The yield stress of a
bentonite paste is determined by narrowing the driving pressures down to
a small range within which a slight change of driving pressure results
in either the flow or the no-flow condition. The yield stress is
computed based on the no-flow condition. Sample preparation and
experimental procedures are described in Appendix H.

Results of bentonite flow tests in glass capillaries of 3.6 mm in
diameter are summarized in Table 4.2. Fig. 4.1 shows the yield stress
of bentonite pastes vs. bentonite weight percent. The data points (open
squares) shown in Fig. 4.1 represent the shear stress immediately after
bentonite flowed into the capillaries. The open circles indicate the
shear stress at which no advance of the clay can be detected with a
measuring tape of 0.5 mm resolution. Time elapsed before the no flow
conclusion was made varies from 30 minutes to more than 24 hours,
depending upon water content of the samples (Section H.4, Appendix H).
The selection of the time spans is arbitrary. The rate of shear strain
calculated accordingly is lower than 2.1 x 10™%/s. The shear stress
computed for the "no flow" condition is assumed to be the yield stress
of bentonite. Also included in Fig. 4.1 are yield stresses of Wyoming
bentonite grouts (triangles) determined by Marsland and Loudon (1963).

It is not always easy to find the no-flow condition quickly. When it
takes a long time to identify the condition, the water content of
bentonite in the capillary can be quite different from its initial value
due to the migration of water. What water content the computed yield
stress actually corresponds to requires a careful examination of
experimental records. For the open circles in Fig. 4.1, the averaged
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Table 4.2

Glass Capillary

(a) Water Content of Bentonite:

Before test:
Nominal
Range
Average

500
508.6-514.4
511.5

After test:

Top -
Bottom -
Near the glass -
tube

Inside the tube -

(b) Bentonite Weight Percent

Near the glass 16.35%%
tube
Inside the tube 16.351

200
217.3-222.6
219.9

213.1

212.7

335.3

32.03

23.02

(c) Shear Stress and Rate of Shear Strain

Range of shear 0.705-0.134
stress (kPa)

Rate of shear -

strain (s~1)

Shear stress -

(kPa)

Time recor- -

ded/total time
(days)

Rate of shear
strain (s~1)
Shear stress
(kPa)

Time recor-
ded/total time

(days)

ND*
0.2321

0.21/2.92

ND = not detectable

2,3,4:
Fig. 4.1

4,149-0.465
2.1 x 10~4
1.0763

1/6.15

ND
0.4652

4.25/6.15
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107.1-111.2
108.2
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47.1

33.9

16.786-2.754
1.11 x 1073
13.562

0.04/8.65

" ND

2.862

4.58/8.65

computed assuming an average water content of 511.5%
indicate the pair number of circular data points

Results of Bentonite Flow Tests through a 3.6 mm Diameter

75
66.1-68.8
67.5

59.054

44.4

25.3-11.856

1.65 x 1073
21.069
6.19/27.2
ND

14.324
10.17/27.2
plotted in
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Figure 4.1 Yield stress of bentonite pastes vs. bentonite weight percent.
Values of the triangle points are obtained from the work by
Marsland and Loudon (1963).
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initial water content is related to the yield stress based on the early
no flow condition. Water content of bentonite paste inside the capil-
lary, determined immediately after testing, is used for the no flow
condition established in the later part of a test.

4.4.4 Relation Between Water Content and Yield Stress of Bentonite

Statistical analysis has been performed on the bentonite flow test
results. The equations obtained from curve fitting are given below:

A. Thick bentonite pastes (for 70% < w < 510%)

log(t,) =13.728w0-2828 (4.13)

where Te = yield stress of bentonite (Pa),
w = water content in percent.

log(t,)=1.6964+0.0417x (4.14)

where x = bentonite weight percent.

B. Thin bentonite pastes (for 720% < w < 2300%, based on the data
from Marsland and Loudon, 1963)

log(t,) =8.552EXP(-0.001715w) (4.15)

or
log(t,) =3.841-0.00214w (4.16)
log(t,) =-1.209+0.3017x (4.17)

where w and x are defined earlier.

Regression has also been performed on the pooled results of bentonite
flow tests (both thick and thin clay pastes). The equations of the best

fit are:
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log(t,) -4.47EXP(~0.00118w) (4.18)

and

log(t,) =-1.57+1.41n(x) (4.19)

Excluding the outlier yield stress point for x = 12.5% (w = 723%) shown
in Fig. 4.2, the regression gives:

log(t,)=-8.81-1.071n(w) (4.20)

and

log(t ) =-1.76+1.441n(x) (4.21)

Table 4.3 gives correlation coefficients (R?) for Egs. (4.13) through
(4.21). These equations can be used to predict the yield stress of
bentonite mixed with distilled water.

4.4.5 Reliability of Prediction of Bentonite Yield Stress

The yield stress of bentonite is the shear strength to resist the flow.
Casagrande (1958) has first suggested a possible unique value of the
shear strength (2.65 kN/m?) for most natural fine-grained soils at the
liquid limit. Several researchers also report a narrow range of shear
strengths of different soils, when measured at the liquid limit: 0.7-
1.75 kN/m? (Skempton and Northey, 1953), 0.8-1.6 and 1.1-2.3 kN/m?
(Norman, 1958), 1.3-2.4 kN/m? (Youssef et al., 1965), 1-3 kN/m? (Skopek
and Ter-Stepanian, 1975). Although the ranges are small, the shear
strength tends to decrease with increasing value of the liquid limit
(Youssef et al., 1965). We speculate that the C/S granular bentonite at
the liquid limit of 433% should have a shear strength either similar to
or lower than the ranges indicated above. For the given liquid limit,
the shear stress computed from Eq. (4.13) is 0.3 kN/m?, as expected.

The reliability of Eq. (4.13) has also been examined against the results
from axial shear testing of annulus bentonite seals (Ogden and Ruff,
1989) listed in Table 4.4. The annulus seals were installed between an
outer plexiglass pipe and an inner steel casing. Recognizing the
differences in the aggregate size and supplier, some differences between
the predicted shear strengths from the equation and the experimental
results are considered small.

4.4.6 Prediction of Critical Gradient Using the Relation Between
Yield Stress and Water Content

The relation between yield stress and water content has been incorpo-
rated in a model for predicting the critical pressure gradient for

184




10 °

»10*
=
2
o)
as]
&

3
g0
=

o
]
4]
™
=10 2
=
(&)
~
|
10
1

Water Content g%)

eses8 100
aaasns 150
+——+—++ 200

= 00 250

k *—aera—x 350

Ik w400

g 500

i}\

1
! |
- \:‘.

| A I I I I O O L O

0 3 6 9 12

Pore Radius (mm)

13

Figure 4.2 Relations between the critical hydraulic gradient and pore

radius for various water contents of bentonite.

185




Table 4.3 Correlation Coefficients (R%) of Yield Stress-Water
Content

A. For 70% < w < 510% or 17.4% < x < 595%

Log (t,)

Log (t,) =

13.728 x w0-2818

1.6964 + 0.0417x

B. For 720% < w < 2300% or 4.2% < x < 12.2%

Log (t,) =
Log (tf)-=

Log (t,) =

C. Pooled data

Log (t,)

Log (t,)

8.552 x EXP(-0.001715w)

3.841 + 0.00214w

-1.209 + 0.3017x

4.47 x EXP(-0.0018w)

-1.57 + 1.40 1n(x)

o

.9999

o

.9998

0.9979
0.9711

0.9984

0.934

0.938

D. Pooled data except the yield stress for x = 12.5%

Log (t,) = 8.81 - 1.07 1n(w)
Log (t,) = -1.76 + 1.44 1In(x)
NOTES:
T, = yield stress of bentonite

w = water content of bentonite

x = bentonite weight percent ( x =
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Table 4.4 Predicted Yield Stresses and Experimental Axial Shear
Strengths for Different Bentonite Products

Experimental® Predicted™*
Water Shear Strength Yield Stress
Clay Type Content (kN/m?) (kN/m?)
American Colloid 80.47 15.45 9.70
Volclay chip
American Colloid 77.05 18.57 10.86
Volclay 3/8"
tablets
Wyo—-Ben Enviroplug 95.33 6.03 6.32
medium (1/4-3/8")
NL Baroid Holeplug 83.33 26.2 8.9
(3/4" chip)

*0gden and Ruff (1989, Table 5-3). Shear strengths measured
after the samples set for 72 hours.
*Based on Eq. (4.13)
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bentonite/crushed rock plugs. The model requires two additional
parameters, the water content of the bentonite and the representative
pore size of the crushed rock skeleton. For the saturated condition,
the water content of the bentonite can be estimated using Eq. (3.11).
The water content thus determined can be used to calculate the yield
stress (7;), using Eq. (4.8), (4.10), or (4.11). The critical pressure
gradient (iqp) is then computed from:

i 2T ¢
ap”
Rm

(4.22)

where R = representative pore radius of the crushed rock skeleton.

In this study, dg, (sieve aperture at 50% passing) instead of ds or dy,
commonly used for predicting permeability of granular materials (Kenney
et al., 1984; Hazen, 1892), is assumed to represent R . This selection
is based on the consideration that, according to Eq. (4.13), the
bentonite will first start flowing in the large pores between crushed
rock particles for a given yield stress. For a crushed rock mixture of
gradation type A, dsy is 3.9 mm. This implies a pore diameter of 8 mm,
close to the maximum particle size of 9.42 mm for crushed rock of type
A. Such an estimation for the representative size of large pores
appears to be reasonable, considering the separation of rock particles
due to the bentonite filler.

The predicted critical gradients are compared with the experimental ones
for nine bentonite/crushed tuff samples in Table 4.5. An example of
such a comparison is given below.

Sample: B/AL-C-8-25/A-S

Composition: 25% bentonite and 75% type A crushed tuff

R,: dgg = 3.9 mm

Sample length: 10.9 cm

Estimated water content of bentonite at saturation: 115.93%
(from Eq. 3.11)

Experimental critical hydraulic gradient: i, , = 120

(from the flow rate-hydraulic gradient curve)
Computations:
Log(T,)= 13.728 * (115.93)70-2818 giyes 7. = 3952 Pa
imp = 27,/R, = 2026.7 Pa/mm

when expressed in terms of hydraulic gradient (10.2 m of water
= 100 kPa):

188




Table 4.5 Predicted and Experimental Critical Pressure Gradients for
Bentonite Flow

Satu-

rated Critical

Water Hydraulic Gradient Pore

Content of  Sample Gradient Ratio Radius
Sample Bentonite Length Pre- Experi- Pred./ Rp
Number (%) (cm) dicted mental Exper . (mm)
B/AL-GC-4- 108.07 10.27 244 115 2.12 3.9
25/A-P-B
B/AL-C-8- 115.93 10,9 207 120 1.72 3.9
25/A-5
B/AL-C-8- 83.42 10.65 492 280 1.76 3.9
35/A-8
B/AL-C-4 120.61 9.5 189 170 1.11 3.9
25/A
B/AL-C-4- 122.38 9,5 290 250 1.16 2.45
25/B
\

B/AL-C-4- 133.33 9.8 339 273 1.24 1.725
25/¢C
B/AL-G-4- 79.1 9.0 530 424 1.25 3.9
35/A
B/AL-C-4- 92.94 2.5 560 352 1.59 2.45
35/B
B/AL-C-4-~ 106.43 10.0 572 360 1.59 1.725
35/C
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i = 2026.7 Pa/mm * 109 mm * (1 kPa/1000 Pa) #*

“P  (10.2 m H,0/100 kPa) * (1/0.109 m)
- 206.7
i,/ ige = 206.7 /120 = 1.72

As shown in Table 4.5, the proposed model overestimates the critical
hydraulic gradient by a factor ranging from 1.11 to 2.12. The discrepan-
cy may be due to the following: (1) The neglect of slip at the wall of
the capillary results in the overestimation of Te. (2) In driving the
clay paste through a capillary, part of the energy must have been
consumed by the accompanying migration of moisture; the actual force
effective for the advance of clay paste is less than the product of the
driving pressure multiplied by the whole cross-sectional area of the
capillary. (3) The saturated water content of bentonite obtained from
Eq. (3.11) is an average one. In reality, the water content of benton-
ite changes as the pore pressure varies during flow testing. The
variation in pore pressure causes consolidation near the outflow end and
swelling near the inflow end. This time-dependent process cannot be
eliminated and will necessarily create a non-uniform distribution of
water content. Because of the swelling, the water content of bentonite
near the inflow end is expected to be higher than the water content
obtained from Eq. (3.11). The flow of bentonite therefore should first
occur at the inflow end. The critical gradient extracted from a flow
rate-hydraulic gradient curve most likely corresponds to the critical
gradient for bentonite flow at a higher water content. For the example
given above, the experimentally determined hydraulic gradient of 120 was
used to back calculate the water content according to Eq. (4.14). The
calculation gives a water content of 158, about 36% higher than the 116
obtained from Eq. (3.11). (4) As described in Section 4.4.3, the yield
stress of bentonite for a given water content is computed based on the
no flow condition. Such a condition is established on the basis of
observations and consequently limited by the resolution of the measuring
tape. If the condition identified actually resided in a flow region
(e.g. region II), the yield stress thus computed would be overestimated.

For practical purposes, the model can be used to give a first approxima-
tion of the critical hydraulic gradient at which bentonite starts to
flow in the crushed rock matrix. A conservative estimation can be made
if a factor of 1/2 is introduced into Eq. (4.22).

4.4.7 Filter Design

The concept of yield stress and critical pressure gradient can be
applied to the design of filters for bentonite seals. Given a water
content of the bentonite (between 70 to 510%) and a maximum possible
field hydraulic gradient, the maximum allowable radius (Rm) of pores in
fine particles of the filter material may be computed using Eqs. (4.13)
and (4.19). Similarly, for the known R and hydraulic gradient, a
maximum water content of the seal can be specified. Such a maximum
water content is useful for seal design (e.g. bentonite content needed)
and for compaction specifications.
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Combining Eqs. (4.13) and (4.19), the relations among water content,
critical hydraulic gradient, and pore radius (Rm) are shown in Figs. 4.2
and 4.3. The graphs for the water content of 50% may not be justified
since this water content lies outside the specified range for Eq.
(4.13).

As shown in Fig. 4.2, the critical hydraulic gradient at which bentonite
flow takes place increases rapidly with decreasing pore radius. A
hydraulic gradient higher than 120 is required for bentonite of water
contents ranging from 50 to 500% to flow in pores of 0.4 mm radius.
Sherard et al. (1984) suggest that successful filters for silts and
clays should be able to sustain a relatively high gradient, such as
1000. To meet the requirement, filters of an effective pore radius of
not more than 0.25 mm are necessary to prevent piping, erosion and flow
of bentonite, for water contents from 50 to 300% (Fig. 4.3). This pore
diameter is in accordance with the general criteria adopted for the
filter design for dam cores of fine-grained materials; i.e., filters
having d;5 of 0.5 mm or less (U.S. Bureau of Reclamation, 1987, p. 220)
or having d;5; of 0.4 mm or less (U.S. Army Corps of Engineers, 1955, as
cited by Vaughan and Soares, 1982) are suitable for fine silts and
clays. The criterion d,. = 0.5 mm may be conservative for general dam
and embankment applications (Sherard et al., 1984; Sherard and Dunnigan,
1989). It appears to be necessary for filters for the highly dispersive
bentonite, in light of its flow characteristics.

Crushed rocks of gradation types A, B, and C (d45 = 0.54, 0.35, and 0.26
mm, respectively) can be used as filters to prevent the migration of
fine particles. The filtering ability of graded filters, however, is
sensitive to the grading below the 15% size (Khor and Woo, 1989). They
suggest that sufficient noncohesive fines of at least 5% by weight
passing the 0.15 mm sieve are necessary for well-graded filters.
Abiding by the requirement of d;g = 0.5 mm, uniform filters may be more
suitable than graded filters (Vaughan and Soares, 1982).

Lateral migration of fine particles is possible if the sealants are in
contact with open joints and/or fractures. Based on the results in
Figs. 4.2 and 4.3, discontinuities having apertures larger than 0.5 mm
must be grouted in order to preclude such migrations.
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CHAPTER FIVE

PREDICTION OF PERMEABILITY AND SWELLING PRESSURE OF BENTONITE

5.1 Prediction of Permeability

5.1.1 1Introduction

The importance of evaluating the permeability of a material has long
been recognized. The frequent necessity of obtaining the parameter has
led to the development of theoretical as well as empirical models for
the prediction of permeability.

Some empirical permeability formulae for sand and for clay are reviewed
by Loudon (1952) and by Tavenas et al. (1983), respectively. Their
investigations indicate that the use of the formulae is limited to the
type of material and/or the range of void ratios studied. Theoretical
permeability models can be grouped, according to Lagerwerff et al.
(1969), into two types: grain models and pore models. 1In this usage,
"grain" does not necessarily mean the "soil grain" only and may include
the immovable water layers attached to the solid surface. The models
developed by Carman (1939), Schmid (1957), and Lagerwerff et al. (1969)
are of the first type. Pore models include those developed by Childs
and Collis-George (1950), Marshall (1958), Millington and Quirk (1959),
and Paterson (1983). Both types of theoretical models are based on the
Hagen-Poiseuille equation for laminar flow in a circular pipe.

The pore models are handicapped for application to bentonite by the fact
that they do not allow for swelling. The pore size distribution is
usually derived from a determination of the soil-moisture characteris-
tic, which may be subject to the effects of swelling (Lagerwerff et al.,
1969). This complicates the application of. the pore models to swelling
materials (e.g. bentonite). The grain models suggested by Schmid (1957)
and Lagerwerff et al. (1969) require several flow tests to pre-determine
some key parameters before the prediction of permeability is possible.
The applicability of these two grain models is thereby greatly reduced.

The Kozeny-Carman equation (Carman, 1937) gives good estimates for the
permeability of clean sand (Taylor, 1948; Loudon, 1952), for quartz
powder and for spherical glass particles (Carman, 1939). The equation
fails to predict the permeability of clays (Michaels and Lin, 1954;
Lambe, 1955). The modified Kozeny-Carman equation (Carman, 1939),
incorporating the concept of stationary water films held at the surface
of clay particles, appears to yield better results, but only to a
certain extent.

The modified equation has been tested with the measured permeabilities
of Wyoming bentonite obtained from this study and from the literature.
The discrepancy between the predicted and the experimental results is
small for samples of low porosity, but becomes large when porosity
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increases. Possible causes for the discrepancy are critically reviewed
and a refined Kozeny-Carman equation is proposed.

5.1.2 Kozeny-Carman Equation
The Kozeny-Carman equation can be expressed in the form:

n3
- (5.1)
mt2S 2(1-n)?

where k = intrinsic permeability (cm?)
n = porosity
m = shape factor of conducting pores
t = tortuosity
S¢ = specific surface of the particles (em?/cm) .

According to Carman (1937), m = 2.5 and t2 = 2 suit most materials.

The modified Kozeny-Carman equation is given by:

3
- e (5.2)
mt2S 2 (1-n)?

where n, = effective porosity, and other parameters are as defined
above.

The derivations of Eqs. (5.1) and (5.2) are based upon the Hagen-
Poiseuille equation and Darcy's law, and can be found in Carman (1939)
and Yong and Warkentin (1975, pp. 144-146), and Carman (1939), respec-
tively. The assumptions involved in the derivation are: uniform and
equidimensional pores, and laminar fluid flow (Olsen, 1962).

According to Michaels and Lin (1955), discrepancies between measured and
computed (from Eq. 5.1) permeabilities in clays are likely due to two
factors: (1) interfacial phenomena (the influence of electrical forces
at the liquid-solid interfaces that act on the permeating fluid) and,
(2) particle packing characteristics (degree of particle dispersion and
particle orientation). Their studies on kaolinite indicate that the
effects of particle packing characteristics primarily are responsible
for the discrepancies. The effects of interfacial phenomena are minor.
They further conclude that the latter effects could be attributed
primarily to counter electro-osmosis and consequently that the thickness
of immobilized liquid films on the surface of solids must be extremely
small, less than 4% of the diameter of the pores. The conclusion of the
limited thickness of immobilized liquid films may be supported by the
results obtained by Rosenquist (1955) and Aylmore and Quirk (1960). An
important deduction from Eq. (5.2) is that clays may have zero perme-
ability at quite considerable porosities (where the effective porosities
become zero), e.g. at n = 0.207 for a clay soil and n = 0.355 for a
plastic clay (Carman, 1939),.

194



Olsen (1962) investigated the relative importance of several factors on
the failure of Eq. (5.1) to predict permeability in saturated clays:
(1) possible violation of Darcy’s law, (2) electrokinetic coupling, (3)
high viscosity, (4) tortuous flow paths, and (5) unequal pore sizes.
His results show that: (a) the possible violations of Darcy'’s law and
electrokinetic coupling are insignificant, (b) high viscosity and/or
tortuous flow paths fail to account completely for the discrepancies,
and (c) unequal pore sizes can explain all the discrepancies.

Discrepancies between measured and predicted flow rates for kaolinite,
illite, and Boston blue clay, obtained from consolidation permeation
tests by Olsen (1962) are shown in Fig. 5.1. A cluster model proposed
by Olsen provides a possible explanation for the discrepancies. The
model (Fig. 5.2) consists of clusters that are equidimensional, uniform
in size, and porous. Three parameters define the model pore geometry:
(1) N, the number of particles per cluster; (2) e., the intra-cluster
void ratio; and (3) e_,, the inter-cluster void ratio, which equals the
total void ratio minus the intra-cluster void ratio, e; - e,. Since
flow rates are proportional to the fourth power of pore radii, the
contribution of the flow component through the cluster pores is assumed
to be negligible.

Based on an assumed relationship between the total, intra- and inter-
cluster void ratios, Olsen was able to produce discrepancies for systems
of clusters (Fig. 5.3) similar to those shown in Fig. 5.1. At high
total void ratios, or porosities, the compressibility of the individual
clusters is considered negligible compared to that of the cluster
skeleton. When, during compression, the clusters approach a density
corresponding to the densest possible packing of spheres, the clusters
themselves begin to compress as the total void ratio decreases. At this
stage, the inter-cluster pores and consequently the flow rates likely
change little. The predicted flow rates are smaller due to the reducing
total void ratios. This behavior may explain why at porosities less
than about 0.4 (Fig. 5.1), measured flow rates decrease less rapidly
with decreasing porosity than predicted.

The concept of particle clusters is analogous to those of domains
(Aylmore and Quirk, 1960), quasi-crystals (Aylmore and Quirk, 1967),
tactoids (Blackmore and Miller, 1962), packets (Shainberg and Caiserman,
1971). The concept is also supported by the studies on fabric of clays
(Pusch, 1973; Collins and McGown, 1974). The cluster model provides
reasonable explanations for the discrepancies between measured and
predicted permeabilities in clays. Refinement of the Kozeny-Carman
equation is complicated by the difficulties in determining the three
parameters needed to describe the pore geometry.

5.1.3 Refined Kozeny-Carman Equation For Clays

From the discussions in Section 5.2, it is clear that the Kozeny-Carman
equation needs to be modified for the prediction of permeabilities in
clays. Such an improvement requires incorporating the effects of the
complex pore geometry of clays. The modified Kozeny-Carman equation
(Eq. 5.2) only accounts for the effects on the pore size of the immobi-
lized liquid films at the solid surface. Considering the influences of

195




00

DISCREPANCIES BETWEEN WEASURED AND PREDICTED FLOW RATES
DATA FROM COMPRESSION CYCLES | )

SOOUM ILLITE
10°*N - NaoC!

I

NATURAL KACUWITE

LA

/}
f
'\

RATIO OF MEASURED TO PREDICTED FLOW RATES

e { BLUE CLAY

I~
SOONM KAOLMITE N~ 10N - NeCl
10X BY WEIGHT SOOMM TETRAPHOSPHATE i

9 N I R |

6.2 03 0.4 03
POROSITY

o8

Figure 5.1 Discrepancies between measured flow rates and predicted flow
rates from the Kozeny-Carman equation.

Reproduced with permission from H.W. Olsen, "Hydraulic
Flow Through Saturated Clays," in Proceedings of the 9th
Conference on Clays and Clay Minerals, Figure 5, p. 139. _

Copyright 1962 by Pergamon Press, New York.
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Figure 5.2

Cluster model for clays. Each circle represents a cluster,
with a number of clay particles per cluster. The total void
volume equals the sum of the void volumes between and within

clusters.

Reproduced with permission from H.W. Olsen, "Hydrauliec
Flow Through Saturated Clays," in Proceedings of the 9th
Conference on Clays and Clay Minerals, Figure 12, p. 151.

Copyright 1962 by Pergamon Press, New York.
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complex water-solid-electrolyte interactions on the soil structure, a
complete mathematical description is not attempted. Instead, a possible
collective factor (a water content ratio) is examined to account for the
changes in pore geometry.

Atterberg limits are water contents where the soil behavior changes
(Holtz and Kovacs, 1981, p. 36). Depending on its water content, a
fine-grained soil can exist in any one of four states: solid, semisolid,
plastic, or liquid. The water content corresponding to the transition
between adjacent states is termed shrinkage, plastic, and liquid limit,
respectively (Lambe and Whitman, 1979, p. 33). At the plastic limit,
the particles or units of particles slide past one another upon applica-
tion of force but there is still sufficient cohesion to allow them to
retain a shape (Yong and Warkentin, p. 66-67). At the liquid limit, the
cohesion becomes too small to retain a definite shape and the material
acts as a liquid.

The engineering properties of a soil reflect directly the influences of
structure which, in turn, depends upon the soil type, the ions adsorbed,
the salt concentration, and the stress history (Mitchell, 1976, p. 222;
Holtz and Kovacs, 1981, p. 40). Water contents such as plastic and
liquid limits and related other indices have been found to correlate
with some engineering properties of soils such as the undrained shear
strength, compression index, compression ratio (e.g. Skempton, 1944,
Youssef et al. 1965; Wroth and Wood, 1978; Sridharan and Jayadeva, 1982;
Nagaraj and Srinivasa Murthy, 1983, 1986; Srinivasa Murthy and Nagaraj,
1988; Pandian and Nagaraj, 1990). The correlations lead to a postula-
tion that water content of a fine-grained soil describes collectively a
possible equilibrium state of the soil’s structure, and therefore a
corresponding state of pore structure. '

The vertex of the parabola-like curves shown in Fig. 5.1 should indicate
a unique state of pore structure. According to Olsen’s cluster model,
this unique state may correspond to the densest possible packing of clay
clusters. Further reduction in total void ratio will be due primarily
to the compression of the clusters themselves. The water content
related to the unique pore structure of a soil should be very close to
its plastic limit, at which particles or units of particles slide past
one another upon application of force. The plastic limit shall be used
to represent (indirectly) the unique state of pore structure.

The Kozeny-Carman equation may then be refined as follows:

A n’ (5.3)
W mt2s 2(1-11)2

for w > LY

where w = water content,
Vp = the plastic limit.

and
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k- (X2 n? (5.4)

w ' mt2S.2(1-n)?2

for w < vy (i.e. highly compacted clays).

Conceptually, saturated fine-grained soils having a water content less
than the shrinkage limit, should be considered as solids which have zero
permeability. The lower bound of water content, w, for Eq. (5.4) may
therefore be set at the shrinkage limit. This lower bound can also be a
water content at which all the water is held firmly by the solids, based
on the concept of immobilized liquid films.

The water content of a soil sample at saturation can be expressed as:

-l 5.5
Y, (1-n -3)

where p, = density of solids.

Using this relation, Eqs. (5.3) and (5.4) can be reduced to:

1 1 nt
k= (—-) (— (5.6)
( Ps) ( Wp) mt:"‘Soz(:L-n)3

and

K n? (5.7)
-W .
P e mt28,2(1-n)

5.1.4 Validation of the Refined Kozeny-Carman Equation

The refined Kozeny-Carman equation has been examined to see if the
discrepancies between measured and predicted (from Eq. 5.1) permeabili-
ties in clays can be accounted for, e.g. as by the cluster model
proposed by Olsen (1962). The permeabilities obtained from Eq. (5.3)
and (5.4) are assumed to represent the measured permeabilities, and are
compared with the ones predicted from Eq. (5.1). The assumption should
be valid if a similar trend as shown in Fig. 5.1 can be obtained. The
basic parameters used are Wy = 32%, S5 = 10 m?/g for kaolinite (Lambe
and Whitman, 1979, Tables 3.4 and 5.2), and an assumed specific gravity
of 2.7. Table 5.1 and Fig. 5.4 indicate that the refined equation is
capable to incorporate the effects of unequal pore sizes and the
changing pore geometry on the prediction of permeabilities in clays.

Approximately 90% of American Colloid C/S granular and MX-80 bentonite

is montmorillonite (American Colloid Company, Data No. 202). Montmoril-
lonite has an estimated specific surface of 760 to 800 m?/g (Quirk,
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Table 5.1 Differences between predicted permeébilities from the
original and refined Kozeny-Carman equations

Porosity Water Content® Predicted Permeability (cm/s) Ratio

(%) (1)* (2)® (2)/€1)
0.2 9.26 3.360%107° 1.161*1078 3.45
0.3 15.87 1.482*%1078 2.988%1078 2.02
0.4 24.69 4,779%1078 6.194%1078 1.30
0.5 37.04 1.344%1077 1.556*10f7 1.16
0.6 55.55 3.630%1077 6.300%1077 1.74
0.7 86.42 1.025%107¢ 2.768%107° 2.70

a: Water content (w) is computed using the relation Se = Gw,
where S = degree of saturation (100% in this calculation),
e = void ratio, G = specific gravity of the clay.

b: For kaolinite with S, = 10 m?/g, G = 2.7 (from Lambe and Whitman,
1979). Values in columns (1) and (2) are obtained from Eqs. (5.1),
and (5.3) or (5.4), respectively.
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Figure 5.4 Discrepancies between predicted flow rates from the Kozeny-
Carman equation and the refined equation.
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1968; Shainberg et al., 1971; Mitchell, 1976, p. 45; Yong and Warkentin,
1975, p. 46). Using the specific surface value of 800 m“/g and assuming
the other 10% of the materials have a negligible effect on the perme-
ability, the refined Kozeny-Carman equation has been used to check
measured permeabilities (C/S granular bentonite) reported in Chapter 3,
as well as those of MX-80 bentonite reported by Borgesson et al. (1988).
The plastic limit and specific gravity are 50% and 2.92 for the C/S
granular, 70% and 2.9 for the MX-80. The results are shown in Tables
5.2 and 5.3, respectively.

For eleven C/S granular bentonite samples, the ratios between measured
and predicted permeabilities vary from 1.02 to 3.66. For five MX-80
samples, the ratios differ from 0.8 to 3.75. Such narrow deviations
substantiate the usefulness of the refined Kozeny-Carman equation
proposed for the prediction of permeabilities in clays. The credibility
of the equation is further enhanced by the wide range of porosities
(0.42 to 0.93) covered by the model validations. Moreover, according to
Eq. (5.6), permeability should be linearly related to the porosity
function n®/(1-n)3 for clay samples having water content greater than Vo
(plastic 1limit). Such a relationship is demonstrated in Fig. 5.5.

5.1.5 Discussion

The refined Kozeny-Carman equation can predict permeabilities of Wyoming
sodium bentonite mixed arid permeated with distilled water. The equation
is believed to be able to handle other fine-grained soils and situations
of different pore water chemistry. This deduction is based on three
reasons: (1) the refined equation can account for the common parabola-
like discrepancies observed between measured and predicted (from the
Kozeny-Carman Equation) permeabilities in different clays (Figs. 5.1 and
5.4), (2) the specific surface and the plastic limit change with
materials, therefore implicitly account for the material type, (3)
changes in pore water chemistry should result in different values of the
plastic limit, as they do for the liquid limit (Borgesson et al., 1988);
the suggested water content ratios may still be able to account for the
effects of changes in the pore geometry.

The same liquid as used for the permeation should be employed in
determining the liquid limit. Further investigations are recommended.

5.2 Prediction of Swelling Pressure

5.2.1 Introduction

Montmorillonite (the predominant mineral in bentonites) has an unbal-
anced electronic charge in its crystal structure (Mitchell, 1976, pp.
33, 38). The unbalanced charge can be satisfied by cations, hydrated
cations and polar fluids (e.g. water). As water is adsorbed between
successive sheets of montmorillonite crystals, the crystal lattices
separate from one another with a resulting expansion or swelling. If
swelling is restrained, pressure will build up.

The swelling pressure generated by bentonites (as hydraulic barriers)
should prove useful since it can provide good clay-rock contacts. More-
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Table 5.2 Measured and Predicted Permeabilities of Bentonites
(C/S granular)

Sample Porosi-~ Water Hydr. Measured Predicted! Ratio
Number ty (n) Content Grad. K; (em/s) K; (em/s) (XK,/K3)
B-S-1-A 0.933 475.8 < 10 7.0%1078 6.15%1078 1.14
B-C-1-A 0.879 249.7 < 12 1.2%1078 8.39%107° 1.43
B-C-1-B 0.880 251.5 < 12 1.3%1078 8.57%107° 1.52
B-C-2-A 0.831 168.1 < 12 2.5%107° 2.44%107° 1.02
B-C-2-B 0.836 175.0 < 12 3.7%107° 2.74%107° 1.35
B-C-4-A 0.846 188.5 < 12 3.3%107° 9.21%1070 3.58
B-C-4-B 0.848 191.7 < 12 3.5%107° 9.57%1070 3.66
B-C-1-A-S 0.625 57.1 < 57 9.0%1071*  6.23%107% 1.44
B-C-1 3/8 0.721 88.3 ‘< 77 2.2%107? 1.73%107° 1.27
-A-S

B-C-2 3/8 0.638 60.3 < 50 1.1%107°  8,58%10™1 1.25
-A-S

B-C-4~A-S 0.644 62.1 < 57 3.0%1071° 9,39%1071 3.19

Note: Predicted permeabilities were obtained from Eq. (5.3), using

G =2.92, w, = 50, S, = 800 m?/g.
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Table 5.3 Measured and Predicted Permeabilities of Bentonite (MX-80)

Saturated

Density Porosi~ Water Measured! Predicted? Ratio

(g/cc) ty (n) Content K; (em/s) Ky (em/s) (Ky/Kp)
2.1 0.421 25.08 3.0%107%2 2.90%10712 1.03
1.9 0.526 38.31 1.9%107r  2.36%10711! 0.80
1.7 0.631 59.10 2.0%107%0 6.75%10711 2,96
1.57 0.7 80.45 6.0*1071° 1.60%107% 3,75
1.295 0.845 187.62 3.8%107? 2.90%107° 1.56

1. From SKB Report 88-30, Fig. 4.2; G = 2.9, w, =

1988).

2. Calculated from Egqs. (5.3) and (5.4) with S,

70 (Borgesson et al.,

800 m?/g.

Reproduced with permission from L. Borgesson, et al.,
"Rheological Properties of Sodium Smectite Clay," SKG Tech-
nical Report 88-30, Swedish Nuclear Fuel and Waste Manage-
ment Co., Stockholm, Sweden, Figure 4.2, p. 21, Dec. 1988.
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over, air voids in the barriers and rock fractures in the host rock
could be filled by the expanding bentonites (Pusch, 1978, 1982).
Conversely, if the swelling pressure is too high, unfavorably oriented
fractures and joints may be propagated, which may have a deleterious
effect on the sealing performance and even on the stability of the host
formation (e.g. Fyfe et al., 1984), and on radionuclide isolation
(Neretnieks, 1987), at least locally. This would be particularly true
in locations with either original or induced highly anisotropic stress-
fields (Sawyer and Daemen, 1987, Section 6.3.1; Daemen et al., 1983).
The swelling pressure therefore, is important to the evaluation of
sealing performance, and to the design of waste isolation facilities.

The swelling of bentonites can be explained best by the Gouy-Chapman
diffuse double layer theory (Bolt, 1956; Warkentin et al., 1957;
Warkentin and Schofield, 1962). Discussed below are models available
for the prediction of swelling pressure. Predicted swelling pressures
from some of these models have been compared with measured ones for
bentonite samples mixed and permeated with distilled water.

5.2.2 Bolt's Model

Based on the double layer theory and the Van 't Hoff equation, Bolt
(1956) proposed a method to calculate the swelling pressure. The
calculation consists of three steps (Eqs. 5.8 to 5.10):
/2
c. /2" d
(BC,)1/2 (X +d) =2 (—=2) f z 2¢ (5.8)
0 [1-(22) sin] V2

c

C. C, (5.9)
P.g RTCD(_C'_O-*-E 2)

where P, = swelling pressure in atmosphere (approximately 0.1 MPa for
1 atm.)
R = gas constant, 8.314 x 107 ergs/moleK
T = absolute temperature (%K)

C, = concentration of the bulk liquid (mmole/cm3)

C, = concentration of cations midway between two clay plates

(mmole/cms)
= valence of the exchangeable cation

B = 8m F/1000 DRT, approximately 1 x 107 cm/mmole at 20°C, F is

Faraday’s constant and D the dielectric constant of the
pore fluid

Xy = 4/vBI in cm, where I = surface charge density of the clay;
generally 0.1/v nm for illite, 0.2/v nm for kaolinite and
0.4/v nm for montmorillonite
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d = half-distance between two clay plates (angstroms)
@ = a variable related to C..

For saturated clays and assuming the clay plates are parallel, d can be
approximated using the equation:

e=G_y ,S.d (5.10)

where e = void ratio

S, = specific surface of the clay (cm?/g)
G. = specific gravity of the clay

Y, = density of water.

Substituting X, = 4 x 1078 cm (4 angstroms) and S, = 8 x 106 cm?/g, Bolt
calculated theoretical swelling pressures for Wyoming bentonite and
compared them with experimental results. Although the calculated
swelling pressures deviate from the measured values, a parallel trend
can be observed. Bolt attributed the deviations to structural effects
such as a "dead volume" resulting from the terraced nature of the clay
surface and to the possible retention of salt by the cellophane membrane
used in the experiments. Use of the approximate value of X; may also
lead to deviations, as suggested by the work of Sridharan and Jayadeva
(1982).

Bolt'’s work clearly indicates the potential of using double layer theory
and the Van't Hoff equation for the prediction of the swelling pres-
sures. The application of this model is limited because of the diffi-
culties in evaluating Eq. (5.8).

5.2.3 Yong and Warkentin’s Model

Yong and Warkentin (1975) have proposed a simpler model for the predic-
tion of swelling pressures. For monovalent ions, the swelling pressure
in kg/em? (1 kg/cm? = 98.07 kPa) is:

P,~RT(C,-2C,), (5.11)
and

TZ
C - (5.12)
¢ v2B(d+X,) %107

where C, = concentration of cations midway between two clay plates
(moles/liter)
= concentration of the bulk liquid (moles/liter)

= 4/vBI in angstroms, where I = surface charge density of the
clay; generally 1/v A for illite, 2/v A for kaolinite and
4/v A for montmorillonite

d = half-distance between two clay plates (angstroms)

N
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B = 8m F/1000 DRT, approximately 1 x 10" cm/mmole at 20°C,
F is Faraday'’s constant and D the dielectric constant of

pore fluid
R = gas constant, 0.0848 kg x liter/cm?® %K.

The other terms are as defined before.

The value of d (in angstroms) can be estimated using the relation:

w=0.01S,d (5.13)

fgr water content (w) expressed in percent and specific surface (S;) in
me/g.

According to Warkentin and Schofield (1962), these calculations ade-
quately predict measured swelling pressures for the high-swelling sodium
montmorillonite at low salt concentrations. At higher salt concentra-
tions the measured pressures exceed calculated values. They note that
the deviations may be due to the errors in using concentrations rather
than activities of the exchangeable cations, and to neglecting the
tactoid structure of the clay.

In the presence of deionized water, Eq. (5.11) can be simplified as:

P,-RTC, : (5.14)

For saturated clays, water content can be expressed in terms of dry
clay density (y_.) and specific gravity (G.):

w-1oo(-}—--al—) (5.15)

c

For T = 293% (20 %), v = 1, B = 10" cm/mmole, G, = 2.75, and X, = & A,
Gray et al. (1985) obtain the following relation:

- 241
s 4 5.16
[10 (1 -0.364)12 516

So (]

for P, in Mpa, S, in m?/g, and Y. in g/cc. Compared with the experimen-
tal results, they suggest a correction factor of 1/3 for Eq. (5.16) for
an effective clay dry density up to 1.7 g/cm’.

Following the same approach and taking the correction factor into
account, a more general form of Eq. (5.16) is proposed in this study:
Xy = 4 A for montmorillonite.
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(5.17)

5.2.4 Sridharan-Jayadeva’'s Model

Sridharan and Jayadeva (1982) carried out a detailed study on the
relation between double layer theory and compressibility of clays.

Their work suggests that X; depends not only on clay and fluid proper-
ties but also on the midplane potential, which is a function of d (half-
distance between two clay plates) or e (void ratio). The use of an
approximate value of in calculating swelling pressure may lead to
large errors. They further indicate that the e-Log(P,) relationship is
influenced significantly by clay type, while the d-Log(P,) relationship
is essentially unaffected by clay type. They propose the following
equation for predicting swelling pressure:

log(d) =f-g*log(P,) (5.18)

where g = 0.5263
£ = -2.7286 + 0.0263%Log(G,) + 0.5263%Log[T(DT)?%] - log(v)

for P, in kg/cm?, C, in molarity, and d in nm. Other terms are as

defined earlier. The half-distance, d, can be obtained from Eq. (5.13)
with known water content and specific surface of the clay.

For Gy = 10™“M, T = 293 K, D = 80.36, and v = 1, the value of f is 0.65.
Therefore, for low concentrations, Eq. (5.18) becomes:

log(d)=0.65-0.5236+10g (P,) (5.19)

5.2.5 Validation

The swelling pressures of four compacted bentonite samples (C/S granu-
lar) have been measured using the Soil Test FHA Volume Change meter.
This device is essentially a frame with a displacement-reading dial gage
attached to a proving ring. A bentonite sample is compacted in a
circular, stainless steel ring and loaded into the swell meter. Porous
stones are placed on the top and bottom of the compacted bentonite. The
proving ring is placed in contact with the bentonite through an aluminum
seat atop the upper porous stone. Distilled water is poured into a
plastic container surrounding the bentonite/steel ring. Water is
adsorbed into bentonite through holes in the steel ring and the porous
stones. Table 5.4 summarizes the results.
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Table 5.4 Summary of Swelling Test Results

Sample N r

#1 # 2 # 3 # 4
Initial water
content (%) 30.52 17.82 40.5 19.26
Initial dry
density (g/cc) 1.153 1.210 1.031 1.362
Calc. Final dry
density (g/cc) 1.145 1.204 1.026 1.346

Expected water
content (%) 53.10 48.84 63.21 40.00
at saturation

Calc. final
porosity 0.608 0.588 0.649 0.539

Max. swelling
pressure (MPa) 0.71 0.62 0.52 1.17

Water content
(top 1/3 sample) 43.31 50.00 57.74 39.34

Water content
(middle 1/3) 40.96 45.02 46.88 37.68

Water content
(lower 1/3) 41.87 45.60 47.96 38.83
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As shown in Table 5.4, the bentonite samples might not be saturated when
the maximum swelling pressures are recorded. However, the middle
portion of the samples should be very close to saturation, due to the
compression resulting from the swelling of the upper and lower portions.
The water contents measured from the middle 1/3 of the samples have been
used to calculate d (using Eq. 5.13). Predicted swelling pressures are
obtained from Eq. (5.19). The final dry density (Table 5.4) 1is used in
Eq. (5.17). The sgecific gravity and specific surface of the bentonite
are 2.92 and 800 n%/g, respectively. Measured and predicted swelling
pressures are shown in Table 5.5.

Swelling pressures calculated from Eq. (5.17) agree well with measured
ones. Note that a correction factor of 1/3 has been included in the
derivation of Eq. (5.17). This correction supports the work by Gray et
al. (1985). Predicted swelling pressures from Eq. (5.19) exceed the
measured ones by 7 to 9 times. Considering the effects of the cluster
or tactoid clay structure and assuming an average of 3 clay sheets per
cluster, the effective specific surface becomes: 800/3 = 266.67 n@/g.
The reduced surface leads to higher d values than the previous d values
by a factor of 3. This adjustment results in a good agreement between
measured and predicted swelling pressures.

5.2.6 Discussion

The swelling behavior of clays can be accounted for reasonably well by
the electric diffuse double layer theory. The assumption of parallel
clay plates in the theory, however, appears to deviate from what exists
in natural fine-grained soils. The influence of clay structure probably
is responsible for the discrepancies between measured and predicted
swelling pressures.

For pore water of low salt concentrations (< 0.0001 M), Eq. (5.17), from
Yong and Warkentin (1975) and Gray et al. (1985), can be used for the
prediction of swelling pressure of clays for dry clay densities up to
1.7 g/em®. Eq. (5.19) also yields good predictions but requires finding
an appropriate value of the effective specific surface.

According to the results presented by Gray et al. (1985), the swelling
pressures of clays having dry densities larger than 1.7 g/cm® may be
predicted from Eq. (5.16), or from Eq. (5.17) without correction. It is
speculated that Eq. (5.19) can also be used for the same purpose, as the
cluster structure may have been destroyed at the high density condi-
tions.
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Table 5.5 Measured and Predicted Swelling Pressures of Bentonite

Measured _ Predicted swelling pressure

Sample swelling pressure Eq.(5.17) Eq.(5.19) Eq.(5.19)"
number (MPa) (MPa) .(MPa) (MPa)
# 1 0.71 0.71 5.27 0.74
# 2 0.62 0.78 5.02 0.62
# 3 0.52 0.56 4,65 0.58
¥# 4 1.17 0.99 7.04 0.87

% Based on the adjusted specific surface of 266.67 m?/g, assuming
three clay sheets per cluster.
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CHAPTER SIX
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Bentonite is an excellent sealant material due to its swelling and self-
healing characteristics, low permeability, sorptive qualities, and
longevity in nature. The use of bentonite in constructing hydraulic
barriers has greatly increased in recent years, particularly for liquid
and solid waste containment. Bentonite and bentonite/crushed rock plugs
are being proposed for sealing underground nuclear waste repositories.
The sealing performance of such plugs under diverse conditions needs to
be studied to allow for overall repository performance assessments.

American Colloid C/S granular bentonite and Apache Leap tuff have been
used to prepare samples for flow testing. Bentonite content and crushed
tuff gradation are the major variables in sample composition. Material
characterization and properties of the bentonite and tuff are described
in Chapter 2. The sealing performance assessments include high injec-
tion pressure flow tests, polyaxial flow tests, high temperature flow
tests, and piping tests. Analytical work includes the introduction of
bentonite occupancy'percentage.and water content at saturation as two
primary parameters for plug design. A piping model is developed to
evaluate the susceptibility of the seals to piping as a result of
bentonite flow. The permeability model proposed allows for the predic-
tion of permeability in clays.

6.1 Summary of Results

6.1.1 Bentonite Plugs

Flow test results of the sedimented bentonite plugs (2.54 cm in diame-
ter) indicate the dependence of permeability on the molding water and
permeant. The plug deposited in and tested with 2% sodium pyrophosphate
solution (a dispersing agent) yields a permeability of 1.4 x 1078 cm/s,
compared to 6.9 x 1078 cm/s for the plug sedimented in and permeated
with deaired distilled water. After having been flushed with the
dispersing solution, the permeability of the latter plug reduces to 2 to
3 x 10® cm/s. The same bentonite, when dropped in a 2% calcium hydrox-
ide suspension (a flocculent agent), and later tested with distilled
water, gives a permeability of 10 cm/s. Subsequently, this sample has
been flushed with a 4% sodium pyrophosphate solution for about two and a
half months, and the permeability decreases to 3.4 x 1077 cm/s. The
sample sedimented in the water previously boiled in the presence of tuff
aggregates has a permeability of 7.7 x 1078 cm/s when permeated with the
synthetic water and of 2 x 1078 cm/s with a 2% dispersing solution.

Permeabilities of compacted bentonite plugs with diameters from 2.54 to
10.16 cm appear invariant with size. For samples of the same diameter
and similar bulk density, permeability wvalues vary by no more than a

factor of three. Water contents of bentonite Sample B-C-4-B have been
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determined at different depths along the sample, and indicate a nonuni-
form distribution. The water content is high at the inflow end and low
at the outflow end. High injection pressure flow tests of four compact-
ed bentonite samples installed in stainless steel permeameters give
permeabilities from 2 x 109 to 5 x 10°" cm/s. The saturated bulk
densities of the four samples vary from 1.54 to 1.72 g/cm®. The
permeabilities decrease with increasing hydraulic gradient.

The permeabili;y to air of compacted 2.54 cm diameter bentonite samples
ranges from 10°" to 10717 m? (10 darcy to 0.01 milidarcy), depending
upon water content and dry demnsity. The water content has a large
influence on the permeability to air. The permeability may increase due
to pore enlargement resulting from loss of moisture. To minimize the
migration of gaseous radionuclides, highly compacted bentonite plugs at
low water content are recommended.

The modification made to the Kozeny-Carman equation includes a correc-
tion factor to account for the microstructural changes in clays,
corresponding to the changes in water content. The selection of water
content ratios w relative to the plastic limit w_  (w/w, or w_/w) as the
correction factor is based on referenced phenomenological studies on
microstructures of clays. The influence of water content on engineering
properties of clays, reported in the literature, is used as supplemental
support for the selection. The correction factor serves effectively as
a collective parameter to represent complex interactions of an electro-
lyte-clay system. Predicted bentonite permeabilities from the refined
Kozeny-Carman equation agree to within from 2 to 73% with the experimen-
tal results over a wide range of void ratios (Tables 5.2 and 5.3).

Swelling pressures of bentonite measured with a volume change meter are
used to check several published swelling pressure models. A generalized
form of the Yong and Warkentin (1975) model has been derived for low
salt concentrations with a correction factor of 1/3 as suggested by Gray
et al. (1985). The generalized equation (5.17) gives predictions to
within 0 to 26% from the measured swelling pressures. Swelling pres-
sures calculated from the Sridharan-Jayadeva model (Eq. 5.19) are
approximately 8 times higher than the experimental results. Assuming a
microstructure of three clay sheets per cluster and consequently
reducing the specific surface of montmorillonite (800 m?/g) three fold,
Eq. (5.19) yields predictions comparable to the experimental results.
The difference between predicted and measured swelling pressures also
varies from O to 26%.

6.1.2 Bentonite/Crushed Tuff Plugs

The permeability of bentonite/crushed tuff plugs decreases with increas-
ing bentonite content. The sealing performance of the samples contain-
ing 15% bentonite by weight is erratic. Piping, erosion, and channeling
have been observed for Samples B/AL-C-4-15/A and B/AL-C-4-15/C during
the falling head flow testing. The samples containing 15% bentonite
mixed with type B or type FA crushed tuff yield permeabilities in the
upper 1078 and in the middle 1077 cm/s range, respectively.
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The permeabilities of the plugs containing 25 or 35% bentonite are close
to the permeability of plugs constructed of bentonite only. Samples
B/AL-C-4-25/A, B/AL-C-4-35/A, B/AL-C-4-35/B, and B/AL-C-4-35/C have been
tested for more than 9 months, and subjected to various injection
pressures up to 1 MPa (145 psi, 102 m water head; induced hydraulic
gradients: 900 to 1000). Although depositions of dispersed or eroded
bentonite have been observed in the outflow tubing, no deterioration of
sealing ability has been detected. Piping has developed in Sample B/AL-
C-4-25/B under hydraulic gradients over 400.

The effect of crushed tuff gradation on the sealing performance shows
that the greater the uniformity coefficient (dgy/d;5) (e.g. types FA and
A), the lower the permeability. Samples containing 25% bentonite and
mixed with type A (C, = 16.5) or type FA (a theoretical G, = 36) crushed
tuff, however, give similar permeabilities for low hydraulic gradients.
Type FA contains fewer large particles and more small particles than
type A, including 8.86 weight percent of particles smaller than 0.074 mm
(U.S. mesh #200). Nevertheless, the permeability decrease with increas-
ing gradient is less and slower for samples constructed with crushed
tuff of the FA gradation. In general, an appropriate composition for
the mixture plugs to yield permeabilities lower than 5 x 108 cm/s would
contain at least 25% bentonite by weight mixed with well-graded crushed
rock.

The effect of sample size on the sealing performance is not clear. The
inconsistency in the permeabilities measured for different plug sizes
appears to be due more to variations in the stiffness of the permeame-
ters, compaction, and the ratio of grain size to permeameter diameter.
For the normally consolidated mixture samples, the upward permeability
is about three times higher than the downward permeability, suggesting
an effect of the upward seepage forces on the sealing performance. Such
an effect is insignificant for the overconsolidated samples.

Bentonite content and compaction are important in constructing good
seals. Samples B/AL-C-4-15/A and B/AL-C-4-15/C, in which piping occurs,
have an occupancy percentage of bentonite lower than 50% and a water
content of bentonite at saturation in the vicinity of 200%. In these
two cases, piping likely has occurred in preferential passageways that
originally exist in the samples. For mixtures consisting of 25% and 35%
bentonite, the occupancy percentage of bentonite improves to 65 to 80%
and to 75 to 86.5%, respectively. No piping has been observed in these
samples except for Sample B/AL-C-4-25/B. For a loosely or ineffectively
compacted mixture containing 25% bentonite (Sample B/AL-C-8-25/FC-S),
the sealing performance can be damaged by dynamic disturbances. The
influence of such disturbances is greatly reduced when more bentonite is
added (e.g. Sample B/AL-C-8-35/FC-S).

Based on the high injection pressure flow test results, the potential
for piping damage to the sealing performance is small if the maximum
hydraulic gradient does not exceed approximately 120 and 280 for mixture
samples containing 25 and 35% bentonite by weight, respectively. The
piping test results of Sample B/AL-C-4-25/A-P-B (Section 3.4.4.1) tend
to support this conclusion. Bentonite is found to flow between crushed
tuff particles when higher hydraulic gradients are imposed. The piping
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model developed in this study, based on plastic flow theory, provides a
means to evaluate the critical hydraulic gradient at which bentonite
starts to flow. Input parameters for this model are the representative
pore diameter of a crushed rock system and the yield stress of bentonite
(depending upon its water content). This model has been validated with
results from the high injection pressure flow tests and from the piping
tests, The ratio between predicted and experimental critical hydraulic
gradients varies from 1.11 to 2.12.

The concept of yield stress and critical pressure gradient has been
extended to filter design. Filters with an effective pore diameter of
0.5 mm are necessary to prevent piping, erosion and flow of bentonite,
for water contents from 50 to 300% and hydraulic gradients no more than
1000. To prevent lateral migration of fine particles, which is possible
if the sealants are in contact with open joints and/or fractures,
discontinuities having apertures larger than 0.5 mm must be grouted.

Polyaxial flow test results indicate that a difference of up to one or
two orders of magnitude may be expected between the vertical and
horizontal permeabilities. The high horizontal permeability results
from the uneven bentonite distribution in the pores between crushed rock
grains due to particle segregation during sample installation and
compaction. The segregation can be seen in Figure 3.108. Increasing
the bentonite content from 25 to 35% reduces the vertical permeability
by almost one order of magnitude (from 1.7 x 108 to 2.5 x 1077 cm/s),
but changes the relatively high horizontal permeability only slightly
(1.4 vs. 1.9 x 1077 cm/s). This observation indicates that increasing
the bentonite content is likely to be an ineffective means to resolve
the problem of particle segregation.

6.2 Conclusions

Flow test results on the sedimented bentonite plugs indicate the
dependence of permeability on the molding water and permeant. The
bentonite sample deposited in and permeated with the synthetic groundwa-
ter gives a permeability (7 x 1078 cm/s) very similar to that of the
sample prepared and tested with deaired distilled water. Permeability
of bentonite can be reduced by molding or percolating with a dispersing
solution (e.g. 2% sodium pyrophosphate solution). In view of the
nonuniform water content distribution developed in bentonite, permeabil-
ity calculated based on the assumption that the sample is uniform should
be treated as some equivalent measure (for a system of layers) of a
sample’s ability to transmit water. To effectively minimize the
migration of gaseous radionuclides, highly compacted bentonite plugs at
low water content are recommended.

Mixtures of bentonite and crushed densely welded Apache Leap tuff can be
engineered to yield a low permeability, close to that of bentonite
itself. An appropriate composition for this purpose would contain at
least 25% bentonite by weight mixed with well-graded crushed rock. A
mixture containing 25% bentonite and 75% crushed tuff of type A (maximum
particle size of 9.42 mm) gradation appears to be a promising seal
material. Limited flow test results suggest that crushed tuff of FA or
FC gradations (Fuller-Thompson gradations, n = 0.5 and D, = 9.42 mm
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and 19.05 mm, respectively) may also be good candidates for mixing with
bentonite. The sealing performance of mixture plugs is enhanced by
increasing the amount of bentonite to 35%. The increase in bentonite
content improves the bentonite occupancy percentage and reduces the
water content of bentonite at saturation, giving better resistance to
piping, erosion and flow. Similar effects have been observed when
crushed rock constituting a Fuller-Thompson grading curve (e.g. type FA
with n = 0.5) is used.

Compaction and the amount of bentonite are decisive factors in producing
good mixture seals. The effectiveness of compaction in reducing
porosity is hindered by the soft bentonite buffer. To reduce the bulk
porosities of the mixture plugs containing 25% or more bentonite by
weight, a compaction energy higher than that of the standard Proctor
compaction is necessary. For a loosely or ineffectively compacted
mixture containing 25% bentonite or less, the sealing performance can be
damaged by dynamic disturbances. The influence of such disturbances is
greatly reduced when more bentonite is added.

Bentonite/crushed tuff mixtures tested in this study exhibit heterogene-
ity and anisotropy. A difference of up to one or two orders of magni-
tude can be expected between the vertical and horizontal permeabilities.
The high horizontal permeability results from the uneven bentonite
distribution in the pores between crushed rock particles due to particle
segregation during installation and compaction. Moreover, the contact
between adjacent compacted layers may serve as a preferential flow path.
Increasing the bentonite content from 25 to 35% reduces the vertical
permeability by nearly one order of magnitude but results in little
change in the horizontal permeability. Adequate sealing ability of
mixture plugs in the transverse direction may be necessary to minimize
the possibility of flow of groundwater or gases laterally into a
connected fracture system in a host rock formation. Compromising the
sealing ability in the transverse direction ultimately may jeopardize
the entire sealing performance if piping occurs laterally. This consid-
eration can be significant if seals are installed at locations inter-
cepted by joints and/or fractures.

Temperature has no negative effects on the sealing performance of
bentonite/crushed tuff plugs over the test range from room temperature
to 60° C. The specific permeability reaches a maximum at 35° C and
decreases with increasing temperature, indicating the effect of tempera-
ture on the structure of the samples. The decreases in the specific
permeability are likely due to the thermal expansion of crushed tuff
particles and the expansion of the diffuse double layer of bentonite.
The structural change is reversible over the temperature range tested.

The possibility for piping to occur in passageways that may be created
by the radial expansion of pores due to an increasing injection pressure
is small, except for the mixture plugs with a low bentonite content
(e.g. 15% by weight). The effect of pore expansion is believed to be
counteracted by pore clogging resulting from the migration of fine
particles. The fine particle migration is evidenced by the observation
of bentonite flow between crushed tuff aggregates. The migration
argument may be further supported by the breakdown of the linear
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relation between flow rate and hydraulic gradient observed in all high
injection pressure flow tests. The breakdown is believed to indicate
the onset of bentonite flow in the mixtures. For mixtures of type A
crushed tuff with 25% or 35% bentonite, piping damage is small if the
maximum hydraulic gradient does not exceed approximately 120 or 280,
respectively.

Piping can occur if bentonite is lost externally. The piping model
developed in this study combines yield stress characteristics of
bentonite and the flow of bentonite through capillaries. The model
provides an analytical means to determine the critical pressure gradient
at which bentonite of a given water content may start to flow. The
concept of yield stress and critical pressure gradient has been extended
to filter design. For bentonite with water content from 50 to 300% and
subjected to hydraulic gradients of no more than 1000, filters of an
effective pore diameter of no more than 0.5 mm are necessary to prevent
piping, erosion and flow of bentonite. If the sealants are in contact
with open joints and/or fractures, discontinuities having apertures
larger than 0.5 mm must be grouted to minimize the risk of lateral
migration of fine particles. The relation between yield stress of
bentonite and its water content can also be used in the design of
bentonite grouting.

The Kozeny-Carman equation has been reevaluated to improve the predict-
ability of the saturated permeability in clays. The modification made
to the Kozeny-Carman equation includes a correction factor to account
for the microstructural changes in clays, responding to changes in water
content. Permeability measurements of eleven bentonite samples obtained
in this study, along with five measurements reported in the literature,
are used to examine the validity of the model proposed. Predicted
bentonite permeabilities from the refined Kozeny-Carman equation agree
to within a factor of 0.8 to 3.75 with the experimental ones over a wide
range of void ratios. The prediction is within 34% of the measured
permeability for eleven out of sixteen samples.

Swelling pressures of bentonite can be predicted using the modified Yong
and Warkentin model as well as the Sridharan-Jayadeva model for low salt
concentrations. The former model gives predictions close to the
measured swelling pressures, with variations ranging from 0 to 25.8%.
Predicted swelling pressures from the Sridharan-Jayadeva’s model are
approximately 8 times higher than the experimental measurements.
Assuming a microstructure of three clay sheets per cluster and conse-
quently reducing the specific surface of montmorillonite (800 m%/g) by a
factor of three, the Sridharan-Jayadeva’s model yields predictions
comparable to the experimental results. The difference between predict-
ed and measured swelling pressures varies from 0 to 25.6%.

6.3 Recommendations

Several recommendations for future studies can be drawn from this
investigation:
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(1) High injection pressure flow tests and piping tests in the trans-
verse direction are recommended to evaluate the consequences of the
permeability anisotropy.

(2) If more homogeneous and isotropic bentonite/crushed tuff plugs are
deemed desirable, methods are needed to minimize particle segregation
and to assure a uniform distribution of the bentonite. The permeability
anisotropy may be reduced by introducing a layer of bentonite on top of
each compacted layer. The crushed rock, during subsequent compaction,
should carve into the bentonite layers above and below to tie together
adjacent lifts. This method deserves further investigation.

(3) In this study, precautions have been taken to reduce particle
segregation during sample installation, e.g. thoroughly mixed material
is emplaced by scooping. The differences observed between the vertical
and horizontal permeabilities therefore may only be minimal. Problems
caused by particle segregation and uneven distribution of bentonite are
expected to be more severe when the mixtures are used to seal small
diameter and/or long boreholes. A sealing performance evaluation of
small-diameter, long bentonite/crushed tuff plugs is warranted, particu-
larly with regard to the influence of installation methods.

(4) The proposed permeability model adequately predicts permeabilities
of Wyoming sodium bentonite mixed and permeated with distilled water.
The model is believed to be applicable for other fine-grained clays and
situations of different pore water chemistry. Different material type
and pore water chemistry likely result in changes only in the specific
surface and plastic limit. Further studies are recommended to verify
the validity of these postulates,

(5) For bentonite molded with distilled water, the yield stress is
expected to assume a minimum value due to the development of a disper-
sive microstructure. When the pore water chemistry changes, bentonite
can have a flocculated structure and thus a higher yield stress.
Studies of the influence of pore water chemistry on the yield stress of
bentonite are recommended.

(6) The effect of bentonite loss into fractures on the sealing perfor-
mance deserves further investigation. This effect may be evaluated by
conducting flow tests on seals installed in permeameters with rectangu-
lar slits of carefully controlled dimensions. Such a test configuration
is more representative of in-situ conditions than a circular opening in
the wall of a permeameter. While experiments on samples or boreholes in
rock containing fractures ultimately may be desirable to confirm any
results and conclusions from simulations, experiments in real rock are
likely to be complicated greatly by the complex geometry, aperture, and
flow path distribution experienced during investigationts of fracture
grouting (Sharpe and Daemen, 1991).

(7) Dynamic effects on the sealing performance of bentonite-based plugs
should be studied, in view of the possible disturbances caused by
earthquakes. For loosely emplaced mixture plugs containing 25% or less
bentonite by weight, dynamic disturbances can lead to failure in the
sealing ability of the plugs.
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(8) Throughout this report, the calculations assume that the seals are
homogeneous. Frequent observations, particularly with regard to water
content, indicate that the actual systems, after a longer or shorter
test period, tend to become highly nonuniform. The changes result from
water flow (and resulting water content redistribution), drying, or
water injection, as well as from bentonite flow. From the mechanisms
causing the changes and from the (small) number of measurements and
observations reported here, it appears highly likely that changes in
seal composition, and hence in associated properties, occur in very
systematic patterns. It should be possible, therefore, to incorporate
such variations within more realistic theoretical models, e.g. of
bentonite flow or of water flow. The development of such models, more
realistic descriptions of the physical behavior of the bentonite-water
system than presently used averaged properties, would seem very desir-
able. A correct accounting of non-uniform behavior would seem particu-
larly desirable for predictions of performance of seal systems over very
long periods of time, i.e. periods over which even the very low flow-
rates that can be expected in bentonite may be sufficient to cause
substantial differences in behavior and properties of different sections
of seals.

(9) The (relatively small number of measurements of) bond strengths of
seals constructed of crushed rock and bentonite and emplaced in bore-
holes in rock indicate that the bond strength of such seals is likely to
be small (probably less than 100 kPa, or 10 psi). If seals of the type
investigated here are to be subjected to significant axial loads, they
probably should be confined axially (e.g. by filling the entire hole, or
by supporting them with cementitious plugs). Further investigations are
needed to determine long-term bond strengths, particularly as they are
affected by water and by bentonite flow.

(10) Flow of bentonite in capillaries deserves further investigation.
The macroscopic analysis presented here may oversimplify the flow
patterns and mechanics. A detailed observation and description of
bentonite flow in capillaries should assist in identifying any major
shortcomings in presently available flow models.. This, in turn, will
allow the development of more complete models that account for all major
aspects of bentonite flow through capillaries. Such models would be
very desirable to predict long-term flow of bentonite, e.g. through pore
spaces in crushed rock matrices, and through fractures in the host rock.
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APPENDIX A

SAMPLE PREPARATION AND INSTALLATION PROCEDURE FOR PERMEABILITY TESTING

OF BENTONITE AND BENTONITE/CRUSHED TUFF PLUGS

1, Objective

The objective of this procedure is to prepare bentonite and
bentonite/crushed tuff samples for permeability testing. This procedure
consists of two parts: sample preparation and sample installation.

2. Apparatus

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

(9)

Balance (readable to 0.1 g)

Plastic mixing pan

Small plastic shovel or scoop

Distilled water supply

Sprayer

Plastic jar with air-tight cap

Standard proctor compactor (ASTM D698-78, 3.2.1)

A fabricated hammer compactor (1.16 1b, 0.53 kg hammer weight;
circular specimen contact of 1 in (25.4 mm) diameter)

Funnel with special extended cylindrical spout 1 in (25.4 mm) in
diameter. The length of the spout should be close to the full
length of the permeameter.

3 . Procedure

(1)

a.

Sample preparation

Bentonite samples

1. Weigh out an appropriate amount (W) of air-dried bentonite (with
predetermined water content w;) to the nearest 1 g. The bentonite
should have an excess 100-200 g over the weight needed for the
sample to be prepared.

2. Determine the weight of water to be added to the bentonite
to render a desired water content (w;). This weight can
be calculated using the following formula:

-
Waga=W*{—55 100

a

3. Add a small amount of distilled water to the bentonite and mix

thoroughly. Repeat this process several times until the water
added reaches the prescribed amount. Use a plant sprayer
to distribute the distilled water evenly across the sample.
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. Transfer the sample into a plastic jar with an air-tight cap. Let

the sample cure for at least 72 hours before installing it in the
permeameter.

b. Bentonite/crushed tuff samples

1.

(I1)

Select the weight ratio of air-dried bentonite vs. air-dried
crushed tuff.

. Select the desired grain size distribution curve for crushed tuff.

. Weigh out appropriate amounts of air-dried bentonite and of

crushed tuff. The combined weight of the bentonite and crushed
tuff should have an excess of 100 to 200 g, in appropriate
proportions, over the weight needed for sample construction.

. Prepare the bentonite to the desired water content following steps

1 to 3 in part a.

. Add the crushed tuff to the bentonite and mix thoroughly. (This

is designated as dry crushed tuff/wet bentonite mixing.)

. Transfer the sample into a plastic jar with air-tight cap. Let

the sample cure for at least 72 hours before emplacing it in
a permeameter.

. Alternatively, the crushed tuff can be added to the bentonite at

the end of step 3, followed by the addition of distilled water,
which is parallel to step 3 as described in part a. (This is
designated as wet crushed tuff/wet bentonite mixing.)

Sample installation

. Place a porous stone at the bottom of a permeameter. A layer of

clean sand of a desired thickness, with grain size between

0.841 mm (U.S standard #20) and 0.259 mm (U.S. standard #60), may
be emplaced before the placement of the porous stone such that the
sample length can either be reduced or measured from outside (when
a transparent PVC permeameter is used).

. Use a small shovel or scoop (if it can be lowered to placement

position) to transfer the sample to the permeameter by tilting it
at a small angle and sliding it back gradually toward the center
of the permeameter so that the sample is placed as a stripe from
the perimeter to the center. Turn 90 degrees for the next
placement. Repeat this process two more times. Spread the sample
gently and evenly over the area of the permeameter. For small
diameter permeameters, place the sample by pouring through funnels
with spouts long enough to reach the placement location.

. Repeat step 2 until the layer thickness is suitable for

compaction. ASTM D2434, 6.4 requires that the layer be
approximately equal in thickness, after compaction, to the maximum
size of the particles, but not less than about 15 mm (0.60 in).
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4. Compact each layer thoroughly by tamping uniformly using a sliding
weight Rammer compactor. For sample diameters greater than
50.8 mm (2 in), a manual rammer as specified by ASTM D698-78
(Standard Proctor Test), D3.2.1, shall be used to compact the
sample. A fabricated hammer compactor with hammer weight of
1.16 1b (0.53 kg) and circular specimen contact of 1 in (25.4 mm)
in diameter, shall be used for compacting samples of smaller
diameters. For either case, the drop height and the number of
drops per layer shall be adjusted to provide the same energy
input as for the Standard Proctor Test (593 kJ/m3;
12375 ft-1b/ft3).

5. Repeat steps 2 through 4 until the desired sample length is
reached.

6. Place a porous stone and/or a sand layer on top of the sample.
The sample may be further confined axially with a piston if a
stainless steel permeameter is used. This will hold the placement
density and volume of sample without significant change during the
saturation of the specimen. [NOTE: Any consolidation influences
during permeability testing (change of void ratio or sample
volume) will be monitored by the displacement of the piston rod.]
This step may be omitted for samples installed in PVC permeameters
to allow bentonite to swell during the saturation of the specimen
such that the swelling pressure can be reduced and will not damage
the PVC pipe. [NOTE: Measure, e.g. with a tape, changes of the
sample length during saturation and permeability testing.]
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APPENDIX B

EXPERTMENTAL PROCEDURE FOR PERMEABILITY TESTING
OF BENTONITE AND BENTONITE/CRUSHED TUFF PLUGS

1. Objective
This procedure covers the determination of the coefficient of
permeability for bentonite and bentonite/crushed tuff plugs. The

procedure includes three methods: constant head, standard falling head,
and double-pipette tests.

2. Apparatus

(A) Constant head method

1. Permeameters (PVC or stainless steel) (Figure B.1)

2. Constant-head reservoir

3. Outlet reservoir with overflow to maintain a constant water
level.

4, Measuring cylinders

5. Stop clock

6. Inflow and outflow tubing

7. Dial gage (for monitoring the displacement of piston rod of
stainless steel permeameter)

8. Precision tape or ruler (for measuring the sample length)

9. Helium tank (for high-pressure tests)

10. Gas-over-water pump (for high-pressure tests)
(B) Falling head method

1. Permeameters (PVC or stainless steel)

2. Precision pipettes and caps

3. Inflow and outflow tubing (stainless steel or high-pressure
rubber or plastic)

. Precision tape

. Stop clock

. Outlet reservoir with overflow to maintain a constant water level

o

3. Testing Procedure

Sample preparation and installation shall follow the procedures
described in Appendix A. ASTM D2434, 6.6.4, shall be followed for
sample saturation prior to permeability testing.

(A) Constant head method (Fig. B.2.a)

1. Connect the inlet of the permeameter with the constant head
reservoir. Remove any air trapped in the connecting tubing.
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Fig. B.2. Schematic of flow test set-ups: (a) standard constant head test, (b) standard falling head
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. Connect the outlet of the permeameter with the outlet reservoir.

Pinch or tap the connecting tubing to remove any trapped air.

. Place a graduated cylinder to catch the overflow of the outlet

reservoir.

. Cover the outlet reservoir and the graduated cylinder with

plastic sheet or aluminum foil to prevent evaporation.

. Calculate the cross-sectional area of the sample (A). Measure

the difference in the head between the water columns above and
below the sample (h). Record the time (t), amount of outflow
(Q), and sample length (L). The head difference (h) should be
adjusted if the sample length changes. Monitor and record the
test room temperature,

. Calculate the coefficient of permeability, K, as follows:

. _OL B.1
K FYon (B.1)

where K = coefficient of permeability (em/s)

Q = quantity of water discharged over t (cc)
L = sample length (cm)

A = cross-sectional area of specimen (cm?)

t =~ elapsed time of discharge (s)

h

head difference across the specimen (cm).

. To increase the rate of flow for samples of low permeability, a

gas pressure (e.g. compressed helium) can be applied to the
surface of the water supply (Lambe, 1951, p. 58). The surface of
the water supply should be covered with a membrane to reduce the
amount of gas going into solution. Alternatively, a gas-over-
water pump can be used for this purpose. The head difference is
then h plus the applied pressure changed to units of water head.

. The outflow can be collected under gravity fall in a graduated

cylinder. The water head at the bottom of the sample is equal
to the atmospheric pressure, and the surface tension is
assumed negligible.

(B) Falling head method

—— 7

1. Standard falling head method (Fig. B.2.b)

(a) Measure and record the inside diameter and calculate the
cross-sectional area of the pipette (a, cm®) and permeameter
(A, cm?) and sample length (L, cm).

(b) Measure the length of the entire graduation. Calculate the

length per unit volume (£, cm™®). Record the total volume for
the graduation of the pipette (V, cm’) .
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(c) Connect the necessary tubing and pipette according to Fig.
B.2.b. Especially if low pressure tubing is used between the
pipette and the permeameter, keep the length of tubing
to a minimum. This will minimize the effect of volume
changes due to the decrease of tubing diameter as the
hydrostatic pressure decreases.

(d) Measure the height between the level of outflow and the level
of the lowest graduate mark on the pipette. This will be the
reference height (H, cm).

(e) Fill the pipette with deaired distilled water and let the
water level drop.

(£f) When the water level drops within the graduation, record the
time (t;) and the graduation reading (V,). Calculate h,,
using the equation:

(g) At the time t, record the graduation reading (V2)° Calculate
h2 from:

hy=H+ (V, - V) x £

(h) The coefficient of permeability K can be computed from:

aL 1 'hl (2)

K=—2% __1n-1
A(t,-t,) b,

K = coefficient of permeability (cm/s)

a = cross-sectional area of the pipette (cm?)

A = cross-sectional area of the permeameter (cm?)
L = sample length (cm)

time when water in the pipette is at h,

t; = time when water in the pipette is at h,
height of water level at t,

height of water level at t,

t,-t; = duration of the permeability measurement(s).

in which

Ry
]

&
L |

(i) The outflow may be allowed to drain vertically under gravity
fall without using the outlet reservoir. The reference height
(H) should then be measured from the lowest graduate mark to
the bottom of the sample. It is advisable to cover the open
end of the pipette to minimize evaporation.

2. Double-pipette falling head method (Fig. B.2.c)
(a) Measure and record the inside diameter of the pipettes and of

the permeameter, and the sample length (L). Calculate the cross-
sectional area of the pipettes (a, cm?) and permeameter (A, cm?) .

246



(b)

(c)

(d)

(e)

(£)

(g)

(h)

(1)

where

Make sure that the inflow pipette and the outflow pipette
are of the same diameter and graduated length.

Measure the length of the pipette graduation (L.). Record the
total graduation volume (V,, cc). Calculate the length per unit
volume (£, cm™?), i.e. Ib/Vf.

Connect tubing and pipettes. Keep the tubing length as short
as possible.

Measure the height between the lowest graduation mark of the
outflow pipette and that of the inflow pipette. This will be the
reference height (H, cm).

Record the time ty, and read the water level in terms of the
graduation marks for the inflow pipette (V; ) and the outflow
pipette (V).

Calculate h1 as follows:
hy = H + (Vg - \/™) YA

Record the time t, and read the water levels in both pipettes as
described in step e.

Calculate hz-

out

where V ., and V; are the readings measured at time t,.

Calculate the coefficient of permeability K:

__aL . B (B.3)
KAttt V5,

K = coefficient of permeability (cm/s)

a = cross-sectional area of the pipette (cm?)

A = cross-sectional area of the permeameter (cm?)
L = sample length (cm)

t, = time when water in the pipette is at h,

t; = time when water in the pipette is at h,
height of water level at t,

h, = height of water level at t,

&
[
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APPENDIX C
FLOW TEST BESULTS OF COMPACTED BENTONITE PLUGS

Table C.1 First Test Sequence
Table C.2 Second Test Sequence
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Appendix ‘C.1 Results of Gompacted Bentonite Plug Flow Testing
” Elapsed
R Time Inflow Outflow Permeability Inflow Outflow Permeability Inflow Outflow Permeability
" (min) (cc) (cc) (cm/s) (ce) (cc) (cm/s) (ce) (cc) (cm/s)
g B-C-1-A B-C-1-B B-C-2-A
1
j 1635 0.1150 ~0.0175 0.602E-08 0.0950 0.0275 0.752E-08 0.100 0.025 0.161E-08
é 1355 0.0450 ~-0.0075 0.280E-08 0.0575 0.0050 0.465E-08 0.125 0.075 0.310E-08
N 1525 0.0550 -0.0025 0.350E-08 0.0650 0.0050 0.465E--08 0.125 0.025 0.207E-08
b3 1420 0.0600 -0.0050 0.395E-08 0.0700 0.0100 0.573E-08 0.100 0.000 0.148E--08
N 3845 0.1700 0.0050 0.467E-08 0.2050 0.0300 0.627E-08 0.250 0.100 0.192E-08
ﬂ 1930 0.0800 0.0025 0.442E-08 0.0975 0.0225 0.645E-08 0.125 0.100 0.247E-08
N ro 1445 0.0625 0.0075 0.503E-08 0.0700 0.0175 0.632E-08 0.125 0.075 0.293E-08
f ;g 1470 0.0750 0.0025 0.550E-08 0.0850 0.0125 0.697E-08 0.125 0.025 0.217E-08
0 1395 0.0725 0.0025 0.563E-08 0.0875 0.0150 0.775E-08 0.125 0.050 0.267E-08
,{ 2900 0.1575 0.0100 0.610E-08 0.1800 0.0325 0.782E-08 0.200 0.050 0.183E-08
? 1410 0.0750 0.0075 0.622E-08 0.0825 0.0150 0.743E-08 0.100 0.100 0.302E-08
X 1495 0.0825 0.0000 0.590E-08 - 0.0950 0.0200 0.833E-08 0.150 0.050 0.285E-08
E 1400 0.0700 0.0100 0.613E-08 0.0825 0.0150 0.758E-08 0.100 0.050 0.228E-08
. 1470 0.0725 0.0100 0.605E-08 0.0800 0.0225 0.765E-08 0.125 0.000 0.182E-08
1405 0.0725 0.0075 0.617E-08 0.0875 0.0225 0.865E-08 0.100 0.050 0.228E-08
1385 0.0700 0.0125 0.648E-08 0.0775 0.0225 0.802E-08 0.125 0.050 0.270E-08
1205 0.0625 0.0025 0.590E-08 0.0750 0.0175 0.858E-08 0.100 * 0.025 0.222E-08
¥ Sub-
: total: 1.3975 0.0475 1.5925 0.3125 2.200 0.850
1655 0.1625 0.0250 0.177E-07 0.0300 -0.0350 -0.467E-09% 0.150 0.075 0.387E-08
1585 0.0825 0.0300 0.112E-07 " 0.0275 -0.0100 0.170E-08 0.100 0.100 0.358E-08
1245 0.0500 0.0200 0.893E-08 0.0225 -0.0150 0.930E-09 0.050 0.000 0.114E-08
) 1500 0.0700 0.0200 0.960E-08 0.0225 -0.0300 ~0.773E-09% 0.100 0.000 0.190E-08
; 2830 0.1150 0.0475 0.928E-08 0.0500 -0.0150 0.192E~-08 0.150 0.075 0.227E-08
1465 0.0675 0.0225 0.100E-07 0.0425 -0.0000 0.450E-08 0.100 0.025 0.243E-08
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Appendix C.l Results of Compacted Bentonite Plug Flow Testing---Continued

Elapsed
Time Inflow Outflow Permeability 1Inflow Outflow Permeability 1Inflow Outflow Permeability
(min) (cc) (cc) (cm/s) (ce) (cc) (cm/s) (cc) (cc) (cm/s)
1805 0.0850 0.0250 0.100E-07 0.0475 -0.0100 0.323E-08 0.100 0.075 0.277E-08
1055 0.0475 0.0175 0.102E-07 0.0300 -0.0050 0.370E-08 0.075 0.025 0.272E-08
Sub-
total 0.6800 0.2075 0.2725 -0.1200 0.825 0.375
1455 0.0675 0.0175 0.100E-07 0.0450 0.0100 0.602E-08 0.075 0.050 0.248E-08
1440 0.0750 0.0150 0.108E-07 0.0550 -0.0100 0.500E-08 0.075 0.050 0.252E-08
1430 0.0600 0.0200 0.977E-08 0.0375 0.0000 0.420E-08 0.075 0.000 0.152E-08
1460 0.0625 0.0225 0.102E-07 0.0375 0.0000 0.413D-08 0.100 0.000 0.198E-08
1470 0.0800 0.0150 0.115E-07 0.0575 0.0000 0.632E-08 0.100 0.050 0.297E-08
1420 0.0700 0.0175 0.110E-07 0.0550 0.0100 0.743E-08 0.100 0.050 0.308E-08
1420 0.0725 0.0175 0.114E-07 0.0550 0.0000 0.632E-08 0.100 0.050 0.308E-08
1600 0.0825 0.0150 0.111E-07 0.0650 0.0000 0.667E-08 0.100 0.100 0.365E-08
1270 0.0700 0.0150 0.123E-07 0.0550 0.0000 0.713E-08 0.100 -0.050 0.115E-08
3020 0.1450 0.0325 0.109E-07 0.1175 0.0100 0.702E=08 0.200 0.100 0.292E-08
1285 0.0750 0.0100 0.124E-07 0.0625 0.0000 0.815E-08 0.075 0.000 0.172E-08
1480 0.0775 0.0150 0.118E-07 0.0650 0.0000 0.740E-08 0.100 0.050 0.298E-08
1375 0.0675 0.0100 0.108E-07 0.0600 0.0100 0.863E-08 0.125 0.050 0.375E-08
1470 0.0750 0.0125 0.115E-07 0.0650 0.0100 0.870E-08 0.075 0.000 0.150E-08
1480 0.0850 0.0100 0.125E-07 0.0725 0.0000 0.840E-08 0.100 0.025 0.248E-08
1540 0.0825 0.0100 0.118E-07 0.0750 0.0100 0.953E-08 0.125 0.000 0.240E-08
1100 0.0575 0.0100 0.121E-07 0.0500 0.0050 0.870E-08 0.050 0.050 0.268E-08
Sub-
total: 1.3050 0.265 1.0300 0.0550 1.675 0.575
1595 0.0850 0.0125 0.123E-07 0.0750 0.0100 0.940E-08 0.150 0.050 0.370E-08
1510 0.0950 0.0050 0.134E-07 0.0875 0.0050 0.109E-07 0.100 -0.025 0.147E-08
1410 0.0800 0.0075 0.127E-07 0.0725 0.0000 0.922E-08 0.100 0.000 0.210E-08
1415 0.0725 0.0125 0.124E-07 0.0675 0.0000 0.860E-08 0.100 0.100 0.418E-08



iz e T

FRTLAN

16¢

Appendix C.1 Results of Compacted Bentonite Plug Flow Testing--Continued

Elapsed
Time Inflow Outflow Permeability Inflow Outflow Permeability Inflow Outflow Permeability
(min) (cc) (cc) (cm/s) (cc) (cc) (cm/s) (ce) (cc) (cm/s)
1500 0.0950 0.0050 0.139E-07 0.0850 0.0000 0.103E-07 0.125 0.000 0.247E-08
1705 0.1075 0.0050 0.139E-07 0.1000 0.0050 0.113E-07 0.125 -0.050 0.131E-08
1650 0.0850 0.0075 0.119E-07 0.0800 0.0050 0.953E-08 0.125 0.025 0.270E-08
965 0.0700 0.0000 0.156E-07 0.0625 0.0050 0.130E-07 0.050 0.025 0.232E-08
1390 0.0700 -0.0125 0.897E-08 0.0775 0.0050 0.111E-07 0.100 0.000 0.215E-08
Sub-
total: 0.7600 0.0425 0.7075 0.0350 0.975 0.125
1465 0.0550 -0.0200 0.525E-08 0.0850 0.0075 0.122E-07 0.125 0.050 0.357E-08
1470 0.0350 -0.0225 0.187E-08 0.0700 0.0100 0.106E-07 0.125 0.050 0.355E-08
1700 0.0575 -0.0275 0.390E-08 0.0800 0.0075 0.101E-07 0.125 0.000 0.220E-08
1430 0.1025 -0.0200 0.128E-07 0.0800 0.0050 0.118E-07 0.075 0.000 0.157E-08
1205 0.0450 -0.0175 0.510E-08 0.0625 0.0075 0.116E-07 0.075 -0.025 0.124E-08
1385 0.0450 -0.0125 0.525E-08 - 0.0675 0.0125 0.117E-07 0.075 0.025 0.217E-08
1420 0.0650 -0.0200 0.713E-08 0.0800 0.0025 0.118E-07 0.125 0.000 0.263E-08
1655 0.0650 -0.,0200 0.615E-08 0.0850 0.0100 0.118E-07 0.100 0.000 0.182E-08
1220 0.0550 -0.0125 0.792E~-08 0.0650 0.0075 0.123E-07 0.100 0.025 0.308E-08
2545 0.1225 -0.0300 0.832E-08 0.1475 0.0075 0.128E-07 0.175 0.000 0.207E-08
670 0.0325 -0.0075 0.860E-08 0.0350 0.0025 0.119E-07 0.075 0.050 0.562E-08
1120 0.0500 -0.0100 0.827E-08 0.0625 0.0050 0.128E-07 0.075 0.025 0.270E-08
2910 0.1400 -0.0200 0.963E-08 0.1625 0.0100 0.128E-07 0.225 0.025 0.260E-08
2935 0.1350 -0.0200 0.928E-08 0.1500 0.0075 0.118E-07 0.175 0.000 0.180E-08
1385 0.0650 -0.0025 0.108E-07 0.0675 0.0075 0.121E-07 0.125 0.025 0.328E-08
1485 0.0800 -0.0075 0.118E-07 0.0850 0.0025 0.132E-07 0.125 0.000 0.255E-08
1405 0.0700 ~-0.0050 0.113E-07 0.0700 0.0050 0.121E-07 0.100 0.000 0.217E-08
1460 0.0700 -0.0050 0.109E-07 0.0800 0.0075 0.137E-07 0.075 0.050 0.260E-08
1600 0.0700 -0.0025 0.104E-07 0.0800 0.0050 0.123E-07 0.100 0.000 0.190E-08
1505 0.0875 -0.0025 0.141E-07 0.0825 0.0075 0.140E-07 0.175 0.050 0.455E-08
1145 0.0600 -0.0050 0.121E-07 0.0650 0.0025 0.139E-07 0.125 0.000 0.333E-08
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Appendix C.1 Results of Compacted Bentonite Plug Flow Testing--Continued

Elapsed

Time Inflow Outflow Permeability Inflow Outflow Permeability - Inflow Outflow Permeability
_(min) (cc) (cc) (cm/s) (cec) (ce) (cm/s) (ce) (ce) (cm/s)
3250 0.1825 -0.0125 0.134E-07 0.1800 0.0025 0.134E-07 0.275 0.050 0.307E-08
3945 0.2000 ~0.0025 0.131E-07 0.2025 0.0125 0.134E~07 0.250 0.000 0.195E-08
Sub-

total: 1.8900 -0.3050 2.145 0.155 3.000 0.400

TOTAL: 6.0325 0.2575 5.7475 0.4375 8.675 2.325

B-C-2-B B-C-4-A B-C~-4-B

1635 0.225 0.200 0.552E-08 1.200 1.100 0.905E-08 1.150 1.000 0.785E-08
1355 0.150 0.080 0.362E-08 0.875 0.750 0.781E-08 0.850 0.750 0.713E-08
1525 0.200 0.120 0.448E-08 0.950 0.775 0.745E--08 0.975 0.750 0.691E-08
1420 0.175 0.050 0.338E-08 0.875 0.775 0.774E-08 0.825 0.750 0.685E-08
3845 0.450 0.250 0.390E-08 2.325 1.900 0.746E-08 2.200 1.800 0.654E-08
1930 0.250 0.200 0.502E-08 1.075 1.100 0.782E-08 0.950 1.025 0.657E-08
1445 0.150 - 0.100 0.373E-08_ 0.750 0.750 0.730E-08 0.650 0.675 0.595E-08
1470 0.200 0.100 0.440E-08 0.825 0.725 0.749E-08 0.625 0.575 0.535E-08
1395 0.175 0.100 0.427E-08 0.775 0.650 0.734E-08 0.575 - 0.525 0.521E-08
2900 0.375 0.200 0.430E--08 1.550 1.375 0.736E-08 1.125 0.950 0.478E-08
1410 0.175 0.100 0.423E-08 0.725 0.700 0.749E-08 0.500 0.525 0.491E-08
1495 0.150 0.130 0.408E-08 0.775 0.700 0.739E-08 0.500 0.450 0.432E-08
1400 0.200 0.070 0.422E-08 0.700 0.650 0.730E-08 0.450 0.425 0.428E-08
1470 0.175 0.100 0.408E-08 0.700 0.650 0.703E-08 0.425 0.375 0.375E-08
1405 0.150 0.100 0.390E-08 0.675 0.575 0.688E-08 0.425 0.350 0.382E-08
1385 0.175 0.100 0.435E-08 0.625 0.575 0.676E-08 0.375 0.325 0.352E-08
1205 0.150 0.100 0.455E-08 0.600 0.550 0.751E-08 0.400 0.325 0.422E-08

Sub-

total: 3.525 2.100 16.00 14.300 13.000 11.575
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Appendix C,1 Results of Compacted Bentonite Plug Flow Testing--Continued

Elapsed
Time Inflow Outflow Permeability 1Inflow Outflow Permeability Inflow Outflow Permeability
(min) (cc) (cc) (cm/s) (cc) (cc) (cm/s) {cc) (cec) (cm/s)
1655 0.150 0.150 0.517E-08 0.950 0.900 0.931E-08 0.500 0.500 0.466E-08
1585 0.150 0.150 0.540E-08 0.750 0.800 0.826E-08 0.400 0.400 0.392E-08
1245 7 0.100 0.000 0.230E-08 0.600 0.475 0.738E-08 0.275 0.200 0.298E-08
1500 0.150 0.050 0.382E-08 0.750 0.500 0.719E-08 0.325 0.175 0.261E-08
2830 0.225 0.150 0.380E-08 1.200 1.100 0.712E-08 0.625 0.450 0.300E-08
1465 0.125 0.100 0.442E-08 0.625 0.575 0.729E-08 0.350 0.300 0.353E-08
1805 0.175 0.100 0.440E-08 0.725 0.650 0.686E-08 0.425 0.375 0.355E-08
1055 0.100 0.080 0.493E--08 0.425 0.500 0.797E-08 0.200 0.200 0.305E-08
Sut-
total: 1.175 0.780 6.025 5.500 3.100 2.600
1455 0.125 0.050 0.360E-08 0.575 0.475 0.669E-08 0.325 0.000 0.180E-08
1440 0.100 0.070 0.353E-08 0.525 0.500 0.666E-08 0.325 0.100 0.239E-08
1430 0.150 0.050 0.420E-08 0.475 0.425 0.594E-08 0.300 0.100 0.227E-08
1460 0.150 0.050 0.412E-08 0.500 0.400 0.587E-08 0.300 0.100 0.223E-08
1470 0.100 0.100 0.408E-08 0.500 0.450 0.621E-08 0.350 0.200 0.306E~-08
1420 0.150 0.080 0.488E-08 0.400 0.450 0.580E-08 0.300 0.250 0.319E-08
1420 0.150 0.070 0.468E-08 0.400 0.350 0.516E-08 0.300 0.250 0.320E-08
1600 0.150 0.050 0.378E-08 0.400 0.275 0.415E-08 0.325 0.100 0.221E-08
1270 0.125 0.080 0.488E-08 0.325 0.275 0.467E-08 0.275 0.200 0.312E-08
3020 0.275 0.120 0.397E-08 0.725 0.725 0.480E-08 0.625 0.500 0.313E-08
1285 0.150 0.100 0.592E-08 0.300 0.275 0.451E-08 0.275 0.250 0.346E-08
1480 0.100 0.100 0.412E-08 0.350 0.350 0.480E-08 0.325 0.250 0.330E-08
1375 0.050 0.050 0.222E-08 0.300 0.250 0.409E-08 0.275 0.175 0.279E-08
1470 0.250 0.050 0.625E-08 0.300 0.300 0.419E--08 0.300 0.225 0.306E-08
1480 0.150 0.100 0.518E-08 0.325 0.300 0.437E-08 - - -
1540 0.150 0.000 0.300E-08 0.325 0.175 0.338E-08 - ~ -
1100 0.100 0.050 0.420E-08 0.250 0.125 0.356E-08 - -~ -
Sub-
total 2.425 1.170 6.975 6.100 4.600 2.700




Appendix C.l Results of Compacted Bentonite Plug Flow Testing--Continued

AT

Elapsed
Time Inflow Outflow Permeability Inflow Outflow Permeability Inflow Outflow  Permeability
(min) (cc) (cc) (cm/s) (cc) (ce) (cm/s) (cec) (cec) (cm/s)
1595 0.200 0.130 0.632E-08 0.375 0.450 0.538E~08 - -
1510 0.125 0.020 0.293E-08 0.325 0.100 0.295E-08 0.950 0.850E-08
1410 0.150 0.050 0.435E-08 0.275 0.200 0.355E-08 0.850 0.820E-08
1415 0.150 0.100 0.542E-08 0.300 0.350 0.486E-08 0.800 0.773E-08
1500 0.175 0.050 0.462E-08 0.300 0.150 0.320E-08 0.850 0.780E-08
1705 0.175 0.000 0.317E-08 0.350 0.150 0.314E-08 1.000 0.813E-08
1650 0.150 0.080 0.430E-08 0.325 0.175 0.326E-08 0.900 0.761E-08
965 0.100 0.020 0.383E-08 0.225 0.200 0.476E--08 0.550 0.800E-08
1390 0.175 0.100 0.612E-08 0.275 0.200 0.371E-08 0.775 0.786E-08
Sub-
total: 1.300 0.550 2.750 1.975 6.675
1465 0.150 0.080 0.487E-08 0.325 0.275 0.452E-08 0.750 0.741E-08
1470 0.150 0.050 0.423E-08 0.250 0.200 0.340E-08 0.775 0.767E-08
1700 0.150 0.070 0.403E-08 0.325 0.150 0.312E-08 0.900 0.775E-08
1430 0.150 0.000 0.327E-08 0.250 0.100 0.274E-08 0.750 0.773E-08
1205 0.100 0.030 0.337E-08 0.250 0.100 0.327E-08 0.650 0.799E-08
1385 0.125 0.100 0.508E-08 0.250 0.275 0.429E-08 0.675 0.726E-08
1420 0.175 0.070 0.540E-08 0.300 0.075 0.300E-08 0.725 0.765E-08
1655 0.150 0.030 0.342E-08 0.275 0.250 0.362E-08 0.825 0.751E-08
1220 0.125 0.070 0.503E-08 0.225 0.100 0.306E-08 0.650 0.807E-08
2545 0.250 0.080 0.408E-08 0.500 0.300 0.363E-08 1.300 0.780E-08
670 0.075 0.050 0.590E-08 0.100 0.125 0.390E-08 0.300 0.688E-08
1120 0.100 0.020 0.338E-08 0.200 0.125 0.338E-08 0.600 0.826E-08
2910 0.300 0.150 0.490E-08 0.600 0.550 0.465E-08 1.450 0.775E-08
2935 0.300 0.100 0.433E-08 0.475 0.225 0.283E-08 1.475 0.791E-08
1385 0.125 0.030 0.357E-08 0.225 0.125 0.302E-08 0.675 0.774E-08
1485 0.175 0.070 0.527E-08 0.300 0.100 0.324E-08 0.750 0.807E-08
1405 0.125 0.030 0.353E-08 0.200 0.075 0.236E-08 0.675 0.772E-08
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Appendix C.1 Results of Compacted Bentonite Plug Flow Testing--Continued

Elapsed

Time Inflow Outflow Permeability Inflow Outflow Permeability Inflow Outflow Permeablility

_(min) (cc) (cc) (cm/s) (cc) (cc) (cm/s) (cc) (cec) (cm/s)
1460 0.150 0.070 0.483E-08 0.300 0.225 0.436E-08 0.700 - 0.775E-08
1600 0.150 0.100 0.502E-08 0.250 0.325 0.438E-08 0.725 - 0.737E-08
1505 0.150 0.050 0.428E-08 0.250 0.125 0.306E-08 0.775 - 0.843E-08
1145 0.125 0.030 0.437E-08 0.200 0.075 0.296E-08 0.575 - 0.826E-08
3250 0.325 0.020 0.343E-08 0.600 0.325 0.353E-08 1.625 - 0.831E-08
3945 0.375 0.130 0.415E-08 0.600 0.275 0.278E-08 2.050 - 0.877E-08

Sub-

total: 4,000 1.430 7.250 4.500 20.375 -

TOTAL: 12.425 6.030 39.000 32.375 47.750 -

*A negative permeability value

has no physical meaning.




Table C.2.,1 Flow Test Record for Sample
B-C-1-A.
Cumu-—
lative K
AT Time Inflow Outflow (% 10_7
(Min) (Days) (cc) (ce) cm/s)
1600 1.111 0.23 0.05 0.3020
1470 2.132 0.14 0.05 0.2266
1440 3.132 0.16 0.05 0.2537
1390 4.097 0.13 0.05 0.2287
1660 5.250 0.14 0.05 0.2112
1270 6.132 0.11 0.04 0.2148
1555 7.212 0.12 0.05 0.1991
1325 8.132 0.13 0.04 0.2446
1410 9.111 0.11 0.04 0.2025
1250 9.979 0.10 0.03 0.2080
1670 11.139 0.14 0.04 0.2118
2485 12.865 0.32 0.06 0.3134
1800 14.115 0.00 0.04 0.0465
1445 15.118 0.11 0.03 0.2048
1435 16.115 0.11 0.03 0.2094
1440 17.115 0.10 0.03 0.1966
1396 18.084 0.10 0.02 0.1937
1405 19.060 0.08 0.03 0.1751
1395 20.028 0.09 0.03 0.1908
1610 21.147 0.12 0.03 0.2107
1440 22.147 0.10 0.02 0.1987
1355 23.088 0.09 0.03 0.2098
1480 24.115 0.10 0.02 0.1908
2900 26.129 0.18 0.05 0.1904
2865 28.119 0.18 0.04 0.1937
1365 29.067 0.09 0.02 0.2028
1505 30.112 0.10 0.02 0.2040
1445 31.115 0.10 0.02 0.2065
1705 32.299 0.11 0.02 0.2095
2580 34.091 0.14 0.04 0.1868
1480 35.119 0.10 0.02 0.2279
1450 36.126 0.09 0.01 0.2068
1465 37.143 0.10 0.01 0.2078
1475 38.167 0.09 0.02 0.2196
2845 40.143 0.16 0.03 0.2011
1648 41.287 0.11 0.01 0.2292
2637 43.119 0.20 0.00 0.2429
4.59 1.14

Totals:
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Table C.2.,2 Flow Test Record for Sample

B-C-1-B.
Cumu-
lative X
AT Time Inflow Outflow (x 107/
(Min) (Days) (ce) . (ce) cm/s)
1600 1.111 0.23 0.05 0.2914
1470 2.132 0.15 0.05 0.2263
1440 3.132 0.12 0.04 0.1930
1390 4.097 0.13 0.04 0.2216
1660 5.250 0.13 0.05 0.1912
1270 6.132 0.10 0.03 0.1971
1555 7.212 0.13 0.05 0.1983
1325 8.132 0.11 0.04 0.2153
1410 9.111 0.11 0.03 0.1853
1250 9.979 0.10 0.02 0.1776
1670 11.139 0.13 0.04 0.1921
2485 12.865 0.17 0.01 0.1470
1800 14.115 0.13 0.08 0.2318
1445 15.118 0.11 0.03 0.1889
1435 16.115 0.10 0.03 0.1784
1440 17.115 0.09 0.02 0.1656
1396 18.084 0.09 0.02 0.1729
1405 19.060 0.08 0.03 0.1625
1395 20.028 0.09 0.03 0.1772
1610 21.147 0.11 0.03 0.1827
1440 22.147 0.10 0.02 0.1880
1355 23.088 0.08 0.02 0.1693
1480 24.115 0.10 0.02 - 0.1761
2900 26.129 0.17 0.05 0.1752
2865 28.119 0.17 0.03 0.1695
1365 29.067 0.08 0.02 0.1678
1505 30.112 0.09 0.01 0.1744
1445 31.115 0.09 0.02 0.1926
1705 32.299 0.11 0.02 0.1767
2580 34.091 0.13 0.04 0.1635
1480 35.119 0.09 0.01 0.1890
1450 36.126 0.09 0.01 0.1819
1465 37.143 0.09 0.01 0.1825
1475 38.167 0.08 0.01 0.1745
2845 40.143 0.16 0.03 0.1796
1648 41.287 0.11 0.01 0.1925
2637 43.119 0.18 -0.01 0.1938
Totals: 4.34 1.04
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Table C.2.3

Flow Test Record for Sample

B-C-2-A.
Cumu-
lative K
AT Time Inflow Outflow (% :LO—7
(Min) (Days) (ce) (cc) cm/s)
1600 1.111 0.22 0.10 0.0592
1470 2.132 0.15 0.10 0.0497
1440 3.132 0.15 0.08 0.0457
1390 4.097 0.15 0.05 0.0422
1660 5.250 0.15 0.05 0.0354
1270 6.132 0.15 0.05 0.0463
1555 7.212 0.15 0.08 0.0426
1325 8.132 0.10 0.07 0.0390
1410 9.111 0.13 0.00 0.0262
1250 9.979 0.15 0.08 0.0533
1670 11.139 0.13 0.05 0.0311
2485 12.865 0.22 0.08 0.0359
1800 14.115 0.15 0.10 0.0414
1445 15.118 0.13 0.05 0.0361
1435 16.115 0.10 0.02 0.0260
1440 17.115 0.13 0.00 0.0260
1396 18.084 0.13 0.03 0.0322
1405 19.060 0.10 0.00 0.0213
1385 20.028 0.13 0.03 0.0323
1610 21.147 0.13 0.05 0.0327
1440 22.147 0.13 0.05 0.0366
1355 23.088 0.10 0.08 0.0389
1480 24.115 0.10 0.00 0.0204
2900 26.129 0.25 0.08 0.0339
2865 28.119 0.22 0.02 0.0265
1365 29.067 0.10 0.00 0.0222
1505 30.112 0.10 0.00 0.0202
1445 31.115 0.10 0.03 0.0263
1705 32.299 0.15 0.05 0.0357
2580 34.091 0.18 0.05 0.0266
1480 35.119 0.13 0.05 0.0361
1450 36.126 0.13 0.03 0.0317
1465 37.143 0.10 0.00 0.0209
1475 38.167 0.13 0.00 0.0260
2845 40.143 0.20 0.10 0.0324
1648 41.287 0.13 0.10 0.0421
2637 43.119 0.28 0.00 0.0322
Totals: 5.33 1.67
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Table C.2.4

Flow Test Record for Sample

B-C-2-B.
Cumu-—
lative | 4
AT Time Inflow Outflow (x 10”7
(Min) (Days) (ce) (ce) cm/s)
1600 1.111 0.10 0.05 0.0279
1470 2.132 0.15 0.10 0.0506
1440 3.132 0.17 0.05 0.0466
1390 4.097 0.15 0.05 0.0430
1660 5.250 0.17 0.05 0.0406
1270 6.132 0.15 0.05 0.0472
1555 7.212 0.15 0.07 0.0435
1325 8.132 0.15 0.05 0.0454
1410 9.111 0.13 0.05 0.0374
1250 9.979 0.15 0.08 0.0543
1670 11.139 0.15 0.05 0.0362
2485 12.865 0.28 0.08 0.0427
1800 14.115 0.20 0.13 0.0549
1445 15.118 0.13 0.07 0.0422
1435 16.115 0.15 0.03 0.0372
1440 17.115 0.15 0.05 0.0425
1396 18.084 0.13 0.03 0.0329
1405 19.060 0.15 0.05 0.0436
1395 20.028 0.13 0.05 0.0385
1610 21.147 0.15 0.10 0.0478
1440 22.147 0.15 0.02 0.0375
1355 23.088 0.13 0.08 0.0467
1480 24.115 0.14 0.05 0.0408
2900 26.129 0.27 0.10° 0.0401
2865 28.119 0.28 0.07 0.0380
1365 29.067 0.15 0.03 0.0400
1505 30.112 0.13 0.05 0.0363
1445 31.115 0.15 0.08 0.0487
1705 32.299 0.17 0.05 0.0414
2580 34.091 0.25 0.10 0.0426
1480 35.119 0.13 0.07 0.0426
1450 36.126 0.15 0.03 0.0381
1465 37.143 0.15 0.05 0.0432
1475 38.167 0.13 0.03 0.0322
2845 40.143 0.28 0.17 0.0502
1648 41.287 0.17 0.13 0.0580
2637 43.119 0.28 0.03 0.0363
Totals: 6.18 2.35
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Table C.2.5 Flow Test Record for Sample

B-C-4-A.
Cumu-
lative K
AT Time Inflow Outflow (x 10_7
(Min) (Days) (cc) (cc) cm/s)
1600 1.111 0.40 0.25 0.0395
1470 2.132 0.33 0.20 0.0349
1440 3.132 0.30 0.13 0.0290
1390 4.097 0.33 0.18 0.0355
1660 5.250 0.30 0.10 0.0239
1270 6.132 0.25 0.10 0.0274
1555 7.212 0.33 0.23 0.0354
1325 8.132 0.28 0.22 0.0379
1410 9.111 0.30 0.20 0.0358
1250 9.979 0.22 0.10 0.0260
1650 11.125 0.35 0.10 0.0268
2485 12.851 0.47 0.15 0.0251
1800 14.101 0.35 0.38 0.0405
1445 15.104 0.27 0.25 0.0368
1435 16.101 0.28 0.10 0.0266
1440 17.101 0.22 0.13 0.0248
1396 18.070 0.28 0.05 0.0238
1405 19.046 0.22 0.15 0.0274
1395 20.015 0.25 0.10 0.025%
1610 21.133 0.30 0.22 0.0338
1440 22.133 0.25 0.28 0.0380
1355 23.074 0.27 0.20 0.0363
1480 24.101 0.13 0.10 0.0163
2900 26.115 0.50 0.33 0.0301
2865 28.105 0.50 0.20 0.0260
1365 29.053 0.23 0.02 0.0196
1505 30.098 0.27 0.10 0.0268
1445 31.101 0.25 0.23 0.0355
1705 32.285 0.30 0.23 0.0334
2580 34.077 0.40 0.30 0.0296
1480 35.105 0.25 0.20 0.0334
1450 36.112 0.22 0.10 0.0247
1465 37.129 0.28 0.05 0.0246
1475 38.153 0.22 0.15 0.0283
2845 40.129 0.48 0.50 0.0384
1648 41.274 0.30 0.40 0.0480
2637 43.105 0.40 0.10 0.0216
Totals: 11.27 6.80
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APPENDIX D

FLOW TEST RESULTS OF THE 10.16 CM DIAMETER
MIXTURE SAMPLES INSTALLED IN PVC PEBRMEAMETERS

(First Test Sequence)
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Permeability results of Sample B/AL-C-4-25/C, using constant head method. 1Injectlon
pressures = 2, 4, 8, 15, 20, 30 and 40 psi (138, 27.6, 55.2, 103.4, 138, 206.9 and 275.9
kPa).
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APPENDIX E

FLOW TEST RESULTS OF THE 10.16 CM DIAMETER
MIXTURE SAMPLES INSTALLED IN PVC PERMEAMETERS

(Second and Third Test Sequences)
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Figure E.1 Permeability results of Sample B/AL-C-4-25/C at injection pressures = 138,
345 and 552 kPa (20, 50 and 80 psi).
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Figure E.2 Permeability results of Sample B/AL~C-4-25/C at injection pressures = 207,
414 and 621 kPa (30, 60 and 90 psi).
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Figure E.3 Permeability results of Sample B/AL-C-4-25/C at injection pressures = 104,
276 and 483 kPa (15, 40 and 70 psi).
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Figure E.4 Permeability results of Sample B/AL-C-4-35/B at injection pressures =
345 and 552 kPa (20, 50 and 80 psi).
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Figure E.5 Permeability results of Sample B/AL-C-4-35/B at injection pressures = 207,
414 and 621 kPa (30, 60 and 90 psi).
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Figure E.7 Permeability results of Sample B/AL-C-4-35/C at injection pressures = 138,
345, and 552 kPa (20, 50, and 80 psi).
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Figure E.8 Permeability results of Sample B/AL-C-4-35/C at injection pressures = 207,
414, and 621 kPa (30, 60, and 90 psi).
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Figure E.10 Cumulative inflow and outflow vs. time for
Sample B/AL-C-4-25/C.
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Figure E.13 Permeability results of samples B/AL-G-4-25/A and B/AL-C-4-
35/A at injection pressures of 207 and 345 kPa (30 and 50
psi). Hydraulic gradient: 200 to 208 for the former
injection pressure, 333 to 347 for the latter.
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Figure E.14 Permeability results of samples B/AL-G-4-25/B and B/AL-C-4-
35/B at injection pressures of 207 and 345 kPa (30 and 50
psi). Hydraulic gradient: 193 to 211 for the former
injection pressure, 321 to 351 for the latter.
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Figure E.15 Permeability results of samples B/AL-C-4-25/C and B/AL-C-4-
35/C at injection pressures of 207 and 345 kPa (30 and 50
psi). Hydraulic gradient: 186 to 208 for the former
injection pressure, 310 to 347 for the latter.
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Figure E.16 Cumulative inflow and outflow vs. time for sample B/AL-G-4-
25/A (top: injection pressure = 207 kPa; bottom: injection
pressure = 345 kPa).
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25/B (top: injection pressure = 207 kPa; bottom: injection
pressure = 345 kPa).
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pressure = 345 kPa).
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Figure E.19 Cumulative inflow and outflow vs. time for sample B/AL-GC-4-

35/A (top: injection pressure = 207 kPa; bottom: injection
pressure = 345 kPa).
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Figure E.22 Upward and downward permeability of sample B/AL-C-4-25/A
under injection pressures of 207 kPa (30 psi) and 273 kPa

(40 psi). Hydraulic gradient: 208.4-210.3 (top), 273.8-278.6

(bottom) .
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(bottom). .
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(bottom).
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_under injection pressures of 207 kPa (30 psi) and 276 kPa
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(bottom) .
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APPENDIX F

EXPERIMENTAL RECORDS OF PIPING TESTS
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Table F.1 Flow Test Results of Sample B/AL-C-4-25/A-P-B

AT Inflow Outflow Permeability*
(min) (ce) (cc) (cm/s)
a. Before piping: (x 10-8 cm/s)
1247 1.35 0.70 3.081
1665 1.35 1.20 2.350
3073 2.20 2.55 2.125
1355 0.85 0.60 1.902
1363 0.55 0.65 1.236
1385 0.70 1.20 1.562
1512 0.875 0.75 1.809
1426 1.00 0.65 2.222
1358 0.85 1.25 2.011
1430 1.00 0.75 2.278
1445 0.80 0.60 1.829
1396 0.60 0.60 1.435
1705 1.12 0.75 2.233
1307 0.25 0.65 0.654
1380 0.70 0.65 1.749
1514 0.675 0.65 1.554
1610 1.15 0.60 2.527
1304 0.475 0.70 1.306
1330 0.475 0.60 1.291
1445 0.525 0.65 1.324
1382 0.475 0.55 1.264
1422 0.675 0.60 1.762
1283 0.825 0.55 2.419
1530 0,725 0.65 1.807
TOTALS: 20.2 - 19.1
b. After piping: (x 10-6 cm/s)
43 12.2 11.95 1.513
20 5.77 6.2 1.68
53 29.13 30.1 3.182
32 7.47 7.9 1.426
41 9.97 10.2 1.443
39 23.62 24,1 3.408
36 22.96 23.75 3.741
29 17,32 18.2 3.673
TOTALS: 128.44 132.4

*Based on outflow.
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Table F.2 Flow Test Results of Sample B/AL-C-4-25/A-P-A

Cumulative Elapsed Inflow Outflow Hydr. Permeability

Time(days) Time(min) (cc) (cc) Gradient (cm/s)
0.202 291. 1.559 0.000 23.44 0.0000E+00
0.729 759. 0.520 0.000 23.43 0.0000E+00
1.235 729. 1.039 0.050 23.62 0.5970E-09
1.710 683. 1.040 0.150 23.42 0.1927E-08
2.040 475. 0.000 0.600 23.23 0.1118E-07
2.720 980. 1.039 0.450 23.61 0.3999E-08
2.960 346. 0.000 0.550 23.23 .0.1407E-07
3.662 1011. 1.040 0.650 23.79 0.5555E-08
4.020 515. 0.520 0.800 23.60 0.1353E-07
4,665 929. 1.039 0.650 23.97 0.6000E-08
5.152 701. 0.520 0.950 23.78 0.1172E-07
5.676 755. 0.520 0.400 24.16 0.4509E-08
6.191 741. 0.520 0.800 23.77 0.9335E-08
6.667 685. 0.520 0.450 24.34 0.5549E-08

9.875 6.500
0.083 119. 2.079 0.200 38.30 0.9022E-08
0.186 149, 0.000 0.500 38.29 0.1802E-07
0.313 183. 0.520 0.400 38.10 0.1179E-07
0.524 303. 1.040 0.450 38.28 0.7975E-08
1.051 759. 1.559 1.400 38.28 0.9906E-08

5.198 2.950
0.324 466, 0.000 1.100 37.92 0.1280E-07
0.612 415, 0.520 0.700 37.91 0.9146E-08
1.014 579. 1.559 1.000 38.10 0.9319E-08
1.277 379. 0.000 0.800 37.90 0.1145E-07
1.499 320. 1.040 0.400 38.47 0.6680E-08
2.003 725. 1.559 1.400 38.08 0.1042E-07
2.317 453. 0.520 1.000 37.89 0.1198E-07
2.562 352. 0.520 0.600 38.27 0.9157E-08
2.972 591. 1.559 1.000 38.26 0.9091E-08
3.308 483, 0.000 1.000 37.88 0.1124E-07
4.015 1019, 2.599 1.700 38.25 0.8966E-08
5.005 1425. 3.119 2.750 38.42 0.1032E-07
5.485 692. 0.520 1.250 38.23 0.9714E-08
5.985 720. 2.079 1.150 38.41 0.8549E-08
6.253 386. 0.520 1.000 37.83 0.1408E-07
7.022 1107. 1.559 1.800 38.21 0.8749E-08
7.291 387. 0.520 0.950 37.82 0.1334E-07
8.000 1021. 2.599 1.450 38.38 0.7606E-08
8.122 176. 0.000 0.450 37.81 0.1390E-07

20.790 21.500
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Cumulative Elapsed Inflow Outflow Hydr. Permeability

Time(days) Time(min) (cc) (cc) Gradient _ (cm/s)
0.119 171. 2.079 0.600 52.92 0.1363E-07
0.845 1046. 5.198 2.800 53.09 0.1037E-07
1.169 466, 0.520 1.800 52.69 0.1507E-07
1.905 1060. 4.678 2.950 53.25 0.1074E-07
2.181 398. 0.520 0.450 52.86 0.4397E-08
2.892 1024, 3.638 3.650 53.03 0.1382E-07
4.169 1839. 4.678 5.750 53.01 0.1212E-07
4,849 978. 4.158 2.450 53.18 0.9684E-08
5.173 467 . 0.520 1.800 52.79 0.1501E-07
5.916 1070. 3.119 2.800 -52.78 0.1019E-07
6.158 348 . 0.520 1.200 52.58 0.1348E-07

29.626 26.250
0.197 283. 3.638 1.000 68.25 0.1064E-07
0.697 721. 3.638 2.650 68.23 0.1107E-07
1.028 477. 1.039 2.200 67.84 0.1398E-07
1.242 307. 2.079 1.150 68.21 0.1129E-07
1.741 719. 3.119 2.900 68.01 0.1219E-07
2.746 1447 . 5.717 6.000 68.17 0.1250E-07
3.024 400, 1.559 1.700 67.78 0.1289E-07
3.733 1022. 5.198 3.600 68.52 0.1057E-07
3.957 322. 0.520 1.500 67.74 0.1414E-07
4.754 1148. 4,678 4,250 68.30 0.1114E-07
5.652 1293. 5.717 5.000 68.08 0.1168E-07
5.972 461 . 1.559 2.150 67.68 0.1417E-07

38.462 34.100
0.237 341. 4,158 2.050 84.69 0.1459E-07
0.744 ~  731. 4.678 3.550 84.47 0.1182E-07
1.049 439, 1.559 2.500 83.89 0.1396E-07
1.674 900. 5.717 4,650 84.25 0.1261E-07
2.036 521. 2.079 2.850 83.47 0.1347E-07
2.753 1032. 6.237 5.100 84.02 0.1209E-07
3.100 500. 2.599 2.700 84.00 0.1322E-07
3.785 987. 5.198 5.000 83.98 0.1240E-07
4.003 314. 1.040 1.700 83.96 0.1326E-07
4.733 1050. 6.237 4,750 84.13 0.1105E-07
5.088 511. 2.599 2.650 84.11 0.1268E-07
5.902 1173. 6.237 5.550 84.09 0.1157E-07
6.693 1139. 5.717 5.350 84.05 0.1149E-07

54.055 48.400
0.171 246. 2.079 2.150 98.97 0.1815E-07
0.371 288. 2.079 1.800 98.96 0.1298E-07
0.563 276. 2.079 1.450 99.13 0.1089E-07
1.047 697. 3.638 4.100 99.12 0.1220E-07
1.322 397. 2.599 2.500 98.91 0.1309E-07
2.019 1003. 6.237 5.650 99.46 0.1164E-07
2.513 712. 3.638 4.400 99.24 0.1280E-07
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Cumulative Elapsed Inflow Outflow Hydr. Permeability

Time(days) Time(min cc cc Gradient cm/s
3.043 763. 5.198 4.400 99.60 0.1190E-07
3.335 420. 2.599 2.950 99.39 0.1453E-07
3.983 934. 5.717 5.400 99.37 0.1196E-07
4.362 545, 3.638 3.450 99.35 0.1310E-07
5.031 963. 6.237 5.400 99.32 0.1161E-07

45.739 43.650
0.074 106. 1.559 0.950 119.91 0.1537E-07
0.349 396. 3.119 3.250 119.90 0.1407E-07
1.014 958. 8.316 7.500 119.87 0.1343E-07
1.294 404 . 2.599 3.600 119.65 0.1531E-07
1.933 920. 8.836 8.150 119.81 0.1520E-07
2.316 551. 4,158 4,650 119.40 0.1453E-07
2.978 954 . 7.796 7.200 119.55 0.1298E-07
36.383 35.300
0.130 187. 2.599 2.200 135.79 0.1781E-07 -
0.327 284, 2.599 2.700 135.77 0.1439E-07
0.588 376. 3.638 3.300 135.95 0.1327E-07
1.041 652. 5.717 5.700 135.92 0.1322E-07
1.339 429, 3.638 3.700 135.52 0.1308E-07
1.924 843. 6.757 6.400 135.68 0.1150E-07
2.312 558. 4.158 4.600 135.46 0.1251E-07
2.961 935. 7.277 6.500 135.81 0.1052E-07
3.041 115. 1.040 0.900 135.60 0.1186E-07
37.423 36.000
0.097 140. 2.599 1.500 151.67 0.1452E-07
0.256 229. 2.079 2.450 151.66 0.1450E-07
0.965 1021. 9.356 9.050 151.63 0.1202E-07
1.188 321. 2.599 3.200 151.60 0.1352E-07
1.483 424, 5.198 4,600 151.58 0.1471E-07
2.040 803. 8.316 8.000 151.54 0.1351E-07
2.296 368. 3.119 3.300 151.51 0.1217E-07
2.544 358. 3.119 3.100 151.50 0.1175E-07
2.941 571. 5.198 4,800 151.48 0.1141E-07
3.106 237. 2.079 2.150 151.08 0.1234E-07
43,660 42.150
0.142 205. 3.119 2.050 166.95 0.1231E-07
0.851 1021. 10.395 10.450 166.73 0.1262E-07
1.199 500. 4,678 4,950 166.31 0.1224E-07
1.824 900. 8.316 8.100 166.66 0.1110E-07
2.156 478. 4,158 3.900 166.62 0.1007E-07
2.906 1080. 8.316 8.250 166.59 0.9426E-08
3.138 335. 3.119 2.750 166.18 0.1015E-07
42.100 40.450
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Cumulative Elapsed Inflow Outflow Hydr.  Permeability

1me§dax ) Time(min) (cc) (cec) Gradient (cm/s)
0.688 990. 14.553 12.200 196.98 0.1286E-07
0.983 426, 4.678 4.650 196.75 0.1141E-07
1.303 460, 5.717 4.600 197.10 0.1043E-07
1.739 628. 6.237 6.150 196.88 0.1023E-07
2.217 688. 6.757 6.250 196.65 0.9496E-08
2.754 774. 6.757 6.650 196.81 0.8974E-08
3.453 1007. 8.836 8.300 196.77 0.8611E-08
4.172 1035, 7.796 8.400 195.40 0.8539E-08
61.331 57.200
0.186 268. 5.717 4.900 272.74 0.1378E-07
0.728 781. . 11.954 11.250 271.37 0.1091E-07
1.513 1130. 12.994 13.300 271..49 0.8912E-08
1.843 475. 5.198 5.350 270.69 0.8554E-08
2.595 1083. 10.915 10.650 271.40 0.7449E-08
3.533 1351. 12 . 474 12.500  271.34 0.7010E-08
59.252 57.950
0.123 177. 4,678 3.400 346.79 0.1139E-07
0.262 200. 2.599 3.100 346.40 0.9199E-08
1.003 1067. 14.033 13.550 347.49 0.7513E-08
1.167 237. 2.599 3.400 346.12 0.8521E-08
1.494 470. 5.717 5.250 347.24 0.6613E-08
2.206 1025. 11.435 11.200 347.00 0.6473E-08
3.120 1317. 13.514 13.600 346.94 0.6119E-08
4.129 1453. 14.553 14.500 347.05 0.5911E-08
4,999 1253. 10.915 11.600 346.99 0.5485E-08
5.311 449, 3.638 4.400°  345.44 0.5832E-08
83.681 84.000
0.659 949, 14.033 12.100 421.84 0.6214E-08
1.190 765. 8.836 9.800 421.02 0.6255E-08
1.713 753. 8.316 8.250 421.35 0.5345E-08
2.005 420, 4.678 4.750  420.00 0.5536E-08
2.865 1238. 12.994 13.150 420.52 0.5193E-08
3.843 1409. 13.514 13.950 420.07 0.4845E-08
4,710 1249, 11.954 12.200 420.76 0.4772E-08
5.678 1394, 12.474 13.050 420.51 0.4577E-08
6.627 1366. 11.435  12.250 420.64 0.4383E-08
) 98.234 99.500
0.013 19. 1.039 3.400 85.64 0.4296E-06
0.065 75. 0.520 1.950 85.64 0.6241E-07
0.167 147. 0.000 0.850 85.82 0.1385E-07
0.482 453, 0.000 1.000 85.82 0.5288E-08
1.124 925. 2.079 5.600 86.01 0.1447E-07
2.162 1495. 1.559 1.900 85.62 0.3051E-08
2.916 1085. 0.000 0.700 85.43 0.1553E-08
4.150 1777. 2.599 2.000 85.42 0.2709E-08
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Cumulative Elapsed Inflow Outflow Hydr. Permeability

Time(days) Time(min cc cc Gradient cm/s
5.860 2463, 1.559 2.500 85.03 0.2454E-08
6.852 1428. 1.040 1.350 85.03 0.2286E-08
7.920 1538. 2.079 1.900 85.02 0.2987E-08
9.145 1764. 2.079 2.450 85.38 0.3344E-08
9.930 1130. 1.040 0.700 85.00 0.1498E-08

10.867 1350. 1.559 1.250 84.99 0.2240E-08

12.222 1951. 1.559 2.100 84.61 0.2615E-08

12.976 1085. 1.559 1.300 84.60 0.2912E-08

14.275 1871. 2.079 2.200 85.16 0.2839E-08

15.226 1370. 1.040 1.400 84.20 0.2495E-08

16.238 1457. 1.559 0.900 84.95 0.1495E-08

17.022 1129. 1.559 0.900 84.94 0.1929E-08

26.508 36.350
0.363 523, 5.717 2.350 195.51 0.4725E-08
1.205 1212. 4.678 4,400 195.48 0.3818E-08
2.427 1760. 5.717 5.900 195.27 0.3529E-08
3.178 1082. 4,158 3.800 194 .86 0.3705E-08
4.249 1541. 4,678 4,600 194.65 0.3153E-08
5.208 1382. 4,158 4,000 194.63 0.3057E-08
6.241 1487. 4.678 4,150 194,23 0.2954E-08
7.651 2030. 5.717 5.150 194.58 0.2680E-08
8.361 1023. 2.079 2.700 194.18 0.2794E-08
9.418 1522. 4.678 4.350 194 .54 0.3020E-08

10.213 1145. 3.119 3.275 194.52 0.3023E-08

11.216 1444, 4.158 3.825 194.31 0.2802E-08

12.178 1386. 3.638 3.750 194 .48 0.2860E-08

13.221 1501. 4.158 4.050 194 .46 0.2852E-08

61.331 56.300
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Table F.3 Flow Test Results of Sample B/AL-C-4-35/A-P-A

Cumulative Elapsed Inflow Outflow  Hydr. Permeability
Time(days) Time(min) (cc) (cc) Gradient (cm/s)

2.016 2903. 1.541 0.400 30.61 0.9120E-09
3.597 2276. 1.027 0.400 30.23 0.1178E-08
4.773 1694. 0.000 0.400 30.22 0.1583E-08
7.940 4560. 1.541 0.500  30.97 0.7173E-09
9.981 2940. 0.514 0.500 30.96 0.1113E-08
4.623 2.200
2.018 2906. . 3.082 0.400 52.97 0.5264E-09
2.315 427. 0.514 0.400 52.96 0.3583E-08
3.069 1087. 0.514 0.300 52.59 0.1063E-08
4.785 2470. 0.000 0.500 52.59 0.7798E-09
5.503 1035. 0.514 0.800 52.21 0.2999E-08
7.353 2664 2.055 0.600 52.95 0.8616E-09
6.678 3.000
1.686 2428. 3.596 3.400 82.06 0.3457E-08
1.954 386. 0.000 . 0.400 82.43 0.2547E-08
2.697 1069. 1.541 0.450 82.42 0.1035E-08
2.860 236. 0.514 0.400 82.79 0.4147E-08
4.811 2809. 2.055 1.750 82.41 0.1531E-08
5.823 1457. 0.514 0.800 82.40 0.1350E-08
6.693 1253. 1.027 0.600 82.03 0.1183E-08
7.008 453. 0.514 0.800 82.40 0.4342E-08
9.761 8.600
0.657 946. 4.623 0.350 156.34 0.4794E-09
1.187 763. 1.541 1.400 156.33 0.2378E-08
1.736 791. 1.541 1.000 156.69 0.1634E-08
2.001 381. 0.514 0.800 156.69 0.2715E-08
2.861 1239. 2.055 1.300 156.12 0.1361E-08
3.840 1410. 2.569 1.900 156.67 0.1742E-08
4,708 1249. 1.541 1.600 155.91 0.1664E-08
5.672 1388. 2.055 2.100 156.09 0.1964E-08
6.624 1372. 1.541 2.100 155.52 0.1994E-08
17.980 12.550
0.135 194, 2.569 0.200 231.73 0.9012E-09
0.348 307. 1.027 0.500 231.34 0.1426E-08
1.069 1038. 3.596 2.100 231.71 0.1769E-08
2.088 1467. 3.596 3.500 231.69 0.2086E-08
2.315 327. 0.514 0.900 231.68 0.2407E-08
2.648 480. 1.541 1.000 230.18 0.1833E-08
3.524 1261. 2.569 2.750 230.17 0.1919E-08
4.470 1363. 3.082 2.850 230.71 0.1836E-08
5.187 1032. 2.569 2.400 231.63 0.2034E-08
6.076 1280. 2.569 2.600 230.87 0.1782E-08
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Cumulative Elapsed Inflow Outflow Hydr. Permeability

Time(days) Time(min) (cc) (cec) Gradient (cm/s)
6.371 425, 1.027 1.400 231.61 0.2881E-08
7.308 1349. 3.082 2.850 231.60 0.1848E-08
8.065 1091. 2.055 2.150 229.72 0.1738E-08
8.339 394, 1.027 1.000 230.83 0.2227E-08
9.093 1086. 2.569 2.400 231.19 0.1936E-08

33.391 28.600
0.055 79. 0.514 3.250 81.92 0.1017E-06
0.157 147. 0.000 1.200 81.92 0.2019E-07
0.473 455, 0.000 1.400 81.92 0.7609E-08
1.114 923. 0.000 1.350 81.92 0.3617E-08
2.152 1495. 0.000 1.200 81.92 0.1985E-08
2.906 1085. 0.000 0.200 81.92 0.4558E-09
4.140 1777. 0.000 0.800 81.92 0.1113E-08
5.850 2463, 0.000 1.000 81.92 0.1004E-08
6.842 1428. 0.000 0.500 81.17 0.8738E-09
7.911 1540. 0.000 1.100 81.92 0.1766E-08
9.135 1762. 0.000 0.800 81.92 0.1123E-08
9.919 1130. 1.027 0.200 81.54 0.4397E-09

10.857 1350. 0.514 0.400 81.91 0.7328E-09

12.212 1951. 1.027 1.000 81.91 0.1268E-08

12.965 1085. 0.000 0.800 81.90 0.1824E-08

14.181 1751. 0.514 1.000 '81.90 0.1413E-08

15.133 1371. 0.514 0.600 81.90 0.1082E-08

16.144 1456. 1.027 0.200 81.90 0.3398E-09

16.933 1135, 0.514 0.200 81.89 0.4359E-09

5.651 17.200 .
0.359 517. 4,110 0.600 230.38 0.1020E-08
1.201 1213. 2.569 1.200 230.37 0.8699E-09
2.424 1760. 3.082 2.400 230.54 0.1198E-08
3.174 1081. 2.055 1.800 230.34 0.1464E-08
4,203 1481. 2.055 2.150 230.51 0.1276E-08
5.204 1442, 2.569 2.050 230.50 0.1249E-08
6.238 1488. 2.569 2.250 229.74 0.1333E-08
7.647 2029. 2.569 2.750 229.73 0.1195E-08
8.358 1024, 1.027 1.600 230.28 0.1375E-08
9.414 1521. 2.569 2.050 229.34 0.1191E-08

10.209 1145, 1.541 1.950 230.45 0.1497E-08

11.212 1444, 2.055 2.200 229 .32 0.1346E-08

12.174 1386. 2.569 1.800 230.43 0.1142E-08

13.217 1502. 2.055 2.400 230.41 0.1405E-08

33.391 27.200
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Table F.4 Flow Test Results of Sample B/AL-C-4-35/A-P-B

Cumulative Elapsed Inflow Outflow  Hydr. Permeability
Time(days) Time(min) (cec cc Gradient cm/s

2.016 2903. 1.033 6.350 30.45 0.1468E-07
3.597 2276. 3.100 0.650 30.07 0.1940E-08
4.773 1694. 0.517 0.450 30.06 0.1805E-08
7.940 4560. 2.584 0.550 30.80 0.8001E-09
10.228 3295. 1.033 1.050 30.79 0.2115E-08
8.268 9.050
2.018 2906. 2.584 0.900 52.72 0.1200E-08
2.315 427. 0.517 0.400 52.71 0.3631E-08
3.069 1087. 0.517 0.500 52.34 0.1796E-08
4.785 2470. 2.067 0.900 52.33 0.1423E-08
5.503 1035. 0.517 0.750 51.95 0.2850E-08
7.353 2664 . 3.100 0.500 52.69 0.7278E-09
9.301 3.950
1.686 2428. 4.651 2.600 81.70 0.2678E-08
2.697 1455. 2.067 0.550 82.06 0.9412E-09
2.860 236. 0.517 0.500 82.43 0.5252E-08
4,811 2809. 2.584 2.100 82.04 0.1862E-08
5.823 1457. 1.550 0.650 82.03 0.1111E-08
6.693 1253. 1.550 0.600 81.65 0.1198E-08
7.008 453, 0.517 0.550 82.02 0.3024E-08
13.435 7.550
0.657 946. 6.718 3.350 155.74 0.4646E-08
1.187 763. 2.067 1.550 155.71 0.2666E-08
1.736 791. 2,584 1.650 156.07 0.2731E-08
2.001 381. 1.033 0.550 156.07 0.1890E-08
2.861 1239. 3.100 1.550 155.50 0.1644E-08
3.840 1410. 3.617 1.500 156.04 0.1393E-08
4,708 1249. 2,067 1.600 155.28 0.1686E-08
5.672 1388. 2.584 1.650 155.45 0.1562E-08
6.624 1372. 2.584 1.600 154.88 0.1538E-08
26.353 15.000
0.135 194, 3.617 1.550 230.85 0.7071E-08
0.348 307. 2.584 1.800 230.47 0.5198E-08
1.069 1038. 5.684 3.600 230.82 0.3070E-08
2.088 1467. 6.201 3.200 230.79 0.1931E-08
2.315 327. 0.517 0.600 230.77 0.1625E-08
2.648 480. 1.550 0.800 229.27 0.1485E-08
3.524 1261. 4.134 2.200 229.26 0.1555E-08
4.470 1363. 4.134 1.800 229.80 0.1174E-08
5.187 1032. 3.617 1.700 230.71 0.1459E-08
6.076 1280. 3.617 2.050 229.95 0.1423E-08
6.371 425. 1.550 0.650 230.68 0.1355E-08
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Cumulative Elapsed Inflow Outflow  Hydr. Permeability
Time(days) Time(min) (ce) (ce) Gradient (cm/s)

7.308 1349. 4,134 2.800 230.66 0.1839E-08
8.065 1091. 2.584 1.550 228.78 0.1269E-08
8.339 394, 1.033 0.650 229.89 0.1466E-08
9.093 1086. 3.100 1.500 _230.25 0.1226E-08
48.056 26.450
0.055 79. 0.000 0.950 81.22 0.3025E-07
0.157 147. 0.000 1.000 81.22 0.1711E-07
0.473 455. 0.000 0.200 81.22 0.1106E-08
1.114 923. 0.000 1.850 81.22 0.5042E-08
2.152 1495. 0.000 0.600 81.22 0.1010E-08
2.906 1085. 0.000 0.350 81.22 0.8115E-09
4.140 1777. 1.033 0.750 81.21 0.1062E-08
5.850 2463. 1.550 1.050 81.21 0.1073E-08
6.842 1428. 1.033 0.400 80.45 0.7114E-09
7.911 1540. 1.033 0.850 81.19 0.1389E-08
9.135 1762. 1.550 0.750 81.19 0.1071E-08
9.919 1130. 0.517 0.350 80.81 0.7831E-09
10.857 1350. 1.550 0.450 81.18 0.8390E-09
12.212 1951. 1.033 0.800 81.17 0.1032E-08
12.965 1085. 0.517 0.550 81.17 0.1276E-08
14.181 1751. 1.033 0.800 81.16 0.1150E-08
15.133 1371. 1.033 0.650 81.16 0.1194E-08
16.144 1456. 1.033 0.450 81.15 0.7781E-09
16.933 1135. 1.033 0.350 81.15 0.7764E-09
13.952 13.150
0.359 517. 4.651 0.650 229.20 0.1121E-08
1.201 1213. 2.584 1.350 229.18 0.9922E-09
2.424 1760. 4,651 2.100 229.35 0.1063E-08
3.174 1081. 2.584 1.300 229.14- 0.1072E-08
4,203 1481. 3.617 1.850 229.31 0.1113E-08
5.204 1442 3.100 1.750 229.29 0.1081E-08
6.238 1488. 3.100 1.950 228.53 0.1172E-08
7.647 2029. 4.651 2.250 228.51 0.9915E-09
8.358 1024. 2.067 1.200 229.05 0.1045E-08
9.414 1521. 3.100 1.750 228.11 0.1031E-08
10.209 1145. 2.584 1.450 229.21 0.1129E-08
11.212 1444, 3.100 1.700 228.08 0.1055E-08
12.174 1386. 3.617 1.700 229.18 0.1093E-08
13.217 1502. 3.100 1.800 229.16 0.1068E-08
46.506 22.800
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APPENDIX G

DERIVATION OF THE BUCKINGHAM EQUATION FOR PLASTIC FLOW THROUGH PIPES

According to Bingham'’s plastic flow concept, the rate of shear in a
plastic material is proportional to the excess of the shearing stress F
over a certain constant yield stress f, below which the material behaves
as a solid. If v is the speed at any point and y denotes the distance
perpendicular to v, the hypothesis can be described by the equation:

dv
E—p.(F—f) forF2f (G.1)

where p = mobility of the material,
F = shearing stress
f = yield stress of the material.

This equation does not fit the observations well. Buckingham (1921)
gave a refined formula in the following form:

V aR*p 4 pi 2
—-= -= +JR G.2
t 8l (P 3Pe" 353 Vi (6-2)

where V = volume of discharge
t = elapsed time for discharge V
R = radius of capillary
i = mobility of material
P = pressure difference over a length ! of the capillary
P, = 2lIf/R; f: yield stress of material
vy = slip velocity at the wall of capillary.

The equation was given without detailed derivations. The theory of
plastic flow through capillaries has been applied to the determination
of the yield stress of bentonite flow in glass tubes. The derivation of
Buckingham’s equation is given below.

Consider the steady state flow of a plastic material under a pressure P,
through a circular tube of length I and radius R. Assume that the end
and kinetic energy corrections are negligible (i.e. slow steady flow).
The longitudinal force, due to pressure P, on the material inside a
cylindrical surface of radius r, coaxial with the tube, is nr?P, and the
resulting shearing stress at radius r is:

F=nr?2P/2url=Pr/21 (G.3)

Substituting Eq. G.3 in Eq. G.1l, and changing y to -r, because the speed
decreases as r increases, results in:
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dv Pr
—E=u(z—f) (G.4)

For Pr/2i< f, there is no shear; hence, the material inside the cylinder
of radius ro=21f/P moves as a solid plug. Between r, and R, the mate-
rial yields. Let v; be the slip at the wall and v, the speed at radius
r. Thus:

Vr-vg=—uf(%-f)dr=u[%(Rz-rz)-f(R-r)} (G.5)
R

Setting r=r,=2I1f/P in Eq. 5, the speed of the solid plug is given by:

2 2
vo~vk=u[P4Rl "'%“fk:l (¢.6)

Thus, the speed distribution curve is not a complete parabola, but has
the vertex cut off. The volume rate of discharge can then be described
by:

R R
= f2nrdrv=nr§vo+2nfv,rdr (G.7)
(o]

To

Substituting the following expressions:

ro=21Lf/P
PR? 1f?
V°=”[ 41 +T_fR]+VR

v,=u[%(kz—r2>—f(k—r)}+vk
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Eq. G.7 becomes:

14 4[2](2{ _PRZ lf2 ] }
—=T7 + -fR |*+vV
t P? ”L 41 P f K

R —

]

To

%(Rz—rz)-f(k—r)]wwl,?}r‘dr (G.8)

Expand the second term on the right hand side:

R
21 f {u[:f—l(kz—rz)—f(k—r)]+vR>rdr

R R R
=21 fufckzr-—r%dr—fuf(kr—rz)dr+kardr]
r r .

o

0 0 To

lpr2_1 a)'k
uf(zkr 3r 1

—onetll(Llpe_l 4)_(_1. 2,2 L 4)]_ (l s_1 a)_
2n{4l[(2R 4R 2R T 4ro nal 2R 3R

R

+ vR%r2

R
To

4 2.2 4 3 2 3 2 2
=2n{y_’[k__k rof_o]_uf[k__mﬁ_o]wk[k_f_o]}
Il 4 2 4 6 2 3 2 2
P

4
_Tp [1_3_4_212f21€2+4l4f4:|_2nuf[1€3_2l2f21€+813f3]
4

P2 P4 6  p? 3pP3

2 22
+2nvk[%;—2;j ] (since ro=2lf/P) (G.9)
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Therefore, Eq. G.8 can be written as:

V_nplf?R? 4npl®f* 4npi?f3R 4nl®fve

t P P3 P2 P2
+nuPR"_nulf2R2+2nu13f4_nufR3
81 P P3 3
23 3 r4 2r2
LAnp 23R _16mplift VRR.,Z_‘MI f Ve
P? 3P3 P?
RUR*P npfR3 3t
= P - IJ'f +HR2VR+M
81 3 3pP3
R 8lf 161%f* 2
= P- G.10
81 [ 3R 3poR* | R VE (¢-10)
Introducing p,=21f/R, then:
V nR%p 4 Pa 2
L= P--= + 1R G.11
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APPENDIX H

PROCEDURE FOR THE DETERMINATION OF YIELD STRESS
OF BENTONITE FLOWING IN GLASS TUBES

H.1 Objective

This procedure describes a method for the determination of the yield
stress of bentonite at various water contents. The method is based on
the theory of plastic flow through capillaries (Bingham, 1916; Bucking-
ham, 1921) and closely follows the work by Marsland and Loudon (1963).

H.2 Apparatus

a PVC pipe reservoir (ID: 10.16 cm, L: 18 cm, wall thickness: 6.15 mm)

- glass capillaries (3.6, 2.4, and 1.65 mm diameter and 28 cm long)
- compressed helium tank

- pressure regulator

- pressure gauge (resolution of 0.2 psi = 1379 Pa)

- measuring tape (readable to 0.5 mm)

- cap plates

- assembling bolts and nuts

Figure H.1l shows the test setup.

H.3 Sample Preparation and Installation

- Weigh an appropriate amount of bentonite and mix it with distilled
water to yield a desired water content.

- Knead to achieve a uniform distribution of the water content, espe-
cially for relatively dry samples.

- Store the sample in an airtight plastic container and allow the sample
to cure for 72 hours.

- Transfer a portion of the cured sample into the PVC pipe reservoir
until the top of the installed sample lies approximately 5 cm above
the horizontal capillaries. The amount of bentonite emplaced should
be enough for one test.

- Remove air voids entrapped in the sample as much as possible by hand
kneading and compressing to prevent air flow during the testing.

- Level the sample’s surface. Seal the reservoir with the top cap

plate. Connect the pressure line to the pressure gauge and the com-
pressed helium tank.
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Figure H.1 Setup for testing of bentonite flowing through glass
capillaries.

312



- Cover the ends of the glass tubes with aluminum foil to reduce evapo-
ration.

- Take two or three samples from the remaining bentonite paste and
determine their water content. '

- Obtain three density measurements using the remaining sample.

H.4 Experimental Procedure

(1) Open the valve of the compressed helium tank. Adjust the regulator
until the advance of bentonite in the capillaries can be observed.

(2) Record the gauge pressure (Pg), the height (L) between the sample
top and the tubes, and the length (1) of the bentonite paste in the
capillaries with time.

(3) If the clay paste continues to advance for 30 minutes, reduce the
pressure and repeat Step 2 until no flow can be detected. If the
bentonite has a high water content (e.g. 500%), stop the test and go
to Step 5. This stage is assumed to indicate the "no flow" condi-.
tion. The shear stress at the wall of the tube is designated as the
yield stress for the given water content. Otherwise, go to Step 4.

(4) For drier samples, times elapsed before reaching the "no flow" con-
clusion are 4, 12, and 24 hours for nominal water contents of 200,
100, and 75%, respectively. If flow is observed, reduce the
pressure further until the "no flow" condition 1s obtained.

(5) After the test, determine the water content of the bentonite near

the capillary tubes, as well as the water content of bentonite in
the tubes.

.5 Calculati £ Yield S
The total driving pressure at the entrance of a glass tube (Pt) is the
sum of the gauge pressure (Pg) and the lithostatic pressure (Pg), assum-
ing that the shear between bentonite and the inner wall of the PVC pipe
is negligible and the coefficient of lateral earth pressure (Kg) equals
1. That is:

Pg (in Pascal) = Pg (in psi) X 6894.7572 Pascal/psi

Pg (in Pascal) = L(m) X material demsity (kg/m3) X 9.80665 (m/sz)

Let R be the radius of the capillary (in cm). From the force balance,
we obtain:
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Pe XR2 =1, x 2 R X 1g
and

T, =P XR / 2]
where vT; = yield stress in Pa

1lp = length of clay paste in the capillary (in cm) at the "no
flow" condition.

Several determinations of water content are required in the procedure
because the actual water content of bentonite in a capillary can be
‘quite different from its initial water content due to the migration of
water. To what water content a computed yield stress corresponds needs
a careful examination of experimental records. In principle, the calcu-
lated yield stress is related to the averaged initial water content if
the "no flow" condition is established early in the test. For the case
where the condition is arrived at in the later part of the test, the
water content of bentonite paste in the capillary is selected.
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