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ABSTRACT OF DISSERTATION

LONG-TERM HYDRAULIC PERFORMANCE OF GEOSYNTHETIC CLAY LINERS

SUBJECTED TO INORGANIC SALT SOLUTIONS

Specimens of two geosynthetic clay liners (GCLs) containing sodium bentonite,
commonly used as liners or liner components in waste containment, are permeated with
water and inorganic salt solutions containing from 5 mM to 500 mM calcium chloride
(CaCly) for the purpose of evaluating the long-term hydraulic performance of the GCLs.
The results are evaluated in terms of criteria commonly used to terminate hydraulic
conductivity tests involving non-standard permeant liquids (i.e., liquids other than water),
the potential effects of quality of bentonite and prehydration on the hydraulic
conductivities, and the potential correlation between index properties of the bentonite and
hydraulic conductivity of the GCLs. All hydraulic conductivity tests involving CaCl,
solutions were conducted until equilibrium between the effluent and influent chemistry
was achieved, resulting in test durations ranging from less than 1 day to more than 900
days, with longer test durations associated with lower CaCl, concentrations. In addition, a
new index property, referred to as the solution retention capacity (SRC) is developed and
evaluated as an alternative to the use of the swell index approach for providing a
qualitative indication of the relative impact of CaCl, solutions on the hydraulic

performance of the GCLs. Finally, the potential effect of Ca®" diffusion on the
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semipermeable membrane behavior is evaluated on the basis of a combined chemico-
osmotic/diffusion test conducted on one of the GCLs.

In terms of termination criteria, only equilibrium between influent and effluent
Ca®" results in equilibrium in hydraulic conductivity, regardless of prehydration or
quality of bentonite, particularly for the influent concentrations <20 mM CacCl,. Also, the
GCL containing the higher quality bentonite (GCL-HQB) is found to be more susceptible
to incompatibility in hydraulic conductivity than the GCL with the lower quality
bentonite (GCL-LQB) when permeated with CaCl, solutions. In fact, measured hydraulic
conductivity values range from 2.4 x 10 cm/s to 1.9 x 10 cm/s for GCL-LQB and from
7.0 x 101% cm/s to 6.2 x 107 em/s for GCL-HQB, respectively, when permeated with
solutions containing from 0 (water) to 500 mM CaCl,. The results also indicate that
prehydration has little, if any, effect on hydraulic conductivity of GCL-LQB when
permeated with solutions containing < 50 mM CaCl,, ie., as long as the tests are
conducted until equilibrium between the effluent and influent Ca®' is achieved. Also, a
strong correlation between the SRC and swell index is shown over the full range of CaCl,
concentrations used in the study, suggesting that the SRC approach may be used as an
alternative to the swell index approach. In general, correlations between the magnitude of
the change in index property (e.g., liquid limit, sedimentation volume) when subjected to
a CaCl, solution relative to that based on water and a change in hydraulic conductivity
when permeated with the same CaCl, solution relative to permeation with water are
shown to be a function of the magnitude of the change in hydraulic conductivity being
considered (e.g., 10X or 100X), the index property, and the bentonite quality. Finally,

time-dependent membrane efficiency is observed for a specimen of GCL-LQB, and the
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time required for effective destruction of semipermeable membrane property of the GCL

correlates well with the time required to achieve steady-state Ca®* diffusion.

Jae-Myung Lee

Civil Engineering Department
Colorado State University
Fort Collins, CO 80523
Spring 2004
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CHAPTER 1

INTRODUCTION

1.1  BACKGROUND
1.1.1 Geosynthetic Clay Liners

Geosynthetic clay liners (GCLs) are manufactured hydraulic barriers consisting of
a thin layer (~ 5 to 10 mm) of natural or treated sodium bentonite sandwiched between
two geotextiles or glued to a geomembrane (Daniel 1993, Koerner 1994). The primary
differences between GCLs are the mineralogy (e.g., high vs. low content of
montmorillonite) and form (e.g., powdery vs. granular) of bentonite used in the GCL, the
type of geotextile (e.g., woven vs. non-woven), the hydration condition (e.g., non-
prehydrated vs. prehydrated), and the bonding method (Daniel 1993, Koerner 1994,
Shackelford et al. 2000). The structural integrity of GCLs is maintained by one of several
bonding methods, such as by stitching, needle punching, and/or adding a chemical
adhesive to the bentonite to provide protected handling and installation and enforced in-
plane shear strength (Estornell and Daniel 1992, Daniel 1993). The use of GCLs as liners
for waste containment has increased over the past decade due to several advantages,
including relatively easy installation, invulnerability to weathering, low cost, and low
hydraulic conductivity to water (i.e., < 10® cm/s) (Estornell and Daniel 1992, Daniel

1993, Koerner 1994).
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1.1.2 Compatibility of GCLs

In the absence of a geomembrane component, the low hydraulic conductivity to
water of GCLs is primarily attributed to swelling of bentonite upon hydration with water
(Mitchell 1993, Egloffstein 1995, Shackelford et al. 2000, Kashir and Yanful 2001).
Because the performance of GCLs as hydraulic barriers depends primarily on the
bentonite, the hydraulic conductivity of GCLs based upon permeation with chemical
solutions can be significantly higher than that based on water permeation due to chemical
interactions between the solutions and the bentonite (Daniel et al. 1993, Gleason et al.
1997, James et al. 1997, Petrov and Rowe 1997, Petrov et al. 1997a,b, Ruhl and Daniel
1997, Kolstad 2000, Lin and Benson 2000, Shackelford et al. 2000, Egloffstein 2001, Jo
et al. 2001, Vasko et al. 2001). The potential effect of a non-standard permeant liquid (i.e.,
liquid other than water) on the hydraulic conductivity of a clay barrier usually is assessed
by permeating the clay barrier material with the actual liquid to be contained or a
simulated liquid with characteristics similar to the expected actual liquid. Since the
primary objective of the test is to determine if the barrier material (e.g., bentonite in
GCLs) and the permeant liquid are compatible such that no significant change in
hydraulic conductivity occurs, this type of test often is referred to as a compatibility test
(Shackelford 1994, Shackelford et al. 2000).

In cases where GCLs have been permeated with inorganic salt solutions
containing relatively high concentrations of polyvalent cations (i.e., > 50 mM), several
studies have shown significant increases in the hydraulic conductivity (> 10X) of GCLs

over relatively short test durations (i.e., < 0.5 yr) (Ruhl and Daniel 1997, Kolstad 2000,

1.2
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Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001). In contrast,
for cases involving permeation with inorganic salt solutions containing relatively low
concentrations of polyvalent cations (i.e., < 50 mM), the GCLs typically have exhibited
compatibility over relatively short durations, but incompatibility after longer durations of
permeation (i.e., > 1 yr) (e.g., Dobras and Elzea 1993, Didier and Comeaga 1997, James
et al. 1997, Petrov and Rowe 1997, Ruhl and Daniel 1997, Kolstad 2000, Lin and Benson
2000, Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001,
Melchior 2002). This apparent time-dependent compatibility of GCLs implies that the
potential chemical interactions between the solutions and bentonites in the GCLs may not
have been complete when the tests performed using permeant liquids containing
relatively low salt concentrations were terminated (Shackelford et al. 2000). Thus, longer
test durations may be required to fully evaluate the long-term compatibility of GCLs,
particularly in the case of containment of solutions containing relatively low

concentrations of polyvalent cations.

1.1.3 Effect of Prehydration

Several investigators have reported that prehydration of bentonite mixtures and/or
GCLs with water prior to permeation with actual permeant liquids can have a significant
effect on hydraulic conductivity (e.g., Shan and Daniel 1991, Daniel et al. 1993,
Shackelford 1994, Didier and Comeaga 1997, Gleason et al. 1997, Petrov and Rowe 1997,
Petrov et al. 1997a, Quaranta et al. 1997, Ruhl and Daniel 1997, Stern and Shackelford
1998, Lin and Benson 2000, Shackelford et al. 2000, Vasko et al. 2001, Shan and Lai

2002). This effect has been referred to as the "first exposure effect" (Shackelford 1994,

1.3
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Stern and Shackelford 1998) or the "prehydration effect” (e.g., Daniel et al. 1993, Didier
and Comeaga 1997, Gleason et al. 1997, Petrov and Rowe 1997, Petrov et al. 1997a,
Quaranta et al. 1997, Ruhl and Daniel 1997, Lin and Benson 2000, Vasko et al. 2001,
Ashmawy et al. 2002, Shan and Lai 2002). As a result of this effect, the hydraulic
conductivity of GCLs permeated directly with chemical solutions typically has been
found to be significantly higher (i.e., > 10X) than the hydraulic conductivity of GCLs
permeated with the same chemical solutions after prehydration with water.

In the field, prehydration may occur naturally, such as by either precipitation or
adsorption of water from adjacent soils (Daniel et al. 1993, Bonaparte et al. 1996, Petrov
and Rowe 1997), or may be imposed either by spraying water (Vasko et al. 2001) or, in
the case of GCLs, by installing commercially available prehydrated GCLs (e.g.,
RawMat® HDB, Rawell Water Control Systems Limited, Wirral, Merseyside, UK). For
laboratory experiments, prehydration has been imposed either by spraying or soaking the
specimens with water (e.g., Daniel et al. 1993, Didier and Comeaga 1997, Vasko et al.
2001), or by permeating the specimens with water (e.g., Shan and Daniel 1991,
Shackelford 1994, Bonaparte et al. 1996, Gleason et al. 1997, Petrov and Rowe 1997,
Petrov et al. 1997a,b, Ruhl and Daniel 1997, Stern and Shackelford 1998, Shackelford et

al. 2000).

1.1.4 Effect of Bentonite Quality
Since the low hydraulic conductivity to water of bentonite is primarily attributed
to swelling capacity upon hydration with water (Mesri and Olson 1971, Mitchell 1993,

Egloffstein 1995, Shackelford et al. 2000, Jo et al. 2001, Kashir and Yanful 2001, Vasko
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et al. 2001), the quality of the bentonite can significantly affect the hydraulic conductivity
of the bentonite when permeated with water (Shackelford et al. 2000). The quality of a
bentonite is affected by several factors, including the mineralogical composition of the
bentonite, the surface area of the bentonite, the surface charge deficiency of the bentonite,
and the composition of the exchange complex (e.g., Shackelford et al. 2000, Ashmawy et
al. 2002). In general, the quality of the bentonite increases with increase in
montmorillonite content, surface area (decrease in particle size), surface charge
deficiency, and/or percentage of Na' on the exchange complex.

However, since bentonites also are sensitive to chemical composition of the pore
liquid that influences the thickness of the adsorbed layer, liquids that cause the adsorbed
layer to collapse also cause the hydraulic conductivity to increase (Mesri and Olson 1971,
Daniel et al. 1993, Gleason et al. 1997, James et al. 1997, Petrov and Rowe 1997, Petrov
et al. 1997a.b, Ruhl and Daniel 1997, Daniel 2000, Kolstad 2000, Lin and Benson 2000,
Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001).
Consequently, the higher the quality of the bentonite used in the GCL, the more
vulnerable the GCL to chemical attack and, therefore, incompatibility, i.e., provided all

other GCL properties (e.g., bentonite dosage) are the same (e.g., Shackelford et al. 2000).

1.1.5 Correlation with Index Properties

Several investigators have emphasized the need to perform compatibility tests
until complete chemical equilibrium between the effluent and influent has been
established (e.g., Bowders and Daniel 1987, Daniel 1994, Shackelford 1994, Shackelford

et al 2000). However, due to the low hydraulic conductivity for barrier soils (i.e., < 107
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cm/s), the test durations required to achieve chemical equilibrium may require several
months or even years (e.g., Dobras and Elzea 1993, Daniel 1994, Imamura et al. 1996,
James et al. 1997, Shackelford et al. 2000, Egloffstein 2001, Melchior 2002). As a result,
an alternative approach has been proposed whereby changes in the index properties of the
barrier soil (e.g., Atterberg limits, swell index, etc.) in the presence of the containment
liquids relative to water are used as a qualitative, yet more rapid, indicators of the
potential for incompatibility in hydraulic conductivity (Dunn and Mitchell 1984,
Bowders et al. 1986, Bowders and Daniel 1987, Daniel et al. 1988, Acar and Olivieri
1989, Shackelford 1994, Narejo and Memon 1995, Shackelford et al. 2000, Jo et al.
2001).

For example, several investigators have performed Atterberg limit tests that were
modified by using non-standard liquids (i.e., liquids other than water) to provide a
qualitative indication of the effect of the liquid on the hydraulic conductivity of the soil
(Bowders et al. 1986, Sridharan et al. 1986, Daniel et al. 1988, Acar and Olivieri 1989,
Shackelford 1994, Gleason et al. 1997, Petrov and Rowe 1997, Lin and Benson 2000,
Sridharan and Prakash 2000). In some cases, sedimentation tests have been performed to
discern the effects of non-standard liquids on the sedimentation rate of clay soils as an
indirect indication of the potential for the non-standard liquid to adversely affect the
hydraulic conductivity of the soil (Dunn and Mitchell 1984, Bowders et al. 1986,
Bowders and Daniel 1987, Ryan 1987, Shackelford 1994). Several studies also have
shown that the swell index of bentonite is directly correlated with the hydraulic behavior

of bentonite-based GCLs (Narejo and Memon 1995, Didier and Comeaga 1997, Petrov
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and Rowe 1997, Ruhl and Daniel 1997, Lin and Benson 2000, Shackelford et al. 2000,

Egloffstein 2001, Jo et al. 2001, Shan and Lai 2002).

1.1.6 Existence of Membrane Behavior

Since the primary objective of the barrier is to maintain a contaminant
concentration at the outer boundary of the barrier that is lower than the source
concentration of the same contaminant, the existence of membrane behavior may be
important in terms of evaluating the hydraulic and contaminant transport performance of
the containment barrier. For example, in the case where the clay containment barrier acts
as a semipermeable membrane, both chemico-osmotic counter flow and contaminant
(solute) restriction would act to reduce the outward contaminant flux (Malusis et al. 2001,
Shackelford et al. 2001). Thus, a clay containment barrier that behaves as a
semipermeable membrane is expected to perform better than one that does not exhibit
membrane behavior.

In the case of electrolyte solutions, membrane behavior in clays generally is
attributed to electrostatic repulsion of the ions by electric fields associated with the
adsorbed layer of adjacent clay particles (e.g., Hanshaw and Coplen 1973, Fritz 1986).
Thus, the factors that tend to cause an increase in the thickness of adsorbed layer (i.e., at
constant porosity), such as decreasing ion concentration and/or decreasing ion valence,
also tend to enhance the membrane efficiency of clays that behave as semipermeable
membranes (see Kemper and Rollins 1966, Kemper and Quirk 1972). However, an
increasing ion concentration and/or ion valence also may result in a reduction in

membrane efficiency.
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1.2 GOAL AND OBJECTIVES OF RESEARCH

As a result of the aforementioned considerations, the primary goal of this research is
to evaluate the long-term hydraulic performance of geosynthetic clay liners
permeated with inorganic salt solutions containing divalent calcium ions (Ca2+) at
a range of concentrations. This goal will be achieved by accomplishing the
following objectives:

(1) to evaluate the hydraulic performance of a GCL based on permeation with water
and inorganic salt solutions containing from 5 to 500 mM CaCl, within the
context of criteria commonly used to terminate laboratory compatibility tests;

(2) to evaluate the potential effect of prehydration on the hydraulic performance of a
GCL based on permeation with water and inorganic salt solutions containing from
5 to 100 mM CacCl,;

(3) to ascertain the potential difference in the hydraulic performance of two GCLs
containing different qualities of bentonite based on permeation with water and
inorganic salt solutions containing from 5 to 500 mM CaCly;

(4) to develop a new index property, referred to as the solution retention capacity
(SRQC), as an alternative to the use of the swell index approach for providing a
qualitative indication of the relative impact of CaCl, solutions on the hydraulic
performance of the GCLs;

(5) to assess the use of modified index properties (i.e., index properties based on use

of testing liquids other than water) as indirect indicators of the long-term
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hydraulic performance of GCLs permeated with water and inorganic salt solutions
containing from 5 to 500 mM CaCly;

(6) to evaluate the effect of Ca®" diffusion on the semipermeable membrane behavior
of a GCL in the presence of a CaCl; solution; and

(7) to ascertain the potential dependency of termination criteria for compatibility
testing on prehydration and bentonite quality for GCLs based on permeation with

water and inorganic salt solutions containing from 5 to 100 mM CaCl,.

1.3 POTENTIAL IMPACT OF RESEARCH

The results of this research may have significant ramifications with respect to not
only the long-term hydraulic performance of GCLs, but also the procedures for
laboratory compatibility testing currently being used to evaluate such performance. In
addition, the results may have significant implications with respect to the use of
prehydration to minimize alterations in the hydraulic performance of GCLs as well as the
use of GCLs containing a higher quality bentonite to enhance hydraulic performance of
GCLs used in waste containment applications. Finally, the results also may have
significant implications with respect to the ability of the GCL to act as a semipermeable

membrane.
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CHAPTER 2

LONG-TERM COMPATIBILITY OF A GEOSYNTHETIC CLAY LINER

PERMEATED WITH CALCIUM CHLORIDE SOLUTIONS

ABSTRACT: The long-term compatibility of a geosynthetic clay liner (GCL) containing
sodium bentonite is evaluated by permeation with calcium chloride (CaCly) solutions
within the context of a wide range of termination criteria for laboratory compatibility
testing. Hydraulic conductivity values for specimens permeated with 5, 10, and 20 mM
CaCl, solutions are comparable with those for specimens permeated with water (~ 10~
cm/s) during short test durations (< 3 to 6 months), and then increase from approximately
5X to 10X to a value of ~ 8.5 x 10 cm/s regardless of the influent concentration after 0.4
yr to 1.6 yrs of permeation. In contrast, hydraulic conductivity values for specimens
permeated with 50, 100, and 500 mM CaCl, solutions are about 2X, 40X, and 200X
higher, respectively, than the hydraulic conductivity of ~ 8.5 x 10 cm/s for specimens
permeated with 5, 10, and 20 mM CaCl; solutions. Termination criteria based on
volumetric flow ratio and steady hydraulic conductivity per ASTM D 5084, two pore
volumes of flow, constant thickness of specimen, and pH and electrical conductivity
equilibrium are found to be inapplicable, particularly for the specimens permeated with 5,

10, and 20 mM CaCl, solutions. For these specimens, a statistically zero slope in
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hydraulic conductivity versus time or pore volumes of flow is not established until Ca**

concentrations in the effluent and influent are similar.

Key Words: compatibility, geosynthetic clay liners, hydraulic conductivity, long-term

testing, termination criteria

2.1 INTRODUCTION

Geosynthetic clay liners (GCLs) are manufactured hydraulic barriers consisting of
a thin layer (~ 5 to 10 mm) of natural or treated sodium bentonite sandwiched between
two geotextiles or glued to a geomembrane (Daniel 1993, Koerner 1994). The structural
integrity of GCLs is maintained by one of several bonding methods, such as by stitching,
needle punching, and/or adding a chemical adhesive to the bentonite (Estornell and
Daniel 1992, Daniel 1993). The use of GCLs as liners for waste containment has
increased over the past decade due to several advantages, including relatively easy
installation, invulnerability to weathering, low cost, and low hydraulic conductivity to
water (i.e., < 10™® cm/s) (Estornell and Daniel 1992, Daniel 1993, Koerner 1994).

The low hydraulic conductivity to water of GCLs, in the absence of a
geomembrane component, is primarily attributed to swelling of bentonite upon hydration
with water (Mitchell 1993, Egloffstein 1995, Shackelford et al. 2000, Kashir and Yanful
2001). Because the performance of GCLs as hydraulic barriers depends primarily on the
bentonite, technical equivalency has focused primarily on the low hydraulic conductivity
of GCLs permeated with water. However, the hydraulic conductivity of GCLs based on

permeation with chemical solutions can be significantly higher than that based on
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permeation with water due to chemical interactions between the solutions and the
bentonite (Daniel et al. 1993, Gleason et al. 1997, James et al. 1997, Petrov and Rowe
1997, Petrov et al. 1997a,b, Ruhl and Daniel 1997, Kolstad 2000, Lin and Benson 2000,
Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001).

The potential effect of a non-standard permeant liquid (i.e., liquid other than
water) on the hydraulic conductivity of a clay barrier usually is assessed by permeating
the clay barrier with the actual liquid to be contained or, in the absence of the actual
liquid, a simulated liquid with characteristics similar to those expected for the actual
liquid. This type of test often is referred to as compatibility testing, since the primary
objective of the test is to determine if the soil (e.g., bentonite in GCLs) and the permeant
liquid are compatible (Shackelford et al. 2000).

The results of several studies based on compatibility testing have shown that the
concentration and type of solutes can significantly increase the hydraulic conductivity (>
10X) of bentonitic barriers (Alther et al. 1985, Imamura et al. 1996, James et al. 1997,
Melchior 1997, Petrov et al. 1997a,b, Quaranta et al. 1997, Kolstad 2000, Shan and Lai
2002). These results are also consistent with several studies that indicate significant
increase in the hydraulic conductivity of sand-bentonite mixtures and GCLs upon
permeation with solutions containing divalent cations at concentrations > 50 mM
(Shackelford 1994, Gleason et al. 1997, Ruhl and Daniel 1997, Stern and Shackelford
1998, Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001).

In the case of GCLs permeated using solutions containing divalent cations at
concentrations < 50 mM, some studies have reported hydraulic conductivities that are

comparable to the hydraulic conductivities based on permeation with water (i.e., < 10

23
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cm/s) (e.g., Didier and Comeaga 1997, Petrov and Rowe 1997, Ruhl and Daniel 1997,
Kolstad 2000, Lin and Benson 2000, Shackelford et al. 2000, Jo et al. 2001, Vasko et al.
2001). However, other studies have shown incompatibility of GCLs permeated with
solutions containing divalent cations at concentrations < 50 mM, with hydraulic
conductivity values as much as 200X higher than those based on permeation with water
(Dobras and Elzea 1993, Imamura et al. 1996, James et al. 1997, Shackelford et al. 2000,
Egloffstein 2001, Melchior 2002). Most of the studies showing compatibility were based
on the results of tests performed over relatively short durations (< 0.5 yr), whereas the
studies reporting incompatibility generally were performed over longer periods of time (>
1 yr). However, since most waste containment facilities are designed to last several
decades, such short-term test results may not necessarily reflect the long-term field
performance of GCLs, because chemical equilibrium may not be established within the
test duration (Shackelford et al. 2000). Thus, longer test durations may be required to
fully evaluate the long-term compatibility of GCLs, particularly in the case of
containment of solutions containing relatively low concentrations (< 50 mM) of
polyvalent cations.

As a result of the aforementioned considerations, the objective of this study is to
evaluate the compatibility of a GCL permeated with CaCl, solutions containing various
concentrations within the context of criteria commonly used to terminate laboratory
compatibility tests. The results of this evaluation may have significant ramifications with
respect to not only the long-term performance of GCLs used in waste containment
applications, but also the laboratory compatibility test procedures currently used to

evaluate such performance.
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2.2 MATERIALS AND METHODS
2.2.1 Geosynthetic Clay Liner

The geosynthetic clay liner (GCL) used in this study consists of a layer of
granular sodium bentonite sandwiched between woven and non-woven polypropylene
geotextiles held together by needle-punched fibers. The GCL is approximately 6-mm
thick in an air-dried condition, and the gravimetric water content of bentonite ranges from
2 % to 6 %. The physical and chemical properties and the mineralogical composition for
the bentonite portion of the GCL are given in Table 2.1. The air-dried bentonite consists

of 20 % medium sand-sized (425 to 2000 um) and 72 % fine sand-sized granules (75 to
425 um) based on mechanical sieve analyses, whereas approximately 90 % of particles

are clay sized (< 5 um) based on hydrometer analyses (ASTM D 421, D 422).

2.2.2 Permeant Liquids

Kolstad (2000) and Jo et al. (2001) showed that salt solutions containing different
divalent cations had little effect on hydraulic conductivity of GCLs provided the
concentration of the cation in the solution was the same. In addition, the exchange of
calcium for sodium in the adsorbed layer of sodium bentonite has been shown to cause an
increase in hydraulic conductivity (Shackelford 1994, Gleason et al. 1997, Ruhl and
Daniel 1997, Stern and Shackelford 1998, Shackelford et al. 2000, Egloffstein 2001, Jo et
al. 2001). As a result, the permeant liquids used in this study consist of tap water that is
processed to remove ions by passing through three Barnstead® ion exchange columns in

series (pH ~ 5.6, electrical conductivity, EC, at 25 °C ~ 0.2 mS/m) resulting in Type IV
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deionized water (DIW) as per ASTM D 1193, and chemical solutions containing 5, 10,
20, 50, 100, and 500 mM CaCl,. The CaCl; solutions were prepared by dissolving CaCl,
(powdered, > 96 % pure, Sigma-Aldrich Co., St. Louis, MO) in the DIW. Each solution
was mixed in a 20-L carboy, and pH, EC, and solute concentrations of the permeant
liquids were monitored with time using a pH meter (Accumet® AB15 meter, Fisher
Scientific Co., Pittsburgh, PA), an EC probe (Accumet® AB30 meter, Fisher Scientific
Co., Pittsburgh, PA), an ion chromatograph (Dionex® 4000i IC Module, Dionex Co.,
Sunnyvale, CA) for chloride (Cl") concentrations, and an inductively coupled plasma —
atomic emission spectrometer (IRIS® Advantage/1000 ICAP Spectrometer, Thermo
Jarrell Ash Co., Franklin, MA) for calcium (Ca®") concentrations. The measured
properties of the permeant liquids are given in Table 2.2. As expected, the measured
solute concentrations for the DIW were below the method detection limits (MDLs) of
0.02 mg/L for Ca®* (EPA Method 200.7) and 0.04 mg/L for CI" (EPA Method 300.0).

The EC and solute concentrations of the permeant liquids remained relatively
constant, whereas the pH of each solution slowly decreased over time (e.g., from 6.5 to
5.5 for DIW over 1.5 yrs). The decrease in pH is probably due to time-dependent
dissolution of carbon dioxide (CO,) from the atmosphere into the solutions. Nevertheless,
any effect of decreasing source solution pH on the measured hydraulic conductivity likely
was negligible relative to the effects caused by the various CaCl, solutions, because the

range of measured pH (i.e., 5.0 to 7.0) was relatively narrow and close to neutral pH

(Shackelford 1994, Jo et al. 2001, Shan and Lai 2002).

2.2.3 Hydraulic Conductivity Tests
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Specimens of the GCL with nominal diameters of 102 mm were permeated using
the falling-head procedure with flexible-wall permeameters in accordance with ASTM D
5084 in a temperature-controlled laboratory (23.0 = 0.5 °C). Although Petrov et al.
(1997a) indicate that the type of permeameter is not particularly important when testing
GCLs, the flexible-wall permeameter is the most reliable device for testing GCLs, and
provides the greatest assurance that sidewall leakage does not affect the test results (Lin
and Benson 2000, Shackelford et al. 2000). In addition, even though the falling-head
procedure results in variations in the effective stress of the specimen during the test, the
stress changes were within £ 5 % of the average effective stress of ~ 23.5 kPa (3.4 psi)
applied for all the tests performed in this study. All hydraulic conductivity tests were
duplicated for each permeant liquid.

Specimens were trimmed and assembled in the permeameters using the
procedures described by Daniel et al. (1997) to prevent the possibility of short-circuiting
through the geotextiles at the edge of the GCL specimens due to loss of bentonite and
pinching of the geotextiles. The specimens in the permeameter initially were exposed to a
permeant liquid for at least 48 hrs without applying a hydraulic gradient. Backpressure
was not used so that effluent samples could be conveniently collected for pH, EC, and
solute concentration measurements. The influent was refilled and the effluent was
collected for each influent volume of 30 + 5 mL. The pH and EC of some of the samples
from the collected effluent were measured within minutes after collection, whereas others
samples were stored in a refrigerator at 4.0 = 1.0 °C for future measurements of solute

concentrations.
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The thickness of specimens was measured before, during, and after the hydraulic
conductivity testing using a caliper, a cathetometer, and a ruler. The measured thickness
at the start of permeation was used to estimate the pore volume for each specimen,
whereas the final GCL bulk void ratio was estimated based on the description given by
Petrov et al. (1997b). An additional influent burette (50 mL) and effluent cylinder (100
mL) filled with water, but not connected to a permeameter, were used to measure
evaporation rate of both influent (~ 0.094 mL/day) and effluent (~ 0.048 mL/day). The
difference between two evaporation rates was due to the different cover system, i.e., a
plastic cap for the influent burette and parafilm for the effluent cylinder.

All the specimens were permeated at an average hydraulic gradient of ~ 200.
While this hydraulic gradient is significantly higher than the maximum gradient (i.e., 30)
stipulated in ASTM D 5084, Shackelford et al. (2000) note that hydraulic gradients
ranging from 50 to 600 typically are used for measuring the hydraulic conductivity of
GCLs, and that the hydraulic conductivity of GCLs is affected more by average effective
stress than by the magnitude of the hydraulic gradient due to the relative thinness of
GCLs. For example, Petrov et al. (1997b) showed that the hydraulic conductivity of a
needle-punched GCL decreased from ~ 4 x 10”° cm/s to ~ 8 x 10™'° cm/s as the confining
stress increased from 3 kPa to 117 kPa. However, essentially no change in hydraulic
conductivity was observed for tests performed at hydraulic gradients ranging from 144 to
590. In addition, since GCLs are very thin (~ 5 to 10 mm), a moderate depth of liquid can
result in a substantial hydraulic gradient (> 30) in field applications involving GCLs.

A wide range in common termination criteria used for compatibility tests were

considered in this study (e.g., Shackelford et al. 2000). In particular, the following
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termination criteria were considered: (1) at least four conseéutive volumetric flow ratios
of effluent relative to influent fall within 1.00 £ 0.25 (e.g., ASTM D 5084), (2) at least
four consecutive hydraulic conductivity (k) values fall within + 25 % of the mean value
for k> 1 x 10°® cm/s or within + 50 % for k < 1 x 10® cm/s (e.g., ASTM D 5084), (3) a
minimum of two pore volumes of flow (PVF) have passed through the specimen (e.g.,
Bowders et al. 1986, Daniel 1994, Shackelford et al. 2000, ASTM D 6766), (4) the
thickness of the specimen is constant (e.g., Petrov et al. 1997a), (5) the pH and EC ratio
of effluent relative to influent fall within 1.00 & 0.10 (e.g., Shackelford 1994, Shackelford
et al. 1999, 2000, ASTM D 6766), and (6) the solute (i.e., CI" and Ca®") concentration
equilibrium between effluent and influent is established (e.g., Bowders et al. 1986,
Bowders and Daniel 1987, Bowders 1988, Daniel 1994, Shackelford 1994, Shackelford

et al. 1999, 2000).

2.3  RESULTS
2.3.1 Results with Water

Results of the hydraulic conductivity tests performed using deionized water as the
permeant liquid are shown in Fig. 2.1. The hydraulic conductivity values of duplicate
specimens permeated with water initially decreased to about 2.0 x 10 cm/s within 10
days (~ 1 PVF) of permeation, and thereafter eventually increased by 1.5X to ~ 3.0 x 107
cm/s after ~ 2.3 yrs (~ 50 PVF) of permeation. The effluent calcium (Ca®") and chloride
(CI') concentrations initially were > 20 mg/L,, and then decreased gradually to

approximately 0.3 mg/I. and 0.2 mg/L, respectively, over the same time frame, whereas
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the effluent sodium (Na") concentrations initially were > 1200 mg/L, and then decreased
gradually to ~ 40 mg/L after ~ 2.3 yrs of permeation.

The gradual decrease in effluent Na' concentrations can be attributed, in part, to
rate-limited diffusive mass transport of soluble Na* from the interlayer region of the
bentonite particles to the interparticle and interclod migration pathways (Coats and Smith
1964, van Genuchten and Wierenga 1976, Rao et al. 1980, Tang et al. 1981, van Eijkeren
and Loch 1984, Parker and Valocchi 1986, Pusch 1999, Pusch and Schomburg 1999).
This slow leaching process also is responsible for significantly high ratios of effluent to
influent EC (i.e., > 60) throughout the tests, and analogous to the process of reverse
matrix diffusion that has attributed, in part, to the inability of pump-and-treat remediation
systems to reach cleanup goals for contaminated aquifers (Feenstra et al. 1984, Parker et

al. 1994, Shackelford and Jefferis 2000).

2.3.2 Results with 5, 10, and 20 mM CaCl; Solutions

Results of the hydraulic conductivity tests performed using 5, 10, and 20 mM
CaCl, solutions as the permeant liquids are shown in Figs. 2.2 to 2.4, respectively. The
hydraulic conductivity values for duplicate specimens permeated with 5, 10, and 20 mM
CaCl, solutions initially decreased to ~ 10° cm/s after ~ 1 month (< 5 PVF) of
permeation, and then began to increase after ~ 3 months to 6 months (~ 5 to 10 PVF).
Thereafter, the hydraulic conductivity values increased from ~ 5X to 10X to a value of ~
8.5 x 10 cm/s regardless of the influent concentration at times corresponding to ~ 1.6
yrs (~ 66 PVF), 1.0 yr (~ 33 PVF), and 0.4 yr (~ 16 PVF) for the specimens permeated

with 5, 10, and 20 mM CaCl, solutions, respectively. However, a decrease in hydraulic
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conductivity was observed after ~ 1.4 yrs (~ 75 PVF) and 1.1 yrs (~ 60 PVF) of
permeation for the duplicate specimens permeated with the 10 mM CacCl, solution, and
after ~ 1.1 yrs (~ 90 PVF) and 0.7 yr (~ 70 PVF) for the duplicate specimens permeated
with the 20 mM CaCl, solution, possibly due to biological and/or chemical clogging
(Ruhl and Daniel 1997).

Consequently, the tests performed using 10 and 20 mM CacCl, solutions as the
permeant liquids were disassembled and re-assembled (i.e., cleaning/replacing porous
materials and all the parts including the tubing of the permeameter) to minimize and
prevent any potential clogging processes due to prolonged permeation. The specimens
were covered with a paper towel wetted by the permeant liquid during the disassembly
and re-assembly procedure, which lasted < 2 hrs. Even though no clogging tendency was
observed for the duplicate tests performed using the 5 mM CaCl, solution as the
permeant liquid, these tests also were disassembled and re-assembled to see if any post
re-assembly changes in the hydraulic conductivity could be attributed to specimen
disturbance. However, no significant change (i.e., <45 %) in the hydraulic conductivities
is apparent after the re-assembly in all the tests except for one test performed using the 10
mM CaCl; solution as the permeant liquid, in which the hydraulic conductivity increased
by ~ 2.2X, probably due to the disturbance resulting from the additional re-assemblies
required for this test relative to the other tests (i.e., 3 vs. 1). At the end of the tests
performed using 5, 10, and 20 mM CaCl, solutions as the permeant liquids (i.e., ~ 2.7 yrs
of permeation), the effluent Na" concentrations were ~ 0.65 mg/L, which is still higher

than the MDL for Na* of 0.2 mg/L (EPA Method 200.7).
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2.3.3 Results with 50, 100, and 500 mM CaCl, Solutions

Results of the hydraulic conductivity tests performed using 50, 100, and 500 mM
CaCl; solutions as the permeant liquids are shown in Figs. 2.5 to 2.7, respectively. For
the specimens permeated with 50, 100, and 500 mM CaCl, solutions, the hydraulic
conductivity values stabilized within 3 hrs to 5 days (< 10 PVF) depending on the
influent concentration, and were always greater than 1.3 x 10%,13x 107, and 1.1 x 10°®
cm/s for the specimens permeated with 50, 100, and 500 mM CaCl, solutions,
respectively. In contrast to the specimens permeated with 5, 10, and 20 mM CaCl,
solutions, the hydraulic conductivity for the specimens permeated with 50, 100, and 500
mM CaCl, solutions changed by less than 3.5X throughout the tests. In fact, the final
hydraulic conductivity values at the end of the tests were approximately 1.6 x 10%, 3.6 x
107, and 1.4 x 10 cm/s for the specimens permeated with 50, 100, and 500 mM CaCl,
solutions, respectively. The effluent Na* concentrations were ~ 10 mg/L at the end of all

the tests performed using 50, 100, and 500 mM CaCl, solutions as the permeant liquids.

2.3.4 Final Hydraulic Conductivity and Properties of Specimens

The hydraulic conductivity values at the end of tests (k) are shown in Fig. 2.8 as a
function of influent CaCl, concentration. Since the measured Ca®* concentrations for the
water were below the MDL of 0.02 mg/L for Ca**, the MDL is used to represent the Ca”*
concentration for the water of this study. The average of the k¢ values for the duplicate
specimens permeated with water (i.e., 2.5 x 10 cm/s vs. 3.4 x 10® cm/s) is ~ 3.0 x 107
cm/s. For the specimens permeated with 5, 10, and 20 mM CaCl, solutions, all k¢ values

are close to 1.0 x 10™ cm/s regardless of the influent concentration, except for one of the
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specimens permeated with the 10 mM CaCl, solution where the k¢ value is ~ 1.5 x 107
cm/s probably due to the two additional re-assemblies. In general, the k¢ values for the
specimens permeated with 5, 10, and 20 mM CaCl, solutions are ~ 3.5X higher than
those for the specimens permeated with water.

In contrast, the kr values for the specimens permeated with 50, 100, and 500 mM
CaCl, solutions are ~ 1.6 x 10™, 3.6 x 107, and 1.4 x 10° cm/s, respectively. These
values are ~ 5.5X, 120X, and 460X higher than the average value for the duplicate
specimens permeated with water (i.e., ~ 3.0 x 10° cm/s), respectively. In addition, the
greatest increase in kr (i.e., ~ 20X) occurred when the influent CaCl, concentration
increased from 50 mM to 100 mM.

The final bentonite gravimetric water content (wy, ¢), bentonite void ratio (ey ), and
GCL bulk void ratio (e s) of the GCL specimens after permeation are shown in Figs. 2.9
and 2.10. As the CaCl, concentration in the permeant liquid increases from 0 (water) to
500 mM, wyr decreases from ~ 189 % to 73 %, and ey s decreases from ~ 5.2 to 2.0.
Similarly, ep ¢ decreases from ~ 4.4 to 1.7 for the same range in CaCl, concentrations. In
fact, the greatest decreases in wyy, €p s, and eps of ~ 1.8X occur as the influent CaCly
concentration increases from 0 (water) to 5 mM. Further increases in the CaCl,
concentration of the permeant liquid also result in decreases in wy 1, €p ¢, and egy, but to a

lesser extent.

2.4  DISCUSSION

2.4.1 Clogging
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As previously noted, clogging after approximately 1 yr of permeation with 10 and
20 mM CaCl, solutions resulted in an observed decrease in the hydraulic conductivity.
Several studies have shown that the hydraulic conductivity of a saturated porous medium
can be affected by clogging through microbiological activity (e.g., McNeal and Coleman
1966, Olson and Daniel 1981, Ilgenfritz et al. 1988, Klecka et al. 1990, Taylor and Jaffe
1990, Vandevivere and Baveye 1992, Baveye et al. 1998, Herbert et al. 1998, Kamon et
al. 2002). The reduction in hydraulic conductivity can occur via a direct effect due to
biological clogging, such as clogging of pores by bacterial cells, or an indirect effect
resulting from biologically induced clogging, such as metals precipitation due to sulfate
reducing bacteria (SRB) (e.g., McCalla 1945, 1950, Gupta and Swartzendruber 1962,
Mitchell and Younger 1967, Ford and Beville 1968, Ford et al. 1968, Wood and Bassett
1975, van Beek and van der Kooij 1982, van Beek 1984). For example, the direct effect
recently has been explored as a potential method for creating biobarriers for in situ
containment of contaminated ground water (e.g., Dennis and Turner 1998), whereas the
indirect effect currently is being evaluated for in situ remediation of metal-contaminated
ground water in permeable reactive zones (e.g., Benner et al. 1999, Mayer et al. 1999,
Blowes et al. 2000, Mayer et al. 2001, Benner et al. 2002).

The clogging observed in the tests of this study may be due to either or both types
of clogging. However, the tendency for significant clogging with increasing source CaCl,
concentration (see Figs. 2.2 to 2.4) suggests that the increased concentration of Ca®* in
the source solution plays a role in terms of the observed clogging. In this case, indirect

clogging mediated by SRB under reducing conditions (i.e., anaerobic conditions) is more
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likely, since the direct clogging of pores by microbiological activity is not necessarily

dependent on the source metal (i.e., Ca2+) concentration.

2.4.2 Statistical Analysis on Hydraulic Conductivity

In general, hydraulic conductivity values for the specimens permeated with 5, 10,
and 20 mM CaCl, solutions increased from ~ 5X to 10X to a value of ~ 8.5 x 10™ cm/s
after ~ 1.6 yrs (~ 66 PVF), 1.0 yr (~ 33 PVF), and 0.4 yr (~ 16 PVF) of permeation,
respectively. Thereafter, the hydraulic conductivities for the duplicate specimens
permeated with the S mM CaCl, solution stabilize, whereas the hydraulic conductivities
for the specimens permeated with the 10 and 20 mM CaCl, solutions decrease after ~ 1.3
yrs (~ 66 PVF) and 0.9 yr (~ 80 PVF) of permeation, respectively, probably due to
clogging. Due to the resulting ambiguity in the hydraulic conductivities, determination of
equilibrium in hydraulic conductivity was based on the method proposed by Peirce and
Witter (1986), whereby the slope of hydraulic conductivity versus number of PVF is
analyzed statistically using linear regression based on the t-test at a 5 % significance level.
In this study, the statistically zero slope of hydraulic conductivity was determined
through analyzing the slope of five successive data points in series.

As shown in Fig. 2.11, all of the hydraulic conductivities for the specimens
permeated with 5, 10, and 20 mM CacCl, solutions initially appear to stabilize within 10
PVF, and then begin to increase. As a result, the criterion based on statistical analyses by
Peirce and Witter (1986) also is met for the initial stage of the compatibility tests,
particularly for the specimens permeated with 5, 10, and 20 mM CaCl, solutions.

However, as noted by Bowders (1988), the establishment of hydraulic conductivity
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equilibrium based on the statistical approach recommended by Peirce and Witter (1986)
is a necessary but not sufficient condition to ensure true equilibriurﬁ in the case of
compatibility testing, since hydraulic conductivity equilibrium is truly established only
after chemical equilibrium between effluent and influent has been achieved. Thus, even
though the statistical approach is useful to determine the establishment of equilibrium in
hydraulic conductivity, the statistical approach is meaningful only in conjunction with
knowledge of the mechanisms involved in the compatibility tests (e.g., see Bowders
1988).

Consequently, the use of the statistical approach to determine the equilibrium in
hydraulic conductivity was considered valid only after the initial stage of the
compatibility tests. In fact, the slope of hydraulic conductivity versus the PVF is
statistically zero (hereafter referred to as "zero slope") at approximately 54, 26, and 13
PVF for the first specimens permeated with 5, 10, and 20 mM CaCl, solutions,
respectively (see Fig. 2.11). In addition, as shown in Fig. 2.12, the differences between
the hydraulic conductivity at the zero slope and the final hydraulic conductivity at the end
of tests are not significant (i.e., < 45 %) for the specimens permeated with 5, 10, and 20

mM CaCl, solutions, except for one specimen permeated with the 10 mM CaCl, solution.

2.4.3 Physical Termination Criteria

The test results based on the physical termination criteria, including the
volumetric flow ratio and steady hydraulic conductivity per ASTM D 5084, 2 PVF, and
constant thickness of specimen, are summarized in Table 2.3. The hydraulic conductivity,

elapsed time, and PVF based on each physical termination criterion also are compared
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with those at the zero slope (or kak-o) in Figs. 2.13 to 2.15, respectively. For the
specimens permeated with water and 50, 100, and 500 mM CaCl, solutions, the hydraulic
conductivity based on overall physical termination criteria is not significantly lower (i.e.,
< 40 %) than the hydraulic conductivity at zero slope (or kax-g). However, for the
specimens permeated with 5, 10, and 20 mM CacCl, solutions, the hydraulic conductivity
based on each physical termination criterion is at most ~ 7X lower than the hydraulic
conductivity at the zero slope (or kak)-

For example, the hydraulic conductivity based on the establishment of steady
hydraulic conductivity per ASTM D 5084 is from ~ 3X to 6X lower than the hydraulic
conductivity at the zero slope (or kak-o) for the specimens permeated with 5, 10, and 20
mM CacCl, solutions. In other words, significantly more PVF (i.e., 10 to 76 more) are
required to achieve the statistically zero slope in hydraulic conductivity than are indicated
by the physical termination criteria. Thus, none of the physical termination criteria
appears to be adequate for the specimens permeated with 5, 10, and 20 mM CacCl,
solutions, whereas the overall physical termination criteria tend to ensure equilibrium in
hydraulic conductivity for the specimens permeated with water and 50, 100, and 500 mM

CaCl, solutions.

2.4.4 Chemical Termination Criteria

The results of the compatibility tests based on the chemical termination criteria,
including pH, EC, and solute concentration equilibrium, are summarized in Table 2.4.
The hydraulic conductivity, elapsed time, and PVF based on each chemical termination

criterion also are compared with those at the zero slope (or kak-g) in Figs. 2.16 to 2.18,
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respectively. The termination criterion based on pH equilibrium was found to be
inapplicable in this study, because the pH ratio (i.e., pHow/pHin) never reached the
acceptable range (i.e., 1.00 + 0.10) throughout the tests (Figs. 2.2 to 2.7), except for the
tests performed using the 500 mM CacCl, solution as the permeant liquid. Since the pH of
saturated bentonite paste is relatively high (~ 8.9), the influent pH (i.e., 5.0 to 7.0) is
buffered, in part, by the bentonite, and consequently the effluent pH is expected to be
higher than the influent pH (Shackelford et al. 1999). However, the buffering capacity of
bentonite will be exhausted gradually by the slow leaching process (e.g., Shan and Lai
2002). In addition, the decrease in pH of the influent over time may result in an increase
in the pH ratio.

Furthermore, if the liquid accumulated in the effluent reservoir is open to the
atmosphere, then the release of aqueous-phase carbon dioxide (COsqg) into the
atmosphere will result in a continual increase in the effluent pH with time (Shackelford
1994), as illustrated in Fig. 2.19. Also, in closed systems such as the flexible-wall
apparatus used in this study, the concentration of the CO»,q) in the pore liquid of a soil
likely increases due to respiration by microorganisms under anaerobic conditions
(Shackelford 1994). As a result, an increase in effluent pH is expected due to release of
COxaq) as equilibrium with the atmosphere is established. Finally, the existence of sulfate
reducing bacteria within the soil can result in an increase in pH and metals precipitation

under anaerobic conditions (e.g., Kamon et al. 2002).

2.4.4.1 Electrical Conductivity Equilibrium
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Two termination criteria based on EC equilibrium were considered to evaluate the
effect of the tolerance on EC, viz., ECo/ECin = 1.00 £+ 0.10 and EC,/ECi, = 1.00 £ 0.05.
As shown in Fig. 2.16, the hydraulic conductivity based on either EC tolerance generally
is always lower than the hydraulic conductivity at the zero slope (or kak-o) regardless of
the influent concentration for the specimens permeated with 5, 10, and 20 mM CaCl,
solutions. In fact, the hydraulic conductivity based on the EC ratio of 1.00 + 0.10 and
1.00 £ 0.05 are ~ 5X and 2X lower than the hydraulic conductivity at the zero slope (or
kak-~0), respectively. On the other hand, for the specimens permeated with 50, 100, and
500 mM CacCl, solutions, the hydraulic conductivity based on both tolerances in the EC
ratio is not significantly different (i.e., < 45 %) to the hydraulic conductivity at the zero
slope (or kak-o). Thus, equilibrium in EC between effluent and influent is a necessary, but
not a sufficient, condition to ensure equilibrium in hydraulic conductivity for the
specimens permeated with 5, 10, and 20 mM CaCl, solutions, whereas EC equilibrium

tends to ensure hydraulic conductivity equilibrium for the specimens permeated with 50,

100, and 500 mM CaCl, solutions.

2.4.4.2 Solute Concentration Equilibrium

As shown in Fig. 2.16, the hydraulic conductivity values based on chloride (CI)
concentration equilibrium between effluent and influent (i.e., Cciou/Cclin = 1.00 £ 0.10)
are from ~ 3X to 10X lower than the hydraulic conductivity value at zero slope (or kak-o),
and are established within 15 PVF for the specimens permeated with 5, 10, and 20 mM
CaCl, solutions. Thus, the CI” concentration equilibrium is not a sufficient condition to

ensure hydraulic conductivity equilibrium for the specimens permeated with 5, 10, and 20
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mM CaCl, solutions. However, as shown in Fig. 2.16, the closeness between the
hydraulic conductivity at zero slope (or kak-o) and hydraulic conductivity based on Ca**
concentration equilibrium (i.e., Ccaou/Ccain = 1.00 £ 0.10) supports the applicability of
salt concentration equilibrium as a termination criterion for the specimens permeated
with 5, 10, and 20 mM CaCl; solutions. For the specimens permeated with 50, 100, and
500 mM CaCl, solutions, the hydraulic conductivity based on either Cl° or Ca®*
concentration equilibrium is not significantly different (i.e., < 45%) to the hydraulic

conductivity at zero slope (or kag-o).

2.4.4.3 Implications of Effluent Sodium

Since Ca*" exchange for Na' is believed to be the primary mechanism that
increases the hydraulic conductivity of sodium bentonite specimens permeated with low-
concentration (< 50 mM) CaCl, solutions (Dobras and Elzea 1993, James et al. 1997,
Shackelford et al. 2000, Egloffstein 2001, Melchior 2002), the effluent Na™ concentration
may also be considered as an indicator of equilibrium. However, even though Na' is the
dominant exchangeable cation for sodium bentonite, cations other than Na" also exist on
the exchangeable sites (Table 2.1). Nonetheless, any effect of the Ca** exchange for
divalent cations (e.g., magnesium, Mg2+) on hydraulic conductivity likely is negligible,
and Ca*" exchange for any other monovalent cations (e.g., potassium, K) will occur
concomitantly with the Ca** exchange for Na'. Therefore, the time required to reach an
effluent Na" concentration below the method detection limit (MDL) of 0.2 mg/L

probably is the most appropriate condition to ensure true equilibrium in the system.
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However, in the current study, the effluent Na" concentrations for all the
specimens permeated with 5, 10, and 20 mM CaCl, solutions were significantly higher
(i.e., > 25X) than the MDL for Na’ when chemical equilibrium was established (see Figs.
2.2 to 2.4). Even at the end of the tests (~ 2.7 yrs and 250 PVF), the effluent Na’
concentrations (~ 0.65 mg/L) still were ~ 3X higher than the MDL. The long durations
required for elution of the Na" probably are due to diffusion-limited leaching of Na" from
the immobile phase of bentonite resulting from the relatively slow flow rate for the tests
even after Ca”" exchange for Na' is effectively completed (Coats and Smith 1964, van
Genuchten and Wierenga 1976, Pusch 1999).

In order to assess the percentage of the cumulative mass of Na' released at each
termination criterion (hereafter referred to as "percentage of Na' released"), the
cumulative mass of effluent Na” is compared with the total Na* released throughout the
test, as shown in Figs. 2.20 to 2.22. For the specimens permeated with 5, 10, and 20 mM
CaCl, solutions, the percentage of Na' released was < 50 % for all the physical
termination criteria, which required < 5 PVF. In contrast, the percentage of Na' released
was > 94 % for the Ca** concentration equilibrium (i.e., Ccaou/Ccain = 1.00 £ 0.10),
which still required significantly less PVF than the PVF at the end of tests (i.e., < 80 PVF
vs. > 190 PVF). Also, the percentages of Na' released at the time corresponding to the
zero-slope criterion (i.e., slope of k ~ 0) were approximately 97, 94, and 86 % for the
specimens permeated with 5, 10, and 20 mM CaCl, solutions, respectively (see Figs. 2.11
and 2.20). Furthermore, the additional 200 PVF increased the percentage of Na" released

by only about 5 %, possibly due to extremely slow leaching process (see Fig. 2.20).
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Therefore, the use of the MDL for the effluent Na™ concentration as an indicator
for chemical equilibrium appears to be neither practical (i.e., due to extensive test
durations and cost of chemical analysis) nor necessary (i.e., based on the cumulative mass
analyses). On the other hand, for the specimens permeated with 50, 100, and 500 mM
CaCl, solutions, the percentages of Na' released were similar to those for the specimens
permeated with 5, 10, and 20 mM CaCl, solutions, even though the amounts of the Na"

released were lower likely due to shorter test durations (i.e., < 3 months and < 50 PVF).

2.5 CONCLUSIONS

The influence of the CaCl, concentration in the permeant liquid on the long-term
hydraulic conductivity of GCL specimens was evaluated in this study. Hydraulic
conductivity values of the specimens permeated with 5, 10, and 20 mM CaCl, solutions
were comparable to those of the specimens permeated with water (~ 10 cm/s) during
short-test durations (< 3 to 6 months). However, the hydraulic conductivity values then
increased from about 5X to 10X to a value of ~ 8.5 x 10 cm/s regardless of the influent
CaCl, concentration after ~ 0.4 yr to 1.6 yrs of permeation. In contrast, GCL specimens
permeated with 50, 100, and 500 mM CacCl, solutions were approximately 2X, 40X, and
200X more permeable than specimens permeated with 5, 10, and 20 mM CacCl, solutions,
respectively.

In terms of termination criteria, none of the physical criteria, including volumetric
flow ratio and steady hydraulic conductivity per ASTM D 5084, 2 pore volumes of flow,
and constant thickness of specimen, was adequate for the specimens permeated with 5, 10,

and 20 mM CaCl, solutions in this study because equilibrium in hydraulic conductivity
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had not been established at the times corresponding to those criteria. In addition, since the
pH ratio (i.e., pHou/pHin) was never within the acceptable range (i.e., 1.00 £ 0.10)
throughout the tests, except for the tests performed using the 500 mM CaCl, solution as
the permeant liquid, the termination criterion based on pH equilibrium was not applicable
in this study. Also, the hydraulic conductivity values based on EC,/ECi, = 1.00 + 0.10
and 1.00 = 0.05 were always ~ 5X and 2X lower, respectively, than those at the
statistically zero slope of hydraulic conductivity, regardless of influent concentration for
the specimens permeated with 5, 10, and 20 mM CaCl, solutions.

In fact, the statistically zero slope of hydraulic conductivity was not established
until the Ca?* concentrations in the effluent and influent were similar (i-e., Ccaout/Ccain =
1.00 £ 0.10) for the specimens permeated with 5, 10, and 20 mM CacCl, solutions. On the
other hand, for the specimens permeated with 50, 100, and 500 mM CacCl; solutions, all
of the termination criteria were established relatively rapidly (< 1 month and < 10 PVF).
Finally, the potential application of the MDL for the effluent Na' concentration as an

indicator for true chemical equilibrium is likely to be neither necessary nor practical.
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Table 2.1 — Properties of bentonite in a geosynthetic clay liner.

Property Standard I,\Irroi;Sf AF&:E?J:E]IJ ©
Specific Gravity ASTM D 854* 3 2.74 [2.74,2.74]
Soil Classification: ASTM D 2487
Sieve Analysis (Air-Dried) 3 SP
Hydrometer 7 CH
Atterberg Limits (%): ASTM D 4318 1
Liquid Limit, LL 430
Plasticity Index, PI 393
Swell Index (mL/2 g) ASTM D 5890 | 17 27.5129.5, 25.5]
Bentonite Mass (kg/mz) ASTM D 5993 5 5.1[5.3,4.7]
Principal Minerals (%): b 3
Montmorillonite 77.2[79.6, 74.0]
Cristobalite 10.3 [15.0, 6.8]
Plagioclase Feldspar 5.1[7.4,4.0]
Quartz 3.414.0,3.0]
Others 4.0 [6.0, 2.9]
gf;‘c"‘(ln}ij:/};g%gge)capac“y’ ¢ 3 63.9 [73.5, 53.1]
Exchangeable Metals (meq/100 g): c 3
Ca™ 11.5[15.7, 6.9]
Mg* 3.7[4.8,2.2]
Na" 45.8 [56.1, 40.0]
K" 0.7 [0.8, 0.6]
Sum 61.7 [72.7,51.2]
Soluble Metals (mg/kg): c,d 3
Ca** 218 [241, 174]
Mg 24 [29, 14]
Na" 3365 [3766, 3451]
K" 48 [52, 43]
Saturated Soil Paste: c 3
pH 8.9 [8.9, 8.8]
EC® (mS/m) 305 [315, 290]

 Using a magnetic stirring device for de-airing.

® Based on X-ray diffraction (XRD) analyses performed by Mineralogy Inc., Tulsa, OK

and GeoServices Inc., Argyle, TX.

¢ Based on procedures described in Shackelford and Redmond (1995).
4 Measured from a T g:20 mL clay-water extract.

¢ Electrical conductivity at 25 °C.
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Table 2.2 — Properties of permeant liquids.

Permeant Salt Concentration (mM) Measured Solute Concentrations (mg/L) Measured pH | Measured ECS (mS/m)
Liquid Tarcet Measured Calcium (Ca™) Chloride (CI) [No. of Trials] [No. of Trials]
£ [No. of Trials] [No. of Trials] [No. of Trials]
DIW* 0 <0.0005° [10] <0.02° [10] <0.04°[10] 5.6+£0.5[19] 0.21+0.11[19]
5 5.1+0.2[14] 216 10 [14] 377 £ 38 [14] 5.7+0.5[25] 123 +2.1 [25]
10 10.1 £ 0.2 [13] 436 £ 30 [13] 756 + 65 [13] 6.0+0.3[19] 234 +2.6 [19]
((S:?gcnlqza 20 20.1 £ 0.6 [13] 872+ 77 [13] 1457 £ 110 [13] 6.1+0.3[17] 445+ 7.3 [17]
92?%) 50 50.7 £ 1.4 [9] 2055+ 63 [9] 3548 + 69 [9] 5.7+0.1[18] 1041 +26 [18]
100 100 £2.6 [6] 4072 + 126 [6] 7030 + 95 [6] 5.8+0.1[13] 1958 + 48 [13]
500 505+ 10 [5] 20289 + 474 [5] 35755+ 710 [5] 6.5+0.2[12] 7693 =25 [12]

? Deionized water.
® Method detection limit (MDL).
¢ Electrical conductivity at 25 °C.
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Physical Termination Criteria

Permeant | Test Slope of k ~ 0° End of Test ASTM D 5084 5 PVF anstant

Liquid | No. Q Ratio Steady k Thickness
PVFaco | Kawo PVF; ke PVFq | ko/ | PVEe [k [ fkoew/| PVEn [k
[taol* | (cm/s) [te]* (cm/s) [tol* |kawo| [t]*  [kako Kao | [ta]*  |kakwo
Deionized | 1 | 53[860] [3.4x 107 53[860] [3.4x10°|1.1[13] |0.65|1.3[16] |0.69| [37] | 0.67 | 6.1[114] | 0.78
Water 2 | 49[843] [2.5x 10| 49[843] |2.5x10°|1.2[26] |0.68|1.2[26] |0.88| [50] | 0.66 | 5.1[113] | 0.84
5 mM 3 | 54[494] |8.3x107(274[1026] |1.1x 10®| 1.5[5.5] | 0.32 | 2.8[25] |0.24| [15] | 0.21 | 2.2[15] |0.21
CaCl, 4 | 78[774] |9.1 x 10°|195[1060] |1.1 x 10®| 1.7[26] |0.19 | 1.7[26] |0.24| [37] | 0.16 | 1.2[16] |0.22
10 mM 5 | 26[376] 6.8 x107(265[1028]|1.5x10%[2.6[8.6] | 0.37 | 3.9[36] |0.28| [3.0] | 1.92 | 3.4[23] |0.28
CaCl, 6 | 38[304] [9.8 x 107|268 [1018]|9.2x 107{3.7[28] |0.18 | 4.4[39] |0.21]| [5.2] | 1.15 | 3.7[28] |0.18
20 mM 7 | 13[136] |7.8 x 107|269 [1002] [1.1x10®2.5[30] | 0.29 | 2.5[30] |0.35| [22] | 0.30 | 0.87[7.6] | 0.48
CaCl, 8 | 18[147] [9.5x10°|284[927] |9.5x10°|3.2[47] |0.15|3.9[59] |0.16| [34] | 0.14 | 1.1[9.6] | 0.28
50 mM 9 |70[12] |1.6x108| 43[68] |1.5x10°|3.0[5.6] | 0.85|3.0[5.6] |0.86| [4.2] | 0.80 | 1.5[2.7] | 0.83
CaCl, 10 | 48[8.9] |1.8x108| 41[66] [1.8x10°|2.7[5.5] | 0.86 | 2.7[5.5] |0.84| [4.2] | 0.81 | 1.3[2.6] |0.83
100mM | 11 [9.1[0.98]]3.4x107| 46[3.9] |[3.1x107]3.0[0.39]] 0.58 | 3.0[0.39]] 0.61| [0.29] | 0.59 | 1.5[0.19]| 0.69
CaCl, 12 |5.3[0.54]|3.5x107| 45[3.3] [4.0x107|3.0[0.37]| 0.89 | 3.7[0.43]|0.83 | [0.31] | 0.82 |0.75[0.15]| 0.38
500mM | 13 | 7.5[0.12]|1.8 x 10| 41[0.57] |1.5x 10°|3.4[0.06]| 0.63 | 4.2[0.08]| 0.63 | [0.04] | 0.62 | 2.6[0.04]| 0.62
CaCl, 14 | 6.3[0.09]|1.9x 10| 39[0.59] [1.3x10°|3.2[0.05]| 0.71 | 4.0[0.06]|0.79 | [0.03] | 0.74 | 1.6[0.02]| 0.92

? k = hydraulic conductivity; Q = volumetric flow rate; PVF = pore volumes of flow.
® When the slope of k vs. number of PVF is statistically zero (Peirce & Witter 1986) except for the tests performed with deionized

water, in which values are those at the end of the tests.
* Elapsed time [days].
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Table 2.4 — Summary for results of hydraulic conductivity tests based on chemical termination criteria.”

Chemical Termination Criteria

ASTM D 6766

Permeant | Test | ko’ pH Ratio® EC Ratio® (1E(§)ia(t)1(())cs) (1C0C(1)ia(t)l(;;) (1C 00 }iaglcf:))
Liquid | No. | (cm/s) (1.00 + 0.10) (1.00 + 0.10) ' ' ' ' ' '

PVFpuo1 |Kpmo/| PVFeco1 |keco/| PVFecoos |kecoos/| PVFcio1 |Kcwoi/| PVFEca1 |kcan.1/
[tpro.a]* | kako | [tecoal®* |kao | [tecoos]® | kakwo | [tooal* |kako| [tcaoil* | kako
smM | 3 |83x10° 24[338] | 0.26 | 32[403] | 039 | 63[80] |0.18] 57[502] | 1.04
CaCl, | 4 [9.1x10° d 4 57498 | 020 | 40[623] | 043 | 5.0[104] | 001 | 79(779] | 095
10 mM 5 |68x10° d d 14 [280] | 0.30 20 [341] 0.64 11[234] [ 0.22 | 30[397] | 0.98
CaCl, | 6 |98x107 11[155] | 020 | 21[244] | 050 | 15[200] | 0.25 | 36[297] | 0.98
0mM | 7 |78x10° ; L [ 381491 | 024 | 84[112) | 054 | 7.0[100) |07 ] 21[164] | 103
CaCl, | 8 [95x107 46[70] | 017 | 12[127] | 061 | 1.8[21] |0.17 | 31[178] | 0.99
somM | 9 |16x10° 3.0[5.6] | 0.85 | 3.8[7.0] | 091 | 22[42] |080|93[16] | 1.03
CaCl, | 10 |1.8x10° d 4 2755 086 34[66] | 091 | 20(42] |081|89[15 | 106
100 mM | 11 | 3.4x 107 q d 3.0[0.39] | 0.58 3.8[0.48] | 0.62 | 2.3[0.29] | 0.59 | 6.8[0.80] | 0.87
CaCl, 12 |3.5x107 2.2[0.31] | 0.82 3.7[0.43] | 0.96 | 1.5[0.24] | 0.65 | 6.0[0.59] | 1.07
500mM | 13 [ 1.8x 10| 0.9 [0.01] | 1.03 | 0.87[0.01] | 1.03 | 0.87[0.01] | 1.03 1.7[0.03] | 0.64 | 1.7[0.03] | 0.64
CaCl, | 14 |[19x10° | 0.8[0.01] | 1.41 | 0.79[0.01] | 1.41 | 2.4[0.03] | 0.74 | 2.4[0.03] | 0.74 | 1.6[0.02] | 0.92

? k = hydraulic conductivity; PVF = pore volumes of flow.
® When the slope of k vs. number of PVF is statistically zero (Peirce & Witter 1986).

¢ EC = electrical conductivity; Cc; or Cc, = concentration of chloride or calcium; ratio = effluent relative to influent.

4 Not established throughout the test.
* Elapsed time [days].
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Fig. 2.1 — Test results for duplicate specimens permeated with water (MDL = method
detection limit; MDL for Ca**, Na*, C'=0.02, 0.2, 0.04 mg/L).
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Fig. 2.2 — Test results for duplicate specimens permeated with 5 mM CaCl, solution
(MDL = method detection limit).
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Fig. 2.3 — Test results for duplicate specimens permeated with 10 mM CaCl, solution
(MDL = method detection limit).
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Fig. 2.4 — Test results for duplicate specimens permeated with 20 mM CaCl, solution
(MDL = method detection limit).
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Fig. 2.5 — Test results for duplicate specimens permeated with 50 mM CaCl, solution
(MDL = method detection limit).
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Fig. 2.6 — Test results for duplicate specimens permeated with 100 mM CaCl, solution

(MDL = method detection limit).
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Fig. 2.7 — Test results for duplicate specimens permeated with 500 mM CaCl, solution

(MDL = method detection limit).
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Fig. 2.8 — Final hydraulic conductivity at the end of permeation as a function of influent
CaCl, concentration (MDL = method detection limit).
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Fig. 2.9 — Final bentonite gravimetric water content and void ratio after permeation as a
function of influent CaCl, concentration (MDL = method detection limit).
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Fig. 2.10 — Final GCL bulk void ratio after permeation as a function of influent CaCl,
concentration (MDL = method detection limit).
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Fig. 2.11 — Pore volumes of flow at which the slope of hydraulic conductivity versus
number of pore volumes of flow is statistically zero (i.e., slope of k ~ 0) for
the first specimens permeated with 5, 10, and 20 mM CacCl, solutions.
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CHAPTER 3

CONCENTRATION DEPENDENCY OF THE PREHYDRATION EFFECT

FOR A GEOSYNTHETIC CLAY LINER

ABSTRACT: Hydraulic conductivity tests are performed on both non-prehydrated and
prehydrated specimens of a geosynthetic clay liner (GCL) with chemical solutions
containing 5, 10, 20, 50, and 100 mM calcium chloride (CaCl,). The tests are terminated
only after chemical equilibrium between the influent and effluent solutions has been
established, resulting in test durations ranging from 14 hrs to 500 days depending on the
CaCl, concentration. The results are presented in the form of the first exposure ratio, FER,
defined as the ratio of the hydraulic conductivity of a non-prehydrated specimen relative
to the hydraulic conductivity of a separate but identical prehydrated specimen permeated
with the same chemical solution. The results indicate that prehydration has little, if any,
effect on hydraulic conductivity of the GCL for specimens permeated with solutions
containing 5 to 50 mM CaCl, (i.e., 0.5 < FER < 1.1), whereas prehydration has a more
significant effect on hydraulic conductivity of the GCL for specimens permeated with the
100 mM CaCl, solution (i.e., FER ~ 3.0). The results represent the first evidence that the
previously reported prehydration or first exposure effect based on fully prehydrated
specimens is concentration dependent, and may be insignificant when the permeant liquid

contains relatively low concentrations of inorganic solutes.
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Key Words: geosynthetic clay liners, hydraulic conductivity, prehydration, chemical

equilibrium, termination criteria

3.1 INTRODUCTION

Several investigators have reported that prehydration of bentonite mixtures and/or
geosynthetic clay liners (GCLs) with water prior to permeation with actual permeant
liquids can have a significant effect on hydraulic conductivity (e.g., Shan and Daniel
1991, Daniel et al. 1993, Shackelford 1994, Didier and Comeaga 1997, Gleason et al.
1997, Kajita 1997, Petrov and Rowe 1997, Petrov et al. 1997a, Quaranta et al. 1997, Ruhl
and Daniel 1997, Stern and Shackelford 1998, Lin and Benson 2000, Shackelford et al.
2000, Vasko et al. 2001, Ashmawy et al. 2002, Shan and Lai 2002). This effect
commonly is referred to as the "first exposure effect” (Shackelford 1994, Stern and
Shackelford 1998) or the "prehydration effect" (e.g., Daniel et al. 1993, Didier and
Comeaga 1997, Gleason et al. 1997, Petrov and Rowe 1997, Petrov et al. 1997a,
Quaranta et al. 1997, Ruhl and Daniel 1997, Lin and Benson 2000, Vasko et al. 2001,
Ashmawy et al. 2002, Shan and Lai 2002). As a result of this effect, the hydraulic
conductivity of GCLs permeated directly with chemical solutions typically has been
found to be significantly higher (i.e., > 10X) than the hydraulic conductivity of same
GCLs permeated with the same chemical solutions after prehydration with water.

In the field, prehydration may occur naturally, such as by either precipitation or
adsorption of water from adjacent soils (Daniel et al. 1993, Bonaparte et al. 1996, Petrov

and Rowe 1997), or may be imposed either by spraying water (Vasko et al. 2001) or, in
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the case of GCLs, by installing commercially available prehydrated GCLs (e.g.,
RawMat® HDB, Rawell Water Control Systems Limited, Wirral, Merseyside, UK). For
laboratory experiments, prehydration has been imposed either by spraying or soaking the
specimens with water (e.g., Daniel et al. 1993, Didier and Comeaga 1997, Vasko et al.
2001), or by permeating the specimens with water (e.g., Shan and Daniel 1991,
Shackelford 1994, Bonaparte et al. 1996, Gleason et al. 1997, Petrov and Rowe 1997,
Petrov et al. 1997a,b, Ruhl and Daniel 1997, Stern and Shackelford 1998, Shackelford et
al. 2000).

The degree of prehydration may be complete or partial depending on the degree
of saturation upon prehydration (e.g., Daniel et al. 1993, Vasko et al. 2001). For example,
Daniel et al. (1993) found that the degree of prehydration is not particularly important in
terms of the hydraulic conductivity of GCLs permeated with different organic liquids (i.e.,
benzene, gasoline, methanol, methyl tertiary-butyl ether [MTBE], and trichloroethylene
[TCE]) when the gravimetric water content of the bentonite after prehydration is 100 %
or greater. However, the tests performed by Daniel et al. (1993) were relatively short-
term tests (i.e., < 2 pore volumes of flow and < 2 months in duration), with no evidence
of chemical equilibrium between the influent and effluent having been established.
Similarly, Vasko et al. (2001) also found that the degree of prehydration had no apparent
effect on the hydraulic conductivity of GCLs permeated with weak and intermediate
CaCl, solutions (i.e., < 25 mM). However, the hydraulic conductivity of GCL specimens
permeated with strong CaCl, solutions (i.e., > 100 mM CaCl,) decreased from ~ 1 x 107
cm/s to ~ 3 x 107 cm/s as the prehydration water content increased from 9 % (air-dried)

to 150 %, and no further increase in hydraulic conductivity occurred with further increase
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in the prehydration water content above 150 %. In contrast to the study by Daniel et al.
(1993), the tests performed by Vasko et al. (2001) were continued until chemical
equilibrium in terms of the electrical conductivity (EC) between the influent and effluent
was established.

Gleason et al. (1997) found that the hydraulic conductivity of a prehydrated Ca-
bentonite specimen (i.e., ~ 7 X 10 cm/s) permeated with a 250 mM CaCl, solution was
half an order-of-magnitude lower than the hydraulic conductivity of a non-prehydrated
Ca-bentonite specimen (i.e., ~ 3 x 10® cm/s) permeated with same solution. However,
prehydration of compacted sand-bentonite mixtures (i.e., 5 % Na-bentonite) appeared to
have little effect on the hydraulic conductivity (i.e., ~ 10° cm/s) to the same solution.
This lack of agreement between the two results may have been due, in part, to the
difference in specimen composition (i.e., sand-bentonite mixtures vs. pure bentonite)
and/or the types of primary exchangeable cation of bentonite (i.e., Na-bentonite vs. Ca-
bentonite).

Shan and Daniel (1991) and Rad et al. (1994) found that the hydraulic
conductivities of prehydrated GCL specimens permeated with pure alcohols (i.e., ethanol
or methanol) were similar to the hydraulic conductivities obtained from the tests
performed with water. In contrast, Petrov et al. (1997b) found that the hydraulic
conductivities of prehydrated GCL specimens permeated with pure ethanol were

significantly higher (i.e., > 10X) than those based on permeation with water when the
tests were continued until chemical equilibrium had been achieved. They also noted that

the hydraulic conductivities reported by Shan and Daniel (1991) and Rad et al. (1994)
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probably would have been higher had the tests been continued until chemical equilibrium
was reached.

As a result of the potential importance of prehydration in the case of the
performance of bentonite-based barrier materials, such as GCLs, and the apparent
inconsistencies regarding the effect of prehydration on hydraulic conductivity, the
objective of this study is to evaluate the effect of prehydration on the hydraulic
performance of a GCL permeated with inorganic solutions containing a wide range of
CaCl, concentrations. In order to achieve this objective, hydraulic conductivity tests are
performed on both non-prehydrated and prehydrated GCL specimens until chemical
equilibrium between influent and effluent is established in terms of electrical
conductivity (EC) and solute concentrations. In some cases, such as when low-
concentration (5, 10, and 20 mM CaCl,) solutions were used, establishing chemical
equilibrium required in excess of 1 yr of permeation. The results of this study may have
significant implications with respect to the use of prehydration to minimize alterations in

the hydraulic performance of GCLs used in waste containment applications.

3.2 MATERIALS AND METHODS
3.2.1 Geosynthetic Clay Liner

The geosynthetic clay liner (GCL) used in this study consists of a layer of
granular sodium bentonite sandwiched between woven and non-woven polypropylene
geotextiles held together by needle-punched fibers. The GCL is ~ 6-mm thick in an air-
dried condition, and the average gravimetric water content of bentonite is ~ 4 %. The

physical and chemical properties and the mineralogical composition for the bentonite
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portion of the GCL are given in Table 3.1. The air-dried bentonite consists of 20 %
medium sand-sized (425 — 2000 um) and 72 % fine sand-sized granules (425 — 75 um)
based on mechanical sieve analyses, whereas approximately 90 % of particles are clay

sized (< 5 um) based on hydrometer analyses (ASTM D 421, D 422).

3.2.2 Permeant Liquids

The permeant liquids used in the experiment consist of tap water that is processed
by passage through three Barnstead® ion exchange columns in series (pH ~ 5.6, electrical
conductivity, EC, at 25 °C ~ 0.2 mS/m) and solutions containing 5, 10, 20, 50, and 100
mM calcium chloride (CaCly). The processed tap water classifies as Type IV deionized
water (DIW) as per ASTM D 1193. Calcium chloride was chosen primarily because
previous studies involving permeation of bentonite-based hydraulic barrier materials (e.g.,
GCLs, sand-bentonite mixtures) with CaCl, solutions have shown significant effects of
the solutions on the hydraulic conductivity of these materials (Alther et al. 1985, Daniel
et al. 1993, Shackelford 1994, Imamura 1996, Gleason et al. 1997, James et al. 1997,
Melchior 1997, Petrov and Rowe 1997, Petrov et al. 1997a,b, Quaranta et al. 1997, Ruhl
and Daniel 1997, Kolstad 2000, Lin and Benson 2000, Shackelford et al. 2000,
Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001, Shan and Lai 2002).

The CacCl, solutions were prepared by dissolving CaCl, (powdered, > 96 % pure,

Sigma-Aldrich Co., St. Louis, MO) in the DIW. Each solution was mixed in a 20-L

carboy, and pH, EC, and solute concentrations of the permeant liquids were monitored
with time using a pH meter (Accumet® AB15 meter, Fisher Scientific Co., Pittsburgh,

PA), an EC probe (Accumet® AB30 meter, Fisher Scientific Co., Pittsburgh, PA), an ion
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chromatograph (Dione:x® 40001 IC Module, Dionex Co., Sunnyvale, CA) for chloride
concentrations, and an inductively coupled plasma — atomic emission spectrometer
(IRIS® Advantage/1000 ICAP Spectrometer, Thermo Jarrell Ash Co., Franklin, MA) for
calcium concentrations, respectively. The measured properties of the permeant liquids are
given in Table 3.2.

The EC and solute concentrations of the permeant liquids remained relatively
constant, whereas the pH of each solution slowly decreased over time (e.g., from 6.3 to
5.9 for 20 mM CaCl; solution over 1.5 yrs). The decrease in pH is probably due to time-
dependent dissolution of carbon dioxide (CO,) from the atmosphere into the solutions.
Nevertheless, the range of measured pH (i.e., 5.0 to 7.0) likely had little, if any, effect on
the measured hydraulic conductivity values relative to the effects caused by the various
concentrations of CaCl, solutions (Ruhl and Daniel 1997, Shackelford et al. 2000, Jo et al.

2001, Shan and Lai 2002).

3.2.3 Hydraulic Conductivity Tests

Both non-prehydrated and prehydrated specimens of the GCL with nominal
diameters of 102 mm were permeated with each of the permeant liquids. Prehydration
was achieved by permeating GCL specimens with the DIW. The specimens were
permeated using the falling-head procedure with flexible-wall permeameters in
accordance with ASTM D 5084 in a temperature-controlled laboratory (23.0 = 0.5 °C)
(see Fig. 3.1).

Specimens were trimmed and assembled in the permeameters using the

procedures described by Daniel et al. (1997) to prevent the possibility of short-circuiting
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through the geotextiles at the edge of the GCL specimens due to loss of bentonite and
pinching of the geotextiles. The specimens were exposed to a permeant liquid in the
permeameter for at least 48 hrs without applying a hydraulic gradient. Backpressure was
not used so that effluent liquids could be conveniently collected for pH, EC, and solute
concentration measurements. Thickness of specimens was measured before, during, and
after the hydraulic conductivity test using a caliper, a cathetometer, and a ruler. The
measured thickness at the start of permeation was used to estimate the pore volume for
each specimen, whereas the final GCL bulk void ratio was estimated based on the
description given by Petrov et al. (1997b).

All the specimens were permeated at an average effective stress of ~ 23.5 kPa (~
3.4 psi) and at an average hydraulic gradient of ~ 200. While this hydraulic gradient is
significantly higher than the maximum gradient (i.e., 30) stipulated in ASTM D 5084,
hydraulic gradients ranging from 50 to 600 typically are used for measuring the hydraulic
conductivity of GCLs (e.g., Shan and Daniel 1991, Daniel et al. 1993, Didier and
Comeaga 1997, Petrov et al. 1997a,b, Quaranta et al. 1997, Petrov and Rowe 1997, Ruhl
and Daniel 1997, Lin and Benson 2000, Shackelford et al. 2000). Results of these studies
indicate that the hydraulic conductivity of GCLs is affected to a greater extent by average
effective stress than by the magnitude of hydraulic gradient (Shackelford et al. 2000). All
the tests were continued until chemical equilibrium (i.e., EC and solute concentrations)
between influent and effluent was established (e.g., Daniel 1994, Shackelford et al. 1999,

2000).
Hydraulic conductivity tests performed on non-prehydrated specimens using

solutions with relatively high CaCl, concentrations (i.e., 50 and 100 mM) were
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duplicated because the test durations were relatively short, allowing for the re-use of the
permeameters. However, because the durations for the tests using solutions containing
relatively low CaCl, concentrations (i.e., 5, 10, and 20 mM) required more than 4 months
to establish chemical equilibrium, these tests could not be duplicated due to the limited

number of permeameters available for testing.

3.3 RESULTS
3.3.1 Results with 5, 10, and 20 mM CacCl; Solutions

Results of the hydraulic conductivity tests performed using 5, 10, and 20 mM
CaCl, solutions as the permeant liquids are shown in Figs. 3.2 to 3.4, respectively, for
both non-prehydrated and prehydrated GCL specimens. The hydraulic conductivity
values for the non-prehydrated specimens initially decreased to ~ 10 cm/s after ~ 1
month (< 5 PVF), and then began to increase after ~ 3 to 6 months (~ 5 to 10 PVF).
Finally, the hydraulic conductivity values increased by ~ 7X when chemical equilibrium
was established, corresponding to ~ 1.4 yrs (~ 57 PVF), ~ 1.1 yrs (~ 31 PVF), and ~ 0.4
yr (~ 21 PVF) for the non-prehydrated specimens permeated with 5, 10, and 20 mM
CaCl, solutions, respectively. Even after establishment of chemical equilibrium, the
effluent sodium (Na") concentrations still were > 5 mg/L at the end of all the non-
prehydrated specimens permeated with 5, 10, and 20 mM CacCl, solutions.

On the other hand, the hydraulic conductivity values for all of the prehydrated
specimens were ~ 2.4 x 10" cm/s at the end of prehydration (i.e., permeation with water).
In addition, the effluent Na* concentration was > ~ 68 mg/L, even after ~ 1 yr (~ 20 PVF)

of permeation with the water, whereas the effluent calcium (Ca®") and chloride (CI)
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concentrations were < 1.0 mg/L at the end of prehydration period. The relatively high
concentration of the effluent Na* even after ~ 1 yr (~ 20 PVF) of permeation with water
probably were due to diffusion-limited leaching of soluble Na" from the interlayer region
of the bentonite particles to the interparticle and interclod migration pathways resulting
from the relatively slow flow rate during the prehydration period (Coats and Smith 1964,
van Genuchten and Wierenga 1976, Pusch 1999). After switching the influent from water
to the CaCl, solutions, the hydraulic conductivity values began to increase corresponding
to < 3 months (~ 10 PVF) of permeation with the CaCl, solutions, whereas the
thicknesses of specimens, which were always greater than those of non-prehydrated
specimens, remained constant. When the chemical equilibrium between influent and
effluent was established, the hydraulic conductivity values increased by ~ 3.5X after ~
1.0 yr (~ 58 PVF), ~ 1.0 yr (~ 35 PVF), and ~ 0.3 yr (~ 16 PVF) for the specimens
permeated with 5, 10, and 20 mM CacCl, solutions, respectively. At the end of the tests,
the effluent Na® concentrations were > 10 mg/L for all the prehydrated specimens
permeated with 5, 10, and 20 mM CaCl, solutions, similar to the cases for the non-

prehydrated specimens.

3.3.2 Results with 50 and 100 mM CaCl, Solutions

Results of the hydraulic conductivity tests performed using 50 and 100 mM CaCl,
solutions as the permeant liquids are shown in Figs. 3.5 and 3.6, respectively, for both
non-prehydrated and prehydrated GCL specimens. For the duplicate non-prehydrated
specimens permeated with 50 and 100 mM CacCl, solutions, the hydraulic conductivity

values stabilized within 1 month (~ 10 PVF) at ~ 1.8 x 10® and 3.4 x 107 cm/s,
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respectively. Within the same time frame, the chemical equilibrium also was established
for all of the specimens permeated with 50 and 100 mM CaCl, solutions. These hydraulic
conductivity values at chemical equilibrium are ~ 2.3X higher for permeation with the 50
mM CaCl, solution and ~ 43X higher for permeation with the 100 mM CaCl, solution
than the hydraulic conductivity values for the non-prehydrated specimens permeated with
5, 10, and 20 mM CaCl, solutions.

For the prehydrated specimens, the hydraulic conductivity values immediately
began to increase when the influent was switched from water to the CaCl, solutions.
Finally, the hydraulic conductivity values increased by ~ 14X and ~ 49X when chemical
equilibrium was established, corresponding to ~ 24 days (~ 11 PVF)) and ~ 10 days of
permeation (~ 10 PVF) for the specimens permeated with 50 and 100 mM CaCl,
solutions, respectively. The thickness of both prehydrated specimens permeated with 50
and 100 mM CacCl, solutions eventually decreased by ~ 15 % relative to the thickness at
the end of prehydration with water, but always higher than that of non-prehydrated
specimens permeated with same solutions. The effluent Na™ concentrations were ~ 5
mg/L at the end of all the tests (i.e., both non-prehydrated and prehydrated) performed

using 50 and 100 mM CaCl, solutions as the permeant liquids.

3.3.3 Summary of Test Results

All the test results are summarized in Table 3.3. Also included in Table 3.3 are the
values for three hydraulic conductivity ratios as defined by Stern and Shackelford (1998).
With respect to the schematic illustration in Fig. 3.7, the three ratios are: (1) the hydraulic

conductivity ratio, KR1 (= kp/ky,), which pertains to the effect of permeation with the
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chemical solution after initial permeation of the same specimen with water; (2) the
hydraulic conductivity ratio, KR2 (= knp/ky), which pertains to the effect of initial
permeation with the chemical solution relative to initial permeation with water on two
separate but identical test specimens; and (3) the first exposure ratio, FER (= KR2/KR1),
which represents the ratio of the hydraulic conductivity of the specimen permeated
initially with the chemical solution to the hydraulic conductivity of a separate but
identical specimen permeated with the same chemical solution after initial permeation
with water.

The three hydraulic conductivity values (i.e., ky, kp, and knp) as summarized in
Table 3.3 are shown in Figs. 3.8 and 3.9 as a function of influent CaCl, concentration. As
shown in Fig. 3.8, the hydraulic conductivity values based on permeation with water (i.e.,
kyw) for the five independent specimens are all ~ 2.4 x 10 cm/s and in close agreement
(i.e., < 5 % difference). Daniel et al. (1997) also reported similar results and
reproducibility based on round-robin tests (i.e., 18 different laboratories) performed with
water for a single type and make of GCL. As shown in Fig. 3.9, all of the hydraulic
conductivity values based on permeation with 5, 10, and 20 mM CaCl; solutions for the
prehydrated specimens (i.e., kp) are similar (i.e., ~ 7.6 x 107 cm/s), regardless of influent
CaCl, concentration. In contrast, for the prehydrated specimens permeated with 50 and
100 mM CaCl, solutions, an increase of influent CaCl, concentration results in a
relatively significant change in the hydraulic conductivity at chemical equilibrium. In fact,
the hydraulic conductivity values at chemical equilibrium are ~ 3.5 x 10® and ~ 1.1 x 10”7
cm/s for the prehydrated specimens permeated with 50 and 100 mM CaCl, solutions,

respectively.
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Similarly, all of the hydraulic conductivity values based on permeation with 5, 10,
and 20 mM CaCl, solutions for the non-prehydrated specimens (i.e., knp) are similar to ~
7.8 x 107 cm/s, regardless of influent CaCl, concentration (see Fig. 3.9). However, the
hydraulic conductivity values at chemical equilibrium for the non-prehydrated specimens
permeated with 50 and 100 mM CaCl, solutions are ~ 2.3X and ~ 43X higher,
respectively, than the hydraulic conductivity of ~ 7.8 x 10® cm/s for the non-prehydrated

specimens permeated with 5, 10, and 20 mM CacCl, solutions.

3.4  DISCUSSION
3.4.1 Prehydration Effect on Hydraulic Conductivity

The previously defined three hydraulic conductivity ratios (i.e., KR1, KR2, and
FER) as summarized in Table 3.3 are shown in Figs. 3.10 and 3.11 as a function of CaCl,
concentration of the permeant liquid. For both non-prehydrated and prehydrated
specimens permeated with 5, 10, and 20 mM CaCl, solutions, the KR1 and KR2 values
range from 2.5 to 3.9, and the resulting FER is within 10 % of unity (i.e., 1.0 + 0.1). In
other words, the specimens permeated with 5, 10, and 20 mM CacCl, solutions are ~ 3.5X
more permeable than those permeated with water regardless of prehydration. Thus,
prehydration has little, if any, effect on hydraulic conductivity at chemical equilibrium
for solutions containing 5, 10, and 20 mM CaCl,.

On the other hand, the KR1 and KR2 values are ~ 14 and ~ 7.1, respectively, for
the specimens permeated with the 50 mM CaCl, solution, and the resulting FER is ~ 0.5.
Thus, prehydration has no distinctive effect on hydraulic conductivity based on chemical

equilibrium for the 50 mM CacCl, solution, although the hydraulic conductivity values are
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~ 10X higher than those based on permeation with water. For the specimens permeated
with the 100 mM CaCl, solution, the KR1 and KR2 values are ~ 49 and ~ 148,
respectively, and the resulting FER is ~ 3.0. As a result, the hydraulic conductivity for the
prehydrated specimen permeated with the 100 mM CaCl, solution are ~ 50X higher than
that based on permeation with water, whereas the hydraulic conductivity for the non-
prehydrated specimen permeated directly with the same solution are ~ 150X higher than
that based on permeation with water. Therefore, prehydration has relatively significant
effect on hydraulic conductivity at chemical equilibrium for the tests performed with the
100 mM CaCl, solution.

In general, prehydration has little, if any, effect on hydraulic conductivity of the
GCL specimens tested in this study for solutions containing < 50 mM CaCl,
concentration (i.e., 0.5 < FER < 1.1), provided the tests are continued until chemical
equilibrium is established. Vasko et al. (2001) report similar results based on their tests in
which a GCL was permeated with < 25 mM CacCl, solutions, even though prehydration
was imposed without confinement in the tests by Vasko et al. (2001). For the tests
performed using the 100 mM CaCl, solution as the permeant liquid in this study,
prehydration had a relatively significant effect on hydraulic conductivity (i.e., FER ~ 3.0).
However, based on the results by Vasko et al. (2001) for the tests performed with a 100
mM CaCl, solution on both the non-prehydrated specimen and the specimen prehydrated
with a confining stress of ~ § kPa, the resulting FER was ~ 230, which is ~ 77X higher
than the FER from this study. This significant discrepancy in the FER between the two
studies based on permeation with 100 mM CaCl, solutions is possibly due to the

differences of test condition applied in between the study by Vasko et al. (2001) and this
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study, such as the confinement method during prehydration (i.e., uniaxial vs. triaxial), the
average confining stress applied during prehydration (i.e., ~ 8 kPa vs. ~ 23.5 kPa), and

the average effective stress applied during permeation (i.e., ~ 20 kPa vs. ~ 23.5 kPa).

3.4.2 Prehydration Effect on Equilibrium Time

As shown in Fig. 3.12, for the tests performed with the 5 mM CaCl, solution, the
time required to achieve chemical equilibrium between influent and effluent (i.e.,
ECou/ECiy and Coy/Cin = 1.00 £ 0.10) for the non-prehydrated specimen was ~ 150 days
longer than that required for the prehydrated specimen. Similarly, the non-prehydrated
specimen required ~ 40 days longer than the prehydrated specimen to reach chemical
equilibrium for the tests performed with 10 and 20 mM CaCl; solutions. For the tests
with 50 and 100 mM CaCl, solutions, the prehydrated specimens required significantly
longer time to establish chemical equilibrium than the non-prehydrated specimens,
because chemical equilibrium for the non-prehydrated specimens was achieved within
relatively short test durations (i.e., ~ 15 days and 1 day, respectively). Nonetheless, less
time is required to achieve chemical equilibrium with increasing CaCl, concentration of
the permeant liquid for both prehydrated and non-prehydrated specimens.

Similarly, as shown in Fig. 3.11, the pore volumes of flow (PVF) required to
achieve chemical equilibrium decreases with increasing CaCl, concentration of the
permeant liquid. For example, both prehydrated and non-prehydrated specimens required
~ 60, ~ 33, and ~ 19 PVF in order to establish chemical equilibrium for the tests
performed with 5, 10, and 20 mM CaCl, solutions, respectively. In fact, the required PVF

for the prehydrated specimens are relatively close to those for the non-prehydrated
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specimens (i.e., < 30 % difference). On the other hand, the prehydrated specimens
required slightly greater PVF by a factor of 2 to 4 than the non-prehydrated specimens for
permeation with 50 and 100 mM CaCl, solutions. This difference results from the need to
displace the initial pore liquid (i.e., water) with the CaCl, solution for the prehydrated
specimens and the subsequent chemical interactions that occur between the solution and

the bentonite in the specimens.

3.4.3 Prehydration Effect on Final Properties of Specimens

The final bentonite gravimetric water content (wy), bentonite void ratio (ep), and
GCL bulk void ratio (eg) of both prehydrated and non-prehydrated GCL specimens after
permeation are shown in Figs. 8.14 and 8.15. As the CaCl, concentration in the permeant
liquid increases from 5 mM to 100 mM, wy decreases from ~ 122 % to 102 % for the
prehydrated specimen (i.e., wpp) and from ~ 97 % to 78 % for the non-prehydrated
specimen (i.e., wpnp), and e, decreases from ~ 3.3 to 2.8 for the prehydrated specimen
(i.e., epp) and from ~ 2.7 to 2.1 for the non-prehydrated specimen (i.e., epnp). Similarly,
ep decreases from ~ 2.8 to 2.4 for the prehydrated specimen (i.e., epp) and from ~ 2.3 to
1.8 for the non-prehydrated specimen (i.e., epnp) for the same range in CaCl,
concentrations. However, the overall trend in wy, €5, and eg as a function of influent
CaCl, concentration of the permeant liquid is similar for both prehydrated and non-
prehydrated specimens, such that the lower the influent CaCl, concentration, the greater
the change in wy, e, and ep. In general, the values for wy, ey, and ep of the prehydrated
specimens (i.e., Wy p, €np, and ep p) are always greater by 22 % to 34 % than those of the

non-prehydrated specimens (i.e., wynp, €onp, and egnp). These relative differences are
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consistent with the measured thickness of specimens during permeation with CaCl,
solutions, i.e., greater thickness for prehydrated specimens than non-prehydrated
specimens (see Figs. 3.2 to 3.6). Vasko et al (2001) reported similar results for final
bentonite void ratios of non-prehydrated and prehydrated GCL specimens.

The hydraulic conductivity values are correlated with the GCL bulk void ratios
(ep) in Fig. 3.16. For the specimens permeated with 5, 10, and 20 mM CacCl, solutions, all
of the hydraulic conductivity values are approximately 8 x 10® cm/s, regardless of the
influent CaCl, concentration or the prehydration condition, whereas eg decreases by ~
6.0 % for the prehydrated specimen (i.e., egp) and ~ 14 % for the non-prehydrated
specimen (i.e., egnp) as the influent CaCl, concentration increases from 5 mM to 20 mM.
However, eg for prehydrated specimens (i.e., epp) is always higher than eg for non-
prehydrated specimens (i.e., egnp) at a given hydraulic conductivity value, indicating a
larger void space for the prehydrated specimens with a thicker adsorbed layer resulting
from initial hydration with water (e.g., Shackelford et al. 2000, Vasko et al. 2001). In
contrast, for both prehydrated and non-prehydrated specimens, the greatest increase in
hydraulic conductivity (i.e., 3.5X and 21X, respectively) and the lowest decrease in ep
(i.e., 1.2 % and 2.0 %, respectively) occur as the influent CaCl, concentration increases

from 50 mM to 100 mM.

3.5 SUMMARY AND CONCLUSIONS
The influence of prehydration on the hydraulic conductivity of GCL specimens is
evaluated in this study. The hydraulic conductivity tests are performed on both non-

prehydrated and prehydrated GCL specimens until chemical equilibrium between influent
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and effluent in terms of electrical conductivity (EC) and solute concentrations is
established. The results are presented in the form of three hydraulic conductivity ratios to
evaluate quantitatively the first exposure or prehydration effect. The hydraulic
conductivity ratio, KR1, pertains to the effect of permeation with the chemical solution
after initial permeation of the same specimen with water. The hydraulic conductivity ratio,
KR2, pertains to the effect of initial permeation with the chemical solution relative to
initial permeation with water on two separate but identical test specimens. The first
exposure ratio, FER, represents the ratio of the hydraulic conductivity of the specimen
permeated initially with the chemical solution to the hydraulic conductivity of the
specimen permeated with the chemical solution after initial permeation with water.

For the specimens permeated with 5, 10, and 20 mM CaCl, solutions, the KR1
and KR2 values are between 2.5 and 3.9, and the resulting FER is close to unity (i.e., 1.0
+ 0.1). On the other hand, the KR1 and KR2 values are ~ 14 and 7.1, respectively, for the
specimens permeated with the 50 mM CaCl, solution, and the resulting FER is ~ 0.5. For
the specimens permeated with the 100 mM CaCl, solution, the KR1 and KR2 values are
~ 49 and 148, respectively, and the resulting FER is ~ 3.0. Therefore, prehydration has
little, if any, apparent effect on hydraulic conductivity for solutions containing 5 to 50
mM CacCl,, i.e., provided the tests are continued until chemical equilibrium is established.
In contrast, prehydration has relatively significant effect on the hydraulic conductivity of
the GCL when permeated with the 100 mM CacCl, solution.

In terms of equilibrium time, less elapsed time and pore volumes of flow (PVF)
are required to establish chemical equilibrium with increase in CaCl, concentration of the

permeant liquid for both prehydrated and non-prehydrated specimens. For the tests
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performed with 5, 10, and 20 mM CaCl, solutions, more elapsed time is required for the
non-prehydrated specimens than required for the prehydrated specimens, while the
required PVF for prehydrated specimens are relatively close to those for the non-
prehydrated specimens. Also, establishment of chemical equilibrium required less
elapsed time and PVF for the non-prehydrated specimens than required for the
prehydrated specimens when permeated with the 50 and 100 mM CaCl, solutions. On the
other hand, the GCL bulk void ratio for the prehydrated specimens is always greater than
that that for the non-prehydrated specimens regardless of the influent CaCl, concentration.
However, the overall trend in the GCL bulk void ratio as a function of influent CaCl,
concentration is similar for both prehydrated and non-prehydrated specimens, such that
the lower the influent CaCl, concentration, the greater the change in the GCL bulk void

ratio.

ACKNOWLEDGEMENT
Financial support for this study was provided by the U. S. National Science
Foundation (NSF), Arlington, VA, under Grant CMS-9820863 entitled, "Long-Term
Performance of GCLs Permeated with Aqueous Inorganic Solutions". The opinions
expressed in this paper are solely those of the writers and are not necessarily consistent

with the policies or opinions of the NSF.

3.6 REFERENCES

Alther, G., Evans, J. C.,, Fang, H.-Y., and Witmer, K. (1985). Influence of inorganic

permeants upon the permeability of bentonite. Hydraulic Barriers in Soil and Rock, A.

3.19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I. Johnson, R. K. Frobel, N. J. Cavalli, and C. B. Pettersson (eds.), ASTM STP 874,
West Conshohocken, PA, 64-73.

Ashmawy, A. K., El-Hajji, D., Sotelo, N., and Muhammad, N. (2002). Hydraulic
performance of untreated and polymer-treated bentonite in inorganic landfill
leachates. Clays and Clay Minerals, 50(5):546-552.

Bonaparte, R., Othman, M., Rad, N., Swan, R., and Vander Linde, D. (1996). Evaluation
of various aspects of GCL performance. Report of 1995 Workshop on Geosynthetic
Clay Liners, Report No. EPA/600/R-96/149, U.S. EPA, Washington, D.C., F1-F34.

Coats, K. H. and Smith, B. D. (1964). Dead-end pore volume and dispersion in porous
media. Society of Petroleum Engineers Journal, 4:73-84.

Daniel, D. E. (1994). State-of-art: Laboratory hydraulic conductivity tests for saturated
soils. Hydraulic Conductivity and Waste Contaminant Transport in Soil, D. E. Daniel
and S. J. Trautwein, eds., ASTM STP 1142, West Conshohocken, PA, 30-78.

Daniel, D. E., Bowders, J. J., Jr., and Gilbert, R. B. (1997). Laboratory hydraulic
conductivity testing of GCLs in flexible-wall permeameters. Testing and Acceptance
Criteria for Geosynthetic Clay Liners, L. W. Well, ed., ASTM STP 1308, 208-226.

Daniel, D. E., Shan, H.-Y., and Anderson, J. D. (1993). Effects of partial wetting on the
performance of the bentonite component of a geosynthetic clay liner.
Geosynthetics °93, Industrial Fabrics Association International, St. Paul, MN, 3,
1483-1496.

Didier, G. and Comeaga, L. (1997). Influence of initial hydration conditions on GCL
leachate permeability. Testing and Acceptance Criteria for Geosynthetic Clay Liners,

L. W. Well, ed., ASTM STP 1308, West Conshohocken, PA, 181-195.

3.20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Egloffstein, T. (2001). Natural bentonites — influence of the ion exchange and partial
desiccation on permeability and self-healing capacity of bentonites used in GCLs.
Geotextiles and Geomembranes, 19(7):427-444.

Gleason, M. H., Daniel, D. E., and Eykholt, G. R. (1997). Calcium and sodium bentonite
for hydraulic containment applications. Journal of Geotechnical and
Geoenvironmental Engineering, 123(5):438-445.

Imamura, S., Sueoka, T., and Kamon, M. (1996). Long term stability of bentonite/sand
mixtures at L.L.R.W. storage. Environmental Geotechnics, M. Kamon, ed., 545-550.

Jo, H. Y., Katsumi, T., Benson, C. H., and Edil, T. B. (2001). Hydraulic conductivity and
swelling of nonprehydrated GCLs permeated with single-species salt solutions.
Journal of Geotechnical and Geoenvironmental Engineering, 127(7):557-567.

Kajita, L. S. (1997). An improved contaminant resistant clay for environmental clay liner
applications. Clays and Clay Minerals, 45(5):609-617.

Kamon, M., Zhang, H., Katsumi, T., and Sawa, N. (2002). Redox effect on the hydraulic
conductivity of clay liner. Soils and Foundations, 42(6):1-13.

Kolstad, D. C. (2000). Compatibility of Geosynthetic Clay Liners (GCLs) with Multi-
Species Inorganic Solutions, M.S. Thesis, University of Wisconsin at Madison, WI,
167 pp.

Lin, L.-C. and Benson, C. H. (2000). Effect of wet-dry cycling of swelling and hydraulic
conductivity of GCLs. Journal of Geotechnical and Geoenvironmental Engineering,
126(1):40-49.

Peirce, J. J. and Witter, K. A. (1986). Termination criteria for clay permeability testing.

Journal of Geotechnical Engineering, 112(9):841-854.

3.21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Petrov, R. J. and Rowe, R. K. (1997). Geosynthetic clay liner (GCL) — chemical
compatibility by hydraulic conductivity Testing and Factors Impacting Its
Performance. Canadian Geotechnical Journal, 34(6):863-885.

Petrov, R. J., Rowe, R. K., and Quigley, R. M. (1997a). Comparison of laboratory-
measured GCL hydraulic conductivity based on three permeameter types.
Geotechnical Testing Journal, 20(1):49-62.

Petrov, R. J., Rowe, R. K., and Quigley, R. M. (1997b). Selected factors influencing GCL
hydraulic conductivity. Journal of Geotechnical and Geoenvironmental Engineering,
123(8):683-695.

Pusch, R. (1999). Microstructural evolution of buffers. Engineering Geology, 54(1-2):33-
41.

Quaranta, J. D., Gabr, M. A., and Bowders, J. J., Jr. (1997). First-exposure performance
of the bentonite component of a GCL in a low-pH, calcium-enriched environment.
Testing and Acceptance Criteria for Geosynthetic Clay Liners, L. W. Well, ed.,
ASTM STP 1308, West Conshohocken, PA, 162-180.

Rad, N. S., Jacobson, B. D., and Bachus, R. C. (1994). Compatibility of geosynthetic clay
liners with organic and inorganic permeants. Proceedings, Fifth International
Conference on Geotextiles, Geomembranes, and Related Products, 1165-1168.

Ruhl, J. L. and Daniel, D. E. (1997). Geosynthetic clay liners permeated with chemical

solutions and leachates. Journal of Geotechnical and Geoenvironmental Engineering,

123(4):369-381.

3.22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Shackelford, C. D. (1994). Waste-soil interactions that alter hydraulic conductivity.
Hydraulic Conductivity and Waste Contaminant Transport in Soil, D. E. Daniel and S.
J. Trautwein, eds., ASTM, West Conshohocken, PA, 111-168.

Shackelford, C. D. and Redmond, P. L. (1995). Solute breakthrough curves for processed
kaolin at low flow rates. Journal of Geotechnical Engineering, 121(1):17-32.

Shackelford, C. D., Malusis, M. A., Majeski, M. J., and Stern, R. T. (1999). Electrical
conductivity breakthrough curves. Journal of Geotechnical and Geoenvironmental
Engineering, 125(4):260-270.

Shackelford, C. D., Benson, C. H., Katsumi, T., Edil, T. B., and Lin, L. (2000).
Evaluation the hydraulic conductivity of GCLs permeated with non-standard liquids.
Geotextiles and Geomembranes, 18(2-4):133-161.

Shan, H.-Y. and Daniel, D. E. (1991). Results of laboratory tests on a geotextile/bentonite
liner material. Geosynthetics '91, Industrial Fabrics Association International, St.
Paul, MN, Vol. 2, 517-535.

Shan, H.-Y. and Lai, Y.-J. (2002). Effect of hydrating liquid on the hydraulic properties
of geosynthetic clay liners. Geotextiles and Geomembranes, 20(1):19-38.

Stern, R. T. and Shackelford, C. D. (1998). Permeation of sand-processed clay mixtures
with calcium chloride solutions. Journal of Geotechnical and Geoenvironmental
Engineering, 124(3):231-241.

van Genuchten, M. Th. and Wierenga, P. J. (1976). Mass transfer studies in sorbing
porous media I. Analytical solutions. Soil Science Society of America, Journal,

40(4):473-480.

3.23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Vasko, S. M., Jo, H. Y., Benson, C. H., Edil, T. B., and Katsumi, T. (2001). Hydraulic
conductivity of partially prehydrated geosynthetic clay liners permeated with aqueous
calcium chloride solutions. Proceedings, Geosynthetics *01, St. Paul, MN, 685-699.

Wright, L. M. and Shackelford, C. D. (1995). Compatibility of soil admixed fly ash to
acetic acid. Geoenvironment 2000, ASCE Geotechnical Specialty Publication No. 46,

Y. B. Acar and D. E. Daniel, eds., ASCE, New York, 196-212.

324

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.1 — Properties of bentonite in a geosynthetic clay liner.

Property Standard ?Si.a?sf AE]I\jIr:ffI\Xianlr ©
Specific Gravity ASTM D 854* 3 2.74 [2.74, 2.74]
Soil Classification: ASTM D 2487
Sieve Analysis (Air-Dried) 3 SP
Hydrometer 7 CH
Atterberg Limits (%): ASTM D 4318 1
Liquid Limit, LL 430
Plasticity Index, PI 393
Swell Index (mL/2 g) ASTM D 5890 | 17 27.5[29.5, 25.5]
Bentonite Mass (kg/m?) ASTMD 5993 | 5 5.1[5.3, 4.7]
Principal Minerals (%): b 3
Montmorillonite 77.2 [79.6, 74.0]
Cristobalite 10.3 [15.0, 6.8]
Plagioclase Feldspar 5.1[7.4,4.0]
Quartz 3.41[4.0,3.0]
Others 4.0[6.0,2.9]
ggg?fg?g%gge)capac‘w’ c 3 63.9 [73.5, 53.1]
Exchangeable Metals (meq/100 g): c 3
Ca*" 11.5[15.7, 6.9]
Mg?* 3.7[4.8,2.2]
Na" 45.8 [56.1, 40.0]
K" 0.7 [0.8, 0.6]
Sum 61.7[72.7,51.2]
Soluble Metals (mg/kg): c,d 3
Ca** 218 [241, 174]
Mg?* 24 [29, 14]
Na" 3365 [3766, 3451]
K" 48 [52, 43]
Saturated Soil Paste: c 3
pH 8.9 [8.9, 8.8]
EC® (mS/m) 305 [315, 290]

 Using a magnetic stirring device for de-airing.

® Based on X-ray diffraction (XRD) analyses performed by Mineralogy Inc., Tulsa, OK
and GeoServices Inc., Argyle, TX.

“ Based on procedures described in Shackelford and Redmond (1995).
4 Measured from a 1 g:20 mL clay-water extract.

¢ Electrical conductivity at 25 °C.
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Table 3.2 — Properties of permeant liquids.

Permeant Salt Concentration (mM) Measured Solute Concentrations (mg/L) Measured pH | Measured EC® (mS/m)

Liquid Target Measured Calcium (Ca™) Chloride (CI) [No. of Trials] [No. of Trials]
arge [No. of Trials] [No. of Trials] [No. of Trials]

DIW® | 0 <0.0005° [10] <0.02°[10] <0.04° [10] 5.6+ 0.5 [19] 021 +0.11 [19]

5 5.1+02 [14] 216+ 10 [14] 377 + 38 [14] 5.7+0.5 [25] 123 2.1 [25]
cact, | 10 10.1 = 0.2 [13] 436 = 30 [13] 756 + 65 [13] 6.0+0.3 [19] 234+ 2.6 [19]
(Sé%ma 20 20.1+ 0.6 [13] 872 £ 77 [13] 1457 = 110 [13] 6.1+0.3 [17] 445 £7.3 [17]
0,

%6%) | 5o 50.7 + 1.4 [9] 2055 + 63 [9] 3548 + 69 [9] 5.7+0.1[18] 1041 + 26 [18]

100 100 + 2.6 [6] 4072 = 126 [6] 7030 + 95 [6] 5.8+0.1[13] 1958 + 48 [13]
? Deionized water.

® Method detection limit (MDL).
¢ Electrical conductivity at 25 °C.
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Table 3.3 — Summary of test results to evaluate prehydration effect.

Permeant | Test Pre- Permeation w/Water” Permeation w/CaCl, Solution® Hydraulic Conductivity Ratios
Liquid | No. | 4@ | PVF, Ky PVFxporp Knporp KR1 KR2 | FER (knp/kp
tion | [t (days)] (crm/s) [tnp or p (days)] (cny/s) (kp/ky) | (kne/kyw) | or KR2/KR1)
5 mM 1 No o 57 [502] 8.6 x 107
26 [379] | 2.4x10 3.3 3.6 1.1
CaCl, 2 | Yes B57] * 58 [358] | 7.8x10°
3 N 30 [397 6.7x 107
10 mM ° | 213791 | 2.5x10° (397] * 25 2.7 11
CaCl, 4 Yes 35 [360] 6.2x 10
5 N 21 [164 8.1x107°
20 mM ° | 173791 | 22x10° [164] X 3.9 3.6 0.9
CaCl, 6 Yes 16 [120] 8.8x 10
7 No 9.3 [16] 1.6x10°%
50 mM -9 8 d d
CaCl, 8 No 24 [439] | 2.5x10 8.9 [15] 1.9x10 14 7.1 0.5
9 Yes 11 [24] 3.5x10°%
10 No 6.8 [0.80] 3.0x 107
100 mM 9 7 d d
CaCl, 11 No 26 [406] | 2.3x10 6.0 [0.59] 3.7x 10 49 148 3.0
12 Yes 10 [10] 1.1x 107

2 k = hydraulic conductivity; PVF = pore volumes of flow; t = elapsed time.

® Values at the end of prehydration with water.

¢ Values at chemical equilibrium in terms of both electrical conductivity (EC) and solute concentrations (i.e., ECow/ECin = 1.00 £ 0.10
and Cou/Cin = 1.00 £ 0.10); NP = non-prehydrated; P = prehydrated specimen.
4 Based on average knp values.
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Fig. 3.4 — Test results for both non-prehydrated (NP) and prehydrated (P) specimens
permeated with 20 mM CacCl, solution.
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Fig. 3.5 — Test results for both duplicate non-prehydrated (NP) and single prehydrated (P)
specimens permeated with 50 mM CacCl, solution.
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Fig. 3.6 — Test results for both duplicate non-prehydrated (NP) and single prehydrated (P)
specimens permeated with 100 mM CaCl, solution.
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Fig. 3.15 — Final GCL bulk void ratio after permeation for both prehydrated (esp) and
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CHAPTER 4

IMPACT OF BENTONITE QUALITY ON HYDRAULIC CONDUCTIVITY

OF GEOSYNTHETIC CLAY LINERS

ABSTRACT: The difference in hydraulic conductivity of two geosynthetic clay liners
(GCLs) containing different qualities of bentonite is evaluated based on permeation with
water and CaCl, solutions. The GCL with the higher quality bentonite (GCL-HQB) is
characterized by a greater content of sodium montmorillonite (86 % vs. 77 %), a higher
plasticity index (548 % vs. 393 %), and a higher cation exchange capacity (93 meq/100 g
vs. 64 meq/100 g) relative to the GCL with the lower quality bentonite (GCL-LQB). For
tests using CaCl, solutions as permeant liquids, the tests are performed until chemical
equilibrium between the influent and effluent has been established, resulting in test
durations lasting from less than 1 day to more than 900 days. The hydraulic conductivity
for GCL-HQB, kugg, is ~ 3X lower than the hydraulic conductivity for GCL-LQB, kiqs,
when both GCL specimens are permeated with water. However, GCL-HQB exhibits
more significant alteration in hydraulic conductivity than GCL-LQB when permeated
with CaCl, solutions. In fact, the ratio of two hydraulic conductivity values, i.e.,
kuos/kios, ranges between 2.0 and 2.6 for the tests performed using 5, 10, and 20 mM

CaCl, solutions as the permeant liquids, whereas the kngp/kigp values are ~ 230, ~ 100,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and ~ 40 for the tests performed using 50, 100, and 500 mM CaCl, solutions as the

permeant liquids, respectively.

Key Words: geosynthetic clay liners, montmorillonite, bentonite quality, hydraulic

conductivity

4.1 INTRODUCTION

The quality of a bentonite is affected by several factors, including the
mineralogical composition of the bentonite (e.g., amount of montmorillonite), the surface
area of the bentonite (e.g., particle-size distribution of the bentonite), the surface charge
deficiency of the bentonite (e.g., amount and type of isomorphic substitution), and the
composition of the exchange complex (e.g., amount of exchangeable Na' relative to
exchangeable Ca>") (e.g., Shackelford et al. 2000, Ashmawy et al. 2002). In general, the
quality of the bentonite increases with increase in montmorillonite content, surface area
(decrease in particle size), surface charge deficiency, and/or percentage of Na™ on the
exchange complex. The effect of these factors on the quality of the bentonite generally is
indicated macroscopically by an increase in cation exchange capacity (CEC), an increase
in plasticity, an increase in swell capacity in the presence of water, and a decrease in
hydraulic conductivity based on permeation with water.

For example, isomorphic substitution in montmorillonite [(OH)4SigAl;05-#H;0]
typically results in replacement of a portion of the trivalent aluminum (AI’") in the
aluminum octahedra with a divalent metal, such as magnesium (Mg2+), resulting in a

negative surface charge deficiency that must be balanced to satisfy electroneutrality by

4.2
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cations that are external to the crystalline structure (Mitchell 1993). The resulting surface
charge deficiency of pure montmorillonite [(OH)4SigAl4O0,9-nH,0] typically ranges from
0.5 equivalents per unit cell [i.e., {(OH)4Si3A13_5Mgo.5020-nH20}0'5'] to 1.2 equivalents
per unit cell [i.e., {(OH)sSisAlgMg;2020:nH,0}'%], with an average value of 0.66
equivalents per unit cell being common [i.e., {(OH)4SigAl3_44Mg0,66020-nH20}0'66']. All
other factors being equal (e.g., particle size), this range in surface charge deficiency for
pure montmorillonite with sodium (Na') as the only exchangeable (external) cation
results in a CEC that theoretically ranges from 70 meq/100 g to 167 meq/100 g, with a
common value of 92 meq/100 g. This theoretical range in CEC for pure montmorillonite
is close to the reported measured range of 80 to 150 meq/100 g, with the difference likely
resulting from impurities commonly found in natural montmorillonites (e.g., Mitchell
1993). Thus, all other factors being equal, the greater the amount of isomorphic
substitution in the montmorillonite, the higher the CEC of the bentonite containing the
montmorillonite and the higher the quality of the bentonite. Similarly, for the same
amount of isomorphic substitution, the greater the sodium montmorillonite content in the
bentonite, the higher the CEC and, therefore, the higher the quality of the bentonite.

For example, Haug and Boldt-Leppin (1994) reported that the hydraulic
conductivity to water of a sand-bentonite mixture containing 8 % bentonite (dry weight)
with a lower montmorillonite content (i.e. 76 %) was ~ 400X higher than hydraulic
conductivity to water of a comparable mixture containing bentonite with a higher
montmorillonite content (i.e., 95 %). Also, Abichou et al. (2002) found that a mixture of
glass beads and 5 % bentonite (w/w) containing a 77 % montmorillonite content was able

to achieve approximately the same hydraulic conductivity to water of 1 x 10® cm/s as a
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mixture of glass beads and 8 % bentonite but a montmorillonite content of only 59 %.
Finally, Ashmawy et al. (2002) found that the hydraulic conductivity of bentonite
specimens decreased from ~ 1 x 107 cm/s to ~ 1 x 10™® cm/s based on permeation with
water when the specimen being permeated was changed from one containing 49 %
montmorillonite to one containing 91 % montmorillonite.

However, since bentonites are sensitive to chemical composition of the pore
liquid that influences the thickness of the adsorbed layer, liquids that cause the adsorbed
layer to collapse also cause the hydraulic conductivity to increase (Mesri and Olson 1971,
Daniel et al. 1993, Gleason et al. 1997, James et al. 1997, Petrov and Rowe 1997, Petrov
et al. 1997a,b, Ruhl and Daniel 1997, Daniel 2000, Kolstad 2000, Lin and Benson 2000,
Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001).
Consequently, bentonites with higher montmorillonite contents are potentially more
vulnerable to chemical attack than bentonites with lower montmorillonite contents.

For example, Stern and Shackelford (1998) permeated compacted sand-clay
mixtures that contained sand mixed with 20 % of a clay admixture comprised of various
percentages of two processed clay soils — bentonite and attapulgite clay — with both water
and a 500 mM CaCl, solution. They found that the hydraulic conductivity of the mixture
to water decreased from ~ 8.0 x 10® cm/s to ~ 2.6 x 10® cm/s as the amount of a
bentonite containing 77 % montmorillonite in the mixture increased from 5 % to 10 %,

respectively. However, they also found that the hydraulic conductivity of the mixture to
the 500 mM CaCl, solution increased from ~ 1.5 x 10 cm/s to ~ 3.2 x 10 cm/s as the

bentonite content in the mixture increased from 5 % to 10 %, respectively.

4.4
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On the other hand, Ashmawy et al. (2002) found the hydraulic conductivity of
bentonite specimens to be insensitive to the montmorillonite content for their tests
performed using bentonite specimens with a leachate containing a relatively high divalent
cationic concentration (i.e., ~ 200 mM). However, this observation is based on the results
of only two tests (two data points), and the influent and effluent were not analyzed to
determine the extent of chemical equilibrium due to limitations in the equipment.

As a result of the aforementioned considerations, the objective of this study is to
evaluate the difference in the hydraulic performance of two geosynthetic clay liners
(GCLs) containing different qualities of bentonite with water and inorganic solutions
with a wide range in calcium chloride (CaCl,) concentrations. This objective is achieved
by permeating specimens of both GCLs until chemical equilibrium between the influent
and effluent is established. The results of this evaluation may have significant
implications with respect to the use of GCLs containing bentonite with relatively high
montmorillonite content to enhance hydraulic performance of GCLs used in waste

containment applications.

42  MATERIALS AND METHODS
4.2.1 Geosynthetic Clay Liners

Two geosynthetic clay liners (GCLs) containing bentonites with different
montmorillonite contents are used in this study. Both GCLs consist of a layer of granular
sodium bentonite sandwiched between two polypropylene geotextiles held together by
needle-punched fibers. Both GCLs are ~ 6-mm thick in the air-dried condition, and the

average gravimetric water contents of both bentonites are ~ 4 %. The physical and
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chemical properties and the mineralogical compositions for bentonite portions of the two
GCLs are given in Table 4.1.

Particle-size distributions of the bentonite portions of the two GCLs were
determined using both mechanical sieve analyses of the air-dried bentonites and
hydrometer analyses (ASTM D 421, D 422). The corresponding test results for both
bentonites are shown in Fig. 4.1.

For simplicity, the GCL containing the bentonite with the higher montmorillonite
content (i.e., 86 %), higher plasticity index (i.e., 548 %), and higher CEC (i.e., 93
meq/100 g) is referred to hereafter as the GCL with the higher quality bentonite (GCL-
HQB), whereas the GCL containing the bentonite with the lower montmorillonite content
(i-e., 77 %), lower plasticity index (i.e., 393 %), and lower CEC (i.e., 64 meq/100 g) is to

referred hereafter as the GCL with the lower quality bentonite (GCL-LQB).

4.2.2 Permeant Liquids

The permeant liquids used in the experiment consist of tap water that is processed
by passage through three Barnstead® ion exchange columns in series and chemical
solutions containing 5, 10, 20, 50, 100, and 500 mM CaCl,. The properties of the
permeant liquids are given in Table 4.2. Calcium chloride was chosen primarily because
previous studies involving permeation of bentonite-based hydraulic barrier materials (e.g.,
GCLs and sand-bentonite mixtures) with CaCl, solutions have shown significant effects
of the solutions on the hydraulic conductivity of these materials (Alther et al. 1985,
Daniel et al. 1993, Shackelford 1994, Imamura et al. 1996, Gleason et al. 1997, James et

al. 1997, Melchior 1997, Petrov and Rowe 1997, Petrov et al. 1997a,b, Quaranta et al.
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1997, Ruhl and Daniel 1997, Kolstad 2000, Lin and Benson 2000, Shackelford et al.
2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001, Shan and Lai 2002).

The chemical solutions were prepared by dissolving CaCl, (powdered, > 96 %
pure, Sigma-Aldrich Co., St. Louis, MO) in the water. Each solution was mixed in a 20-L
carboy, and pH, EC, and solute concentrations of the influent liquids were monitored
with time using a pH meter (Accumet® AB15 meter, Fisher Scientific Co., Pittsburgh,
PA), an EC probe (Accumet® AB30 meter, Fisher Scientific Co., Pittsburgh, PA), and an
ion chromatograph (Dionex® 4000i IC Module, Dionex Co., Sunnyvale, CA) for chloride
concentrations, and an inductively coupled plasma — atomic emission spectrometer
(IRIS® Advantage/1000 ICAP Spectrometer, Thermo Jarrell Ash Co., Franklin, MA) for

calcium concentrations, respectively.

4.2.3 Hydraulic Conductivity Tests

Specimens of the two GCLs with nominal diameters of 102 mm were permeated
using the falling-head procedure and flexible-wall permeameters in accordance with
ASTM D 5084. Although Petrov et al. (1997a) indicate that the type of permeameter is
not particularly important when testing GCLs, the flexible-wall permeameter is the most
reliable device for testing GCLs, and provides the greatest assurance among the different
types of permeameters that sidewall leakage does not affect the test results (Lin and
Benson 2000, Shackelford et al. 2000).

Specimens were trimmed and assembled in the permeameters using the procedure
described by Daniel et al. (1997) to prevent the possibility of short-circuiting through the

geotextiles at the edge of the GCL specimens due to loss of bentonite and pinching of the
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geotextiles. The specimens initially were exposed to a permeant liquid in the
permeameter for at least 48 hrs without applying a hydraulic gradient. Backpressure was
not used so that effluent liquids could be conveniently collected for pH, EC, and solute
concentration measurements. The thicknesses of specimens were measured before, during,
and after the hydraulic conductivity tests using a caliper, a cathetometer, and a ruler. The
measured thickness at the start of permeation was used to estimate the pore volume for
each specimen, whereas the final GCL bulk void ratio was estimated based on the
description given by Petrov et al. (1997b).

All the specimens were permeated at an average effective stress of 23.5 kPa (3.4
psi) and at an average hydraulic gradient of 200. While this hydraulic gradient is higher
than the maximum gradient (i.e., 30) stipulated in ASTM D 5084, hydraulic gradients
ranging from 50 to 600 typically are used for measuring the hydraulic conductivity of
GCLs (e.g., Shan and Daniel 1991, Daniel et al. 1993, Didier and Comeaga 1997, Petrov
and Rowe 1997, Petrov et al. 1997a,b, Quaranta et al. 1997, Ruhl and Daniel 1997, Lin
and Benson 2000, Shackelford et al. 2000). Results of these studies indicate that the
hydraulic conductivity of GCLs is affected to a greater extent by average effective stress
than by the magnitude of hydraulic gradient (Shackelford et al. 2000).

For all tests involving water as the permeant liquid, the tests were not terminated
before the termination criteria specified in ASTM D 5084 were achieved. These
termination criteria include: (1) at least four consecutive volumetric flow ratios of
effluent relative to influent within 1.00 + 0.25; and (2) at least four consecutive hydraulic
conductivity (k) values within + 25 % of the mean value fork > 1 x 10" cm/s or within +

50 % of the mean value for k < 1 x 10® cm/s. However, the tests performed with water in
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this study continued for approximately 2 yrs to assess the potential change in hydraulic
conductivity due to the prolonged test duration.

For all tests involving CaCl, solutions, the tests were continued until equilibrium
in EC and solute concentrations between influent and effluent was established (e.g.,
Daniel 1994, Shackelford et al. 1999, 2000). Equilibrium in EC was considered
established when the EC of the effluent was within £ 10 % of the influent EC in
accordance with ASTM D 6766, and equilibrium in both chloride (Cl') and calcium
(Ca®*") was considered established when the solute concentrations in the effluent were
within £ 10 % of those in the source solutions. However, although the EC and solute
concentrations of the influent solutions remained relatively constant during permeation,
the pH of all influent solutions decreased slowly over time. For example, the pH of the 10
mM CaCl, solution decreased from ~ 6.6 to ~ 5.7 over a period of 1.7 yrs. This decrease
in pH is attributed to time-dependent dissolution of carbon dioxide (CO,) from the
atmosphere into the solutions. Although the limited variation (i.e., ~ 5.9 + 0.4) in influent
pH probably had little effect, if any, on the measured hydraulic conductivities relative to
the effects caused by the CaCl, solutions (Shackelford 1994, Ruhl and Daniel 1997,
Shackelford et al. 2000, Jo et al. 2001, Shan and Lai 2002), equilibrium based on pH was
found to be not particularly applicable in this study because the pH ratio (i.e., pHou/pHin)
never met the typical acceptable range (i.e., 1.00 = 0.10) throughout the tests, except for
the tests performed using the 500 mM CacCl, solution (see Figs. 4.3 to 4.8). As a result,
pH equilibrium was not considered as a termination criterion in this study.

Because the tests using solutions containing relatively low CaCl, concentrations

(i.e., 5, 10, and 20 mM) required more than 4 months to establish chemical equilibrium,
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these tests could not be duplicated due to the limited number of permeameters available
for testing. However, the tests using relatively high CaCl, concentrations (i.e., 50, 100,
and 500 mM) were duplicated because the test durations were relatively short (< 20 days)
allowing for reuse of the test equipment in a timely manner. In addition, the tests
performed with water also were not duplicated due to extensive testing times resulting

from the relatively low hydraulic conductivities to water (i.e., < 4 x 107 cm/s) for both

GCLs.

4.3 RESULTS
4.3.1 Results with Water

The results of the hydraulic conductivity tests for specimens of the two GCLs
permeated with water are shown in Fig. 4.2. The hydraulic conductivity values for
specimens of the GCL with the lower quality bentonite (GCL-LQB) initially decreased to
approximately 2.1 x 107 after about 9 days (~ 0.9 pore volumes of flow, PVF) of
permeation, and subsequently increased to ~ 2.4 x 10° cm/s when the termination
requirements specified in ASTM D 5084 were achieved, corresponding to ~ 16 days (~
1.3 PVF) of permeation. Thereafter, the hydraulic conductivity values eventually
increased to ~ 3.3 x 10? cm/s after ~ 2 yrs (~ 43 PVF) of permeation. In contrast, the
hydraulic conductivity values of the GCL with the higher quality bentonite (GCL-HQB)
initially decreased to ~ 2.5 x 10" cm/s after ~ 80 days (~ 0.2 PVF) of permeation, and
subsequently increased to ~ 7.0 x 10™'° cm/s when the termination requirements in ASTM
D 5084 were met, corresponding to ~ 209 days (~ 3.0 PVF) of permeation. Thereafter,

the hydraulic conductivity values finally increased to ~ 9.5 x 10™'° cm/s after ~ 2 yrs (~
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16 PVF) of permeation. In fact, the final hydraulic conductivity after ~ 2 yrs of
permeation for specimens of both GCLs permeated with water was not significantly
different (i.e., ~ 1.4X) to that based on the termination criteria in ASTM D 5084.

On the other hand, the effluent calcium (Ca2+) and chloride (CI") concentrations
initially were ~ 80 mg/L and ~ 170 mg/L, respectively, for the specimens of both GCLs,
and then decreased gradually over a period of ~ 2 yrs to less than 1.0 mg/L and 0.1 mg/L,
respectively, whereas the effluent sodium (Na") concentrations initially were greater than
1500 mg/L for the specimens of both GCLs, and then decreased to ~ 56 mg/L for the
specimen of GCL-LQB and ~ 23 mg/L for the specimen of GCL-HQB over the same
time frame. This gradual decrease in effluent Na* concentrations can be attributed, in part,
to rate-limited diffusive mass transport of soluble Na™ from the interlayer region of the
bentonite particles to the interparticle and interclod migration pathways resulting from
the relatively slow flow rate for the tests performed with water (Coats and Smith 1964,
van Genuchten and Wierenga 1976, Rao et al. 1980, Tang et al. 1981, van Eijkeren and
Loch 1984, Parker and Valocchi 1986, Pusch 1999, Pusch and Schomburg 1999). This
slow leaching process also is likely responsible for significantly high ratios of effluent to
influent EC throughout the tests (i.e., ECou/ECin > 60) in addition to the relatively low
influent EC for the deionized water (i.e., ~ 0.21 mS/m). The slight increases in hydraulic
conductivity to water observed between the time corresponding to the termination criteria
based on ASTM D 5084 and the actual termination of the tests may be correlated, in part,

to the gradual leaching of Na" from the bentonite.

4.3.2 Results with 5, 10, and 20 mM CacCl,; Solutions
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The results of the hydraulic conductivity tests for the specimens of both GCLs
permeated with 5, 10, and 20 mM CaCl, solutions are shown in Figs. 4.3 to 4.5,
respectively. The hydraulic conductivity values for specimens of GCL-LQB initially
decreased to approximately 1.5 x 10” cm/s after ~ 1 month (< 5 PVF). However, the
hydraulic conductivity values began to increase within 6 months (< 10 PVF). Finally, at
chemical equilibrium, the hydraulic conductivity values had increased by approximately
5X to a value of ~ 7.8 x 10" cm/s regardless of the influent concentration, corresponding
to ~ 1.4 yrs (~ 57 PVF) ~ 1.1 yrs (~ 31 PVF), and ~ 0.4 yr (~ 21 PVF) of permeation with
5, 10, and 20 mM CaCl, solutions, respectively. The effluent Na™ concentrations still
were greater than 6.0 mg/L at the end of the tests for specimens of GCL-LQB permeated
with 5, 10, and 20 mM CaCl, solutions.

Similarly, the hydraulic conductivity values for specimens of GCL-HQB initially
decreased to less than 1.0 x 10® cm/s after ~ 2 months (< 5 PVF), and then the hydraulic
conductivity values began to increase within 6 months (< 10 PVF). At chemical
equilibrium, the hydraulic conductivity values had increased by more than one order of
magnitude to a value of ~ 1.7 x 10® cm/s regardless of the influent concentration, after ~
2.6 yrs (~ 58 PVF), ~ 1.4 yrs (~ 60 PVF), and ~ 0.4 yr (~ 22 PVF) of permeation with 5,
10, and 20 mM CaCl, solutions, respectively. At the end of the tests, the effluent Na*
concentrations were ~ 2.0 mg/L for the specimens of GCL-HQB permeated with 5 and 10

mM CaCl, solutions, whereas the effluent Na® concentration was ~ 40 mg/L for the

specimen of GCL-HQB permeated with the 20 mM CacCl, solution.

4.3.3 Results with 50, 100, and 500 mM CaCl, Solutions
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Results of the hydraulic conductivity tests for the specimens of both GCLs
permeated with 50, 100, and 500 mM CaCl, solutions are shown in Figs. 4.6 to 4.8,
respectively. For the duplicate specimens of GCL-LQB, the hydraulic conductivity values
stabilized within 20 days (< 10 PVF) at ~ 1.8 x 10®, ~ 3.4 x 107, and ~ 1.5 x 10 cm/s
for the tests performed with 50, 100, and 500 mM CacCl, solutions, respectively. Within
the same time frame, chemical equilibrium also was established for all of the specimens
of GCL-LQB permeated with 50, 100, and 500 mM CaCl, solutions. These hydraulic
conductivity values are ~ 2X, ~ 40X, and ~ 200X higher for specimens of GCL-LQB
permeated with 50, 100, and 500 mM CaCl, solutions, respectively, than the relatively
constant hydraulic conductivity value of ~ 7.8 x 10® cm/s for specimens permeated with
the 5, 10, and 20 mM CacCl, solutions.

For the duplicate specimens of GCL-HQB permeated with 50, 100, and 500 mM
CaCl, solutions, the hydraulic conductivity values stabilized within 3 hrs (< 20 PVF), due
to the significantly high hydraulic conductivity values (i.e., > 1 x 10 cm/s) throughout
the tests. In fact, the hydraulic conductivity values based on chemical equilibrium are ~
4.1x10% 3.5% 107, and 6.0 x 107 cm/s for specimens of GCL-HQB permeated with 50,
100, and 500 mM CaCl, solutions, respectively. These hydraulic conductivity values are
more than two orders-of-magnitude higher than the relatively constant hydraulic
conductivity value of ~ 1.7 x 10 cm/s for specimens of GCL-HQB permeated with the 5,
10, and 20 mM CaCl, solutions. The effluent Na" concentrations were ~ 10 mg/L at the
end of all the tests performed using specimens of both GCLs with 50, 100, and 500 mM

CaCl, solutions.
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44  DISCUSSION
4.4.1 Effect of Bentonite Quality on Hydraulic Conductivity

The hydraulic conductivity values based on the tests performed with water and
CaCl, solutions are summarized in Table 4.3 and shown in Fig. 4.9 as a function of CaCl,
concentration of the permeant liquid. Since the measured Ca® concentration for the water
was below the method detection limit (MDL) of 0.02 mg/L for Ca*" (EPA Method 200.7)
based on 10 independent measurements (see Table 4.2), the MDL is used to represent the
Ca*" concentration for the water. The ratios of the hydraulic conductivity for the
specimens of GCL-HQB relative to the specimens of GCL-LQB, or kugs/kigs, are also
summarized in Table 4.3 and shown in Fig. 4.10 as a function of CaCl, concentration of
the permeant liquid.

The hydraulic conductivity of GCL-HQB is ~ 3X lower than the hydraulic
conductivity of GCL-LQB based on permeation with water. Since the swelling capacity
of bentonite upon hydration with water increases with increase in the montmorillonite
content of the bentonite (e.g., Grim 1953, Mitchell 1993, Stern and Shackelford 1998,
Shackelford et al. 2000), a lower hydraulic conductivity based on permeation with water
is expected for GCLs that contain bentonite with a greater montmorillonite content,
provided the other GCL properties (e.g., bonding method and particle size of bentonite)
are similar. In addition, when the permeant liquid was changed from water to the 5 mM
CaCl, solution, the hydraulic conductivity for the specimen of GCL-LQB increases only
by ~ 3.6X relative to that based on water permeation, whereas the hydraulic conductivity
for the specimen of the GCL-HQB increases by ~ 24X. In fact, the hydraulic conductivity

values for the tests performed with CaCl, solutions are always higher for the specimens
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of GCL-HQB relative to the specimens of GCL-LQB, which indicates that GCL-HQB
was more susceptible to incompatibility in hydraulic conductivity than GCL-LQB for the
tests performed using CaCl, solutions.

For example, the ratios of the hydraulic conductivity for the GCL-HQB relative to
the hydraulic conductivity for the GCL-LQB (i.e., kngn/kigs) ranges from 2.0 to 2.6
when permeated with 5, 10, and 20 mM CaCl, solutions. However, as shown in Fig. 4.10,
knop/kigp is greater than 40 when permeated with 50, 100, and 500 mM CaCl, solutions.
As shown in Fig. 4.9, the hydraulic conductivity for GCL-LQB increases by ~ 2.3X when
the CaCl; concentration of the permeant liquid increases from 20 mM to 50 mM, whereas
the hydraulic conductivity for GCL-HQB increases by ~ 230X, and the resulting
kuos/kiop value is ~ 230. When the CaCl, concentration of the permeant liquid increases
from 50 mM to 100 mM, the hydraulic conductivity of GCL-LQB increases by ~ 19X,
whereas the hydraulic conductivity of GCL-HQB increases by ~ 8.4X, and the resulting
knor’kior value is ~ 100. Similarly, but to a lesser extent, the hydraulic conductivity
increases by ~ 1.7X and ~ 4.4X for GCL-LQB and GCL-HQB, respectively, when the
CaCl, concentration of the permeant liquid increases from 100 mM to 500 mM, and the
resulting kyop/kigp value is ~ 40. As a result, the most significant change in hydraulic
conductivity likely occurs over a specific concentration range that can be different for
GCLs containing different quality of bentonite (i.e., 50 to 100 mM for GCL-LQB vs. 20
to 50 mM for GCL-HQB). In general, the hydraulic conductivity increases as the CaCl,
concentration of the permeant liquid increases for both GCLs; however, the resulting

hydraulic conductivity is higher for the GCL-HQB than for the GCL-LQB.
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4.4.2 Effect of Bentonite Quality on Equilibrium Time

As shown in Fig. 4.11, establishment of chemical equilibrium between the
influent and effluent required ~ 430 and ~ 120 more days of permeation for the
specimens of GCL-HQB permeated with the 5 and 10 mM CacCl, solutions, respectively,
than for the specimens of GCL-LQB permeated with the same solutions. However,
similar elapsed times were required to establish chemical equilibrium for specimens of
both GCLs when permeated with the 20 mM CaCl, solution (i.e., ~ 5 months). When
permeated with 50, 100, and 500 mM CaCl, solutions, specimens of GCL-LQB required
longer test durations (i.e., > 35X) than did specimens of GCL-HQB, i.e., since chemical
equilibrium for specimens of GCL-HQB was achieved within a relatively short test
duration (i.e., < ~ 5 hrs). In general, the elapsed time required to establish chemical
equilibrium decreases with increasing CaCl, concentration of the permeant liquid for
both GCL specimens.

Similarly, as shown in Fig. 4.12, the pore volumes of flow (PVF) required to
achieve chemical equilibrium decreases as the CaCl, concentration of the permeant liquid
increases. For example, specimens of both GCLs required ~ 60 PVF and ~ 21 PVF to
establish chemical equilibrium for the tests performed with 5 and 20 mM CaCl, solutions,
respectively. In general, unlike the elapse time to reach chemical equilibrium (see Fig.
4.11), the PVF required to reach chemical equilibrium seem to be less dependent on the
quality of the bentonite for the GCLs used in this study (see Fig. 4.12). However,
specimens of GCL-HQB required slightly more PVF to establish chemical equilibrium
(i.e., 1 to 10 more) than did the specimens the GCL-LQB for all the tests with some

exceptions. Since increases in hydraulic conductivity of bentonite can be attributed to
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interactions between the permeant liquid and the bentonite resulting from the exchange of
divalent cations (e.g., Ca®") in the permeant liquid for monovalent cations, primarily Na",
on the exchange complex of the bentonite (e.g., Shackelford 1994, Gleason et al. 1997,
Ruhl and Daniel 1997, Stern and Shackelford 1998, Shackelford et al. 2000, Egloffstein
2001, Jo et al. 2001, Melchior 2002), the PVF required to achieve chemical equilibrium
between influent and effluent are .likely to be greater for GCLs containing bentonite with
relatively high montmorillonite contents (i.e., provided the amounts of bentonite mass
used in GCLs are similar), due to the associated higher cation exchange capacity (CEC)

of the GCL.

4.4.3 Effect of Bentonite Quality on Final Properties of Specimens

The final bentonite gravimetric water content (wy,), bentonite void ratio (ep), and
GCL bulk void ratio (ep) for specimens of both GCLs after permeation are shown in Figs.
4.13 and 4.14. As shown in Figs. 4.13 and 4.14, wy, €, and eg for specimens of GCL-
LQB based on permeation with water are higher than those for specimens of GCL-LQB
(i.e., 175 % vs. 160 % for wy, 4.8 vs. 4.4 for ey, and 4.1 vs. 3.6 for eg). The lower wy, ey,
and ep for specimens of GCL-HQB relative to those for specimens of GCL-LQB based
on permeation with water are presumably due to the other differences in the properties of
the GCLs (e.g., integrity of geotextiles and needle-punched fibers, mass and gradation of
bentonite, etc). However, wy, ep, and eg for specimens of GCL-HQB permeated with the
CaCl; solutions tend to be higher than those for specimens of GCL-LQB, except for the
tests using the 500 mM CacCl; solution. For example, the values for the ratios of wy, ey,

and ep for specimens of GCL-HQB relative to those for specimens of GCL-LQB, or
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WB HQB/WB,LOB> €bHQB/€b1.QB, and epnon/esios, range from 1.02 to 1.26 for the tests
performed using solutions with CaCl, concentrations ranging from 5 mM to 100 mM,
whereas the values for wg noB/WB 1L.QB, €b1HQB/€b,.LQB, and €p HoB/EB LoB Values are less than
unity (i.e., ~ 0.94 to ~ 0.97) for the tests performed using the 500 mM CaCl; solution.
The hydraulic conductivity is compared with GCL bulk void ratio (eg) in Fig.
4.15. For the tests performed with CaCl, solutions, the hydraulic conductivity value at a
given eg is always higher for GCL-HQB than GCL-LQB. In fact, the greatest decrease in
ep for the GCL-LQB and GCL-HQB of ~ 1.80 (by 44 %) and ~ 1.04 (by 29%),
respectively, occurs when the influent CaCl, concentration increases from 0 (water) to 5
mM, whereas the hydraulic conductivity of GCL-LQB and GCL-HQB increases by ~
3.6X and ~ 24X, respectively, for the same increase in the influent CaCl, concentration.
In contrast, the greatest increase in hydraulic conductivity (i.e., ~ 19X) occurred for
GCL-LQB when the influent CaCl, concentration increases from 50 mM to 100 mM, but
this increase in hydraulic conductivity is accompanied by a slight decrease in eg of ~ 0.04
(2 %). Also, the greatest increase in hydraulic conductivity (i.e., ~ 235X) occurred for
GCL-HQB when the influent CaCl, concentration increases from 20 mM to 50 mM, and
this increase in hydraulic conductivity is accompanied by a decrease in eg of ~ 0.46
(19 %). In general, increases in hydraulic conductivity are accompanied with decreases in
ep for both GCL. However, the hydraulic conductivity at a given GCL bulk void ratio
based on permeation with CaCl, solutions is always higher for the GCL-HQB than for the

GCL-LQB.

45 CONCLUSIONS
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The difference between the hydraulic performance of two geosynthetic clay liners
(GCLs) containing different qualities of bentonite is evaluated by permeation with water
and CaCl, solutions. The GCL with the higher quality bentonite (GCL-HQB) is
characterized by a greater content of sodium montmorillonite (86 % vs. 77 %), a higher
plasticity index (548 % vs. 393 %), and a higher cation exchange capacity (64 meq/100 g
vs. 93 meq/100 g) relative to the GCL with the lower quality bentonite (GCL-LQB). The
hydraulic conductivity tests are performed using both GCLs until chemical equilibrium
between influent and effluent in terms of solute concentrations (i.e., Cou/Cin = 1.00 £
0.10) and EC (i.e., ECow/ECiy = 1.00 £ 0.10) is established for the tests using the CaCl,
solutions as permeant liquids. Based on permeation with water, the hydraulic
conductivity to water of GCL-HQB is ~ 3X lower than the hydraulic conductivity of
GCL-LQB. However, the hydraulic conductivities for the tests performed with CaCl,
solutions are always higher for GCL-HQB than for GCL-LQB, indicating that GCL-HQB
exhibits more significant alteration in hydraulic conductivity than does GCL-LQB. In fact,
the ratios of the hydraulic conductivity of GCL-HQB relative to that of GCL-LQB (i.e.,
kios/kLos) are between 2.0 and 2.6 when permeated with 5, 10, and 20 mM CaCl,
solutions. On the other hand, the kugp/kigs values are ~ 230, ~ 100, and ~ 40 when
permeated with 50, 100, and 500 mM CaCl, solutions, respectively. In general, the
hydraulic conductivity increases as CaCl, concentration of the permeant liquid increases
for both GCL specimens. However, the resulting values of hydraulic conductivity are
higher for GCL-HQB than for GCL-LQB.

In terms of equilibrium time, for the specimens permeated with 5, 10, and 20 mM

CaCl, solutions, more time is required to achieve chemical equilibrium for GCL-HQB
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relative to GCL-LQB, whereas GCL-HQB requires less time to establish chemical
equilibrium than the GCL-HQB for the tests performed with 50, 100, and 500 mM CaCl,
solutions as permeant liquids. However, the PVF required to achieve chemical
equilibrium are less dependent on the bentonite quality for the GCLs used in this study,
even though GCL-HQB generally requires slightly more PVF than does GCL-LQB. On
the other hand, for the specimens permeated with CaCl, solutions, the GCL bulk void
ratio of GCL-HQB is always higher than that of GCL-LQB, except for the specimens
permeated with the 500 mM CacCl, solution. In addition, the hydraulic conductivity at a
given GCL bulk void ratio is always higher for GCL-HQB than for GCL-LQB based on

permeation with CaCl, solutions.
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Table 4.1 — Properties of bentonites in two geosynthetic clay liners.

Average Value

Property Standard [No. of Trials]
LQB® HQB®
Specific Gravity ASTM D 854* 2.74 (3] 2.78 [2]
Soil Classification: ASTM D 2487
Sieve Analysis (Air-Dried) SP [3] SP [1]
Hydrometer CH [7] CH [1]
Atterberg Limits (%): ASTM D 4318 [1] [1]
Liquid Limit, LL 430 589
Plasticity Index, PI 393 548
Swell Index (mL/2 g) ASTM D 5890 27.5[17] 30.0 [2]
Bentonite Mass (kg/mz) ASTM D 5993 5.11[5] 4.6 [5]
Principal Minerals (%): b [3] [2]
Montmorillonite 77.2 86.0
Cristobalite 10.3 4.5
Plagioclase Feldspar 5.1 2.5
Quartz 34 3.5
Others 4.0 5.5
g%“c"?ni’;‘fl‘g%gge)capac‘ty’ ¢ 63903 | 9342
Exchangeable Metals (meq/100 g): c [3] [2]
Ca** 11.5 15.3
Mg** 3.7 7.0
Na* 45.8 69.0
K* 0.7 0.8
Sum 61.7 92.1
Soluble Metals (mg/kg): c,d [3] [2]
Ca*’ 218 737
Mg*" 24 160
Na* 3365 7107
K 48 216
Saturated Soil Paste: c [3] [3]
pH 8.9 8.8
EC! (mS/m) 305 233

% Using a magnetic stirring device for de-airing.
® Based on X-ray diffraction (XRD) analyses performed by Mineralogy Inc., Tulsa, OK

and GeoServices Inc., Argyle, TX.

“ Based on procedures described in Shackelford and Redmond (1995).
4 Measured from a 1 g:20 mL clay-water extract.
® LQB = GCL with lower quality bentonite; HQB = GCL with higher quality bentonite.

" Electrical conductivity at 25 °C.
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Table 4.2 — Properties of permeant liquids.

Permeant Salt Concentration (mM) Measured Solute Concentrations (mg/L) Measured pH | Measured EC® (mS/m)
Liquid Target Measured Calcium (Ca™) Chloride (CI) [No. of Trials] [No. of Trials]
g [No. of Trials] [No. of Trials] [No. of Trials]
DIW? 0 <0.0005" [10] <0.02° [10] <0.04° [10] 5.6+0.5[19] 0.21 £0.11 [19]
5 5.1+0.2[14] 216 £ 10 [14] 377 + 38 [14] 5.7+ 0.5 [25] 123 £2.1 [25]
10 10.1 +£0.2[13] 436 = 30 [13] 756 + 65 [13] 6.0+ 0.3 [19] 234 +2.6 [19]
(g?;nlli 20 20.1+ 0.6 [13] 872 £ 77 [13] 1457 £ 110 [13] 6.1+0.3[17] 445+ 7.3 [17]
92(3,/';) 50 50.7+ 1.4 [9] 2055+ 63 [9] 3548 + 69 [9] 57+0.1[18] 1041 + 26 [18]
100 100 + 2.6 [6] 4072 + 126 [6] 7030 + 95 [6] 5.8+0.1[13] 1958 + 48 [13]
500 505+10 (5] 20289 + 474 [5] 35755 £ 710 [5] 6.5+0.2[12] 7693 + 25 [12]

2 Deionized water.

® Method detection limit (MDL).
¢ Electrical conductivity at 25 °C.




Table 4.3 — Summary of test results to evaluate effect of bentonite quality.”

Permeant | Test GCLb Chemical Equilibrium® k Ratios®
Liquid | No. | Type" | k(cm/s)y | PVF[t(days)] | kke | kuon/kios
-9
Deionized | 1 LQB | 24x10 13 [16] 1.0 030
Water 2 | HOB [7.0x10™| 3.0 [209] 1.0 '
5 M 3 LQB | 8.6x10° | 57 [502] 3.6 o
CaCly 4 HQB | 1.7x10% | 58 [934] 24 '
omMm |3 LQB | 67x10° | 30 [397] 2.8 2
CaCl 6 | HQB | 1.7x10% | 60 [515] 25
0mM | 7 | LQB | 81x10° | 21 [164] 34 -
CaCly 8 | HOB | 18x10% | 22 [154] 25
9 | LQB | 1.6x10% | 93 [16] 6.9
somM | 10 | LOB | 19x10% | 89 [15] 8.2 -
CaCly 11 | HQB | 46x10® | 18 [0.11] 6649
12 | HQB | 36x10° | 17 [0.18] 5183
13 | LOB | 30x107 | 68 [0.80] 126
100mM | 14 | LQB | 37x107 | 6.0 [0.59] 159 o
CaCly 15 | HQB | 3.1x10° | 4.6 [0.004] | 43955
16 | HQB | 39x10° | 11 [0.006] | 55752
17 | LOB | 12x10° | 1.7 [0.03] 491
soomM | 18 | LQB | 1.8x10° | 16 [0.02] 759 i
CaCly 19 | HQB | 57x10° | 15 [0.0006] | 82023
20 | HQB | 62x10° | 1.6 [0.0006] | 88613

? k = hydraulic conductivity; PVF = pore volumes of flow; t = elapsed time.

® LQB = GCL with lower quality bentonite; HQB = GCL with higher quality bentonite.

¢ Values at chemical equilibrium in terms of both electrical conductivity (EC) and solute
concentrations (i.e., ECow/ECip = 1.00 £ 0.10 and Cuy/Ciy = 1.00 £ 0.10) except for the
tests performed with deionized water, in which the values are based on ASTM D 5890.

4 k/k,, = ratio of k based on any solution to k based on water; kugp/kLgp = ratio of k for
GCL-HQB relative to k for GCL-LQB.

¢ Based on average values.
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Fig. 4.1 — Particle-size distributions for either lower quality bentonite (LQB) or higher
quality bentonite (HQB) taken from two GCLs based on mechanical sieve
(dry) and hydrometer (wet) analyses.
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Fig. 4.2 — Test results for specimens of two GCLs with either lower quality bentonite
(LQB) or higher quality bentonite (HQB) permeated with water (MDL =
method detection limit; MDL for Ca**, Na*, CI"=0.02, 0.2, 0.04 mg/L).
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Fig. 4.3 — Test results for specimens of two GCLs with either lower quality bentonite
(LQB) or higher quality bentonite (HQB) permeated with 5 mM CaCl,
solution.
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Fig. 4.4 — Test results for specimens of two GCLs with either lower quality bentonite
(LQB) or higher quality bentonite (HQB) permeated with 10 mM CaCl,
solution.

4.33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Elapsed Time, t (yrs)

20 0 1 0. 2 0. 3 0. 4 0.5 0.6
- 10 E T T T T T T T T T T T T T T T T T T T T ‘ T T T T ] T T T L 4-0 5_'
Z ¢ Open: GCL-LQB: Closed: GCL-HQB ] 2
g - Circle: k; Triangle: H 1 3.0 5
3 8 | 109 ]
'g ’\g 10° o OYM - T4
g ] =0
g 8 :QO O.O o o o o o O%q ] 20 \g/ (—/)h
S¥ 10° = . o« ° ] 3
g KAN PAL A & AR A AN A SRR AN /Y VYVYYY YV _: 1.0 %
ES L i
I 10-10 e v bev v by e b v v b by b v b b gy 00 8
0 25 50 75 100 125 150 175 200 225 250
Elapsed Time, t (days)
>'; 10-7 ;I T T T T T T T T T T T | T T T T [ T T T T | T T T T ] T T T I T T |7 4.0 <
S ‘e Open: GCL-LQB; Closed: GCL-HQB 2
g i Je0 0000000000000 00 4 3.0 3
o D 108 5 o*® goooooooooooooooooooomooooooooooo ] =1
88 [, o 120 2 5
2x oL % ] 5© )
® 10 ?WMAMMMAMAMAAAAA ———————— - 1.0 Pyl
S = ] m
-% % Circle: k; Triangle: Q ratio 1 =
-10 oo b e b e b by e by ey by by |_‘ 0.0 =
107 o 5 10 15 20 25 30 35 40
Pore Volumes of Flow, PVF
z‘ 4'0 —.[ T T T | T T T T l T T T ] T T T T | T T T T | T T T T l T T T T ] T T T [— 2.0
S ¢ C Open: GCL-LQB; Closed: GCL-HQB 1 g
*g 8 30 a4, Circle: EC ratio; Triangle: pH ratio { 1.5 Py
273 o sa A A A A ] =
o Q 2.0 Lo o oo f __________ A A 1.0 o
ouw Tl e 10 ks
£} T O eoe 1 o
£T 10 --90--0-%...0...e 0 -..e .0.----f05 F
o C 1 T
o - 1 5
Lu VJ 1 1 L \ 1 1 It Il | Il Il 1 1 | 1 1 1 L | i I3 1 i | 1 I 1 | | 1 1 i 1 | 1 1 1 17
000 ="%5 90 15 20 25 30 35 40%0
Pore Volumes of Flow, PVF
. 10000 g3 10000
S ﬁg Influent Ca** =872 + 77 mg/L
S _ 1000 NN w0 woo ] 1000
td S ) 9 E
O o L ]
g é 100 2—6 . .O © A _E 100
O f 8 N :
£° 10 | Open: GCL-LQB; Closed: GCL-HQB ~ ° 410
= F Circle: Ca®"; Triangle: Na"; Square: CI :
LLI L 1 1 i I 1 1 Il ! ‘ 1 1 i 1 l 1 | L 1 | 1 1 1 L l 1 ) 1 1. ] 1 1 1 1 ( ) L. L )
1 0 10 15 20 25 30 35 401

Pore Volumes of Flow, PVF

Fig. 4.5 — Test results for specimens of two GCLs with either lower quality bentonite

(LQB) or higher quality bentonite (HQB) permeated with 20 mM CaCl,
solution.
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Fig. 4.6 — Test results for duplicate specimens of two GCLs with either lower quality
bentonite (LQB) or higher quality bentonite (HQB) permeated with 50 mM
CaCl,; solution.
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Fig. 4.7 — Test results for duplicate specimens of two GCLs with either lower quality
bentonite (LQB) or higher quality bentonite (HQB) permeated with 100 mM
CaCl, solution.
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Fig. 4.8 — Test results for duplicate specimens of two GCLs with either lower quality
bentonite (LQB) or higher quality bentonite (HQB) permeated with 500 mM
CaCl, solution.
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Fig. 4.11 — Elapsed time required to achieve chemical equilibrium for specimens of two
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Fig. 4.12 — Pore volumes of flow required to achieve chemical equilibrium for specimens
of two GCLs with either lower quality bentonite (LQB) or higher quality
bentonite (HQB).
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Fig. 4.13 — Final bentonite gravimetric water content and void ratio after permeation for
specimens of two GCLs with either lower quality bentonite (LQB) or higher
quality bentonite (HQB) (MDL = method detection limit).
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Fig. 4.14 — Final GCL bulk void ratio after permeation for specimens of two GCLs with
either lower quality bentonite (LQB) or higher quality bentonite (HQB)
(MDL = method detection limit).
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CHAPTER §

SOLUTION RETENTION CAPACITY AS AN ALTERNATIVE TO

THE SWELL INDEX TEST FOR BENTONITE

ABSTRACT: An alternative to the swell index approach (ASTM D 5890) for bentonite
referred to as the solution retention capacity (SRC) approach is developed and evaluated.
The SRC values for two sodium bentonites measured using deionized water and chemical
solutions containing calcium chloride (CaCl,) at concentrations ranging from 5 mM to
500 mM are compared with the swell index values for both bentonites and the same test
liquids. In general, both swell index and SRC decrease with increase in CaCl,
concentration due to a decrease in the thickness of adsorbed layer of the bentonite
particles. However, the SRC approach has several advantages relative to the swell index
approach, including a shorter testing time, minimal potential for bentonite loss and
entrapped air bubbles, and greater measurement accuracy. Also, the SRC approach uses
only mechanical devices that require less operator judgment resulting in the potential for
relatively less operator error. The strong correlation between the SRC and swell index
suggests that the SRC approach may be used as an alternative to the swell index approach
for qualitatively assessing the potential impact of inorganic salt solutions on the hydraulic

conductivity of bentonite-based materials, such as geosynthetic clay liners.
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5.1 INTRODUCTION

The high swelling potential of montmorillonite is attributed to adsorption of
hydrated cations and water molecules, resulting in strong repulsive forces and interlayer
expansion in the presence of electrolyte solutions (Norrish 1954, Mitchell 1993,
Shackelford et al. 2000). In the presence of water, sodium montmorillonite can swell to
as much as 20 times its own volume (Norrish 1954). The primary factors contributing to
the high swelling potential of montmorillonite relative to other clay minerals, such as
illite and kaolinite, include a relatively high specific surface (i.e., 100 to 800 mz/g) and a
relatively high net negative charge as reflected by relatively high cation exchange
capacities typically ranging from 80 meq/100 g to 150 meq/100 g (Grim 1953, Norrish
and Quirk 1954, Mitchell 1993). Since montmorillonite also is the primary mineral in
most bentonites (typically 60 % to 90 %), bentonites generally exhibit the same swelling
characteristic as montmorillonite. In fact, the low hydraulic conductivity values to water
typically measured for sodium bentonites (i.e., 10° to 10? cm/s) are attributed to the
relatively high swelling potential of the bentonite in the presence of water (Mitchell 1993,
Shackelford et al. 2000).

Two methods have been used to determine the swelling behavior of bentonite, i.e.,
Geosynthetic Research Institute (GRI) GCL-1 (Free Swell of the Clay Component of
Geosynthetic Clay Liners) (e.g., Narejo and Memon 1995, Lin and Benson 2000) and
ASTM D 5890 (Standard Test Method for Swell Index of Clay Mineral Component of

Geosynthetic Clay Liners) (e.g., Didier and Comeaga 1997, Ruhl and Daniel 1997,

5.2
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Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Ashmawy et al 2002, Shan and
Lai 2002). The primary differences between these two approaches are the method of
hydration (i.e., under a 0.7-kPa confinement for GRI GCL-1 vs. self-weight
sedimentation for ASTM D 5890) and the longer equilibrium time required for GRI
GCL-1 (i.e., > 400 hrs vs. < 24 hrs) relative to that required for ASTM D 5890 (Lin and
Benson 2000, Shackelford et al. 2000, Jo et al. 2001). However, only the approach
specified in ASTM D 5890 (i.e., swell index test) is currently accepted as a standard by
the industry (Shackelford et al. 2000).

Several studies have shown that the swelling behavior of bentonite is directly
correlated with the hydraulic conductivity of bentonite-based GCLs (Egloffstein 1995,
Didier and Comeaga 1997, Ruhl and Daniel 1997, Shackelford et al. 2000, Egloffstein
2001, Jo et al. 2001, Kashir and Yanful 2001, Ashmawy et al. 2002, Shan and Lai 2002).
For example, Shackelford et al. (2000) and Jo et al. (2001) correlate the results of swell
index tests on sodium bentonite from a GCL using solutions with various concentrations
of several inorganic compounds (e.g., NaCl, CaCl,, and LaCls;) with the hydraulic
conductivity of the GCL permeated with the same test solutions. Their results show that a
decrease in swell index with increasing electrolyte concentration and/or cation valence is
correlated with an increase in hydraulic conductivity of the GCL with increasing
electrolyte concentration and/or cation valence. The observed effects are consistent with
changes in the thickness of adsorbed layer such that an increase in cationic valence and/or
electrolyte concentration reduces the swell index of sodium bentonite. Thus, the results of
swell index tests may provide a qualitative indication of the expected hydraulic behavior

of bentonite-based materials, thereby providing a relatively simple, rapid, and
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inexpensive method for assessing the compatibility between the bentonite and the
permeant liquid (Ruhl and Daniel 1997, Didier and Comeaga 1997, Shackelford et al.
2000, Egloffstein 2001, Jo et al. 2001, Ashmawy et al 2002, Shan and Lai 2002).
However, the measurement of swell index can be affected by several factors, including
inconsistency in the hydration procedure, failure to spread the clay evenly, and friction
between the bentonite and the graduated cylinder (Shackelford et al. 2000). In addition to
these factors, the procedure for the swell index test is tedious and time-consuming.

As a result, a new approach, referred to as the "solution retention capacity (SRC)",
is proposed herein as a potentially less tedious and quicker alternative to the swell index
approach for bentonite. The development of the SRC approach is described in this
chapter, and the results of SRC tests, using water and solutions containing a range of
CaCl; concentrations with sodium bentonites from two GCLs, are compared with the
results of swell index tests for the same bentonites using the same solutions. In addition,

several advantages of the SRC approach relative to the swell index testing are discussed.

5.2 MATERIALS AND METHODS
5.2.1 Bentonites

Two granular sodium bentonites were taken from two commercially available
geosynthetic clay liners (GCLs). The average gravimetric water content was 4 % in an
air-dried condition for both bentonite samples. The physical and chemical properties and
the mineralogical compositions for the two bentonites are given in Table 5.1. As shown
in Table 5.1, the montmorillonite content for the lower quality bentonite (LQB) is lower

than that for the higher quality bentonite (HQB) by ~ 9 % (i.e., 77 % vs. 86 %), resulting
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in a lower cation exchange capacity (i.e., 64 meq/100 g vs. 93 meq/100 g) as well as a
lower plasticity index (i.e., 393 % vs. 548 %). Both bentonites have aggregate-size
distributions similar to sands (i.e., classified as SP per Unified Soil Classification System
[USCS]; ASTM D 2487) based on the mechanical sieve analyses performed on the air-
dried samples (ASTM D 421, D 422). However, the bentonites from both GCLs are

classified as high-plasticity clays (CH) based on the wet analysis.

5.2.2 Testing Liquids

The liquids used in this study consist of tap water that is processed to remove ions
by passage through three Barnstead® ion exchange columns in series (electrical
conductivity, EC, at 25 °C ~ 0.2 mS/m, pH ~ 5.6) and inorganic chemical solutions
containing a range in calcium chloride (CaCl,) concentrations. The processed tap water
classifies as Type IV deionized water (DIW) according to ASTM D 1193. The CaCl,
solutions were prepared by dissolving CaCl, (powdered, > 96 % pure, Sigma-Aldrich Co.,
St. Louis, MO) in the DIW at concentrations of 5, 10, 20, 50, 100, and 500 mM. The
solute concentrations of the testing liquids were measured using an ion chromatograph
(Dionex® 4000i IC Module, Dionex Co., Sunnyvale, CA) for chloride (CI)
concentrations and an inductively coupled plasma — atomic emission spectrometer (IRIS®
Advantage/1000 ICAP Spectrometer, Thermo Jarrell Ash Co., Franklin, MA) for calcium
(Ca2+) concentrations, respectively. The measured solute concentrations for the DIW and
CaCl, solutions are given in Table 5.2. For the DIW, the measured solute concentrations
were below the method detection limits (MDLs) of 0.02 mg/L for Ca** (EPA Method

200.7) and 0.04 mg/L for CI' (EPA Method 300.0).
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5.2.3 Swell Index Testing

Materials and Equipment. The primary materials and equipment used to conduct the

swell index tests according to ASTM D 5890 are shown in Fig. 5.1a. These materials and

equipment include:

a No. 200 (0.075-mm) U.S. Standard Sieve;
e amortar and pestle;

e aclean 100-mL graduated cylinder;

e astainless-steel laboratory scoop; and

o adisposable syringe.

Procedure. Swell index tests were conducted following the procedures described in
ASTM D 5890 using both the DIW and CaCl, solutions. Samples of each bentonite (i.e.,
LQB or HQB) were prepared by passing the bentonite through the No. 200 U.S. Standard
Sieve using the mortar and pestle. First, approximately 90 mL of each testing liquid (i.e.,
either DIW or one of CaCl; solutions) was added to the 100-mL graduated cylinder. Then,
2.0 g of oven-dried bentonite taken from the pulverized and sieved bentonite samples
were dusted over the entire surface of the testing liquid in the graduated cylinder in
increments of less than 0.1 g. Each increment of bentonite was added by tapping the
bentonite out of the scoop over a period of approximately 30 seconds, and a standing
period after the addition of each increment was a minimum of 10 minutes as required by
ASTM D 5890. These requirements result in a minimum duration of 210 minutes (3.5

hrs). However, this minimum duration does not take into account the possibility of longer
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standing periods of > 10 minutes (e.g., due to convenience) or the use of bentonite
increments that typically are much less than 0.1 g. As a result, the average time required
to add 2.0 g of bentonite in this study was approximately 6 hrs. After the entire bentonite
specimen was added, the syringe filled with the same testing liquid was used to rinse any
particles adhering to the sides of the cylinder and to fill the cylinder to the 100-mL mark.
After 2 hrs, entrapped air bubbles and/or water separation in the sediment, if any, were
removed by tipping and rolling the cylinder as per ASTM D 5890. The swell volume of
the bentonite in mL/2 g then was measured after an elapsed time of 16 hrs, which is the

minimum hydration period required by ASTM D 5890.

5.2.4 Solution Retention Capacity Testing

Materials and Equipment. The primary materials and equipment required for the

solution retention capacity (SRC) approach are shown in Fig. 5.1b. These materials and

equipment include:

a clean 50-mL centrifuge tube (polypropylene, capacity of 6000 g, Fisher-Scientific

Co., Pittsburgh, PA);

a vortex mixer (Touch Mixer Model 231, Fisher Scientific Co., Pittsburgh, PA);

a centrifuge (IEC Centra-CL2, Fisher Scientific Co., Pittsburgh, PA); and

a laboratory mass balance.

Procedure. The SRC represents the volume of a testing liquid retained per 1.0 g of

bentonite after centrifugation, which is related to the thickness of adsorbed layer of the

bentonite. The SRC tests were conducted using the same liquids and bentonite samples
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used in the swell index tests. In addition, a soil-to-liquid ratio of 1 g/50 mL was used in

the SRC tests to be consistent with the soil-to-liquid ratio in the swell index test, which is
approximately the same (i.e., 2 g/(100 mL — Vi) = 1 g/50 mL, where V = the volume
occupied by 2.0 g of bentonite, or = 0.75 mL).

The first step in the SRC approach is to measure the mass of the 50-mL centrifuge
tube (Mype). After this measurement, 1.0 g of oven-dried bentonite (My) taken from the
pulverized and sieved bentonite samples is placed into the tube followed by 50 mL (V)
of a testing liquid (i.e., either DIW or one of CaCl, solutions). The centrifuge tube then is
shaken vigorously on the vortex mixer for 30 seconds, and then the shaken tube is
allowed to stand for at least 16 hrs without operator intervention. After the standing
period, the tube is re-shaken using the vortex mixer for 30 seconds. The sample tube then
is centrifuged for 30 minutes at 5000 rpm (i.e., acceleration = 2750 g). After centrifuging,
the supernatant is decanted by tilting the tube, and the total mass of the tube with the
remaining plug of hydrated bentonite (M) is measured.

For the tests performed with the DIW, the supernatant decanted after
centrifugation (i.e., 30 min @ 2750 g) was found to contain a visible amount of a gel-like
substance. In addition, either suspended particles and/or a fraction of sediment can be lost
during the decanting process for the tests performed with CaCl, solutions. As a result of

these considerations, the SRC is defined as follows:

SRC=( (5.1)

Mb ] Mf - Mmbe - (Mb - Mb,lost)
Mb - Mb,lost psol
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where SRC = the solution retention capacity per 1.0 g of bentonite in [mL/1 g], psol = the
density of the solution (or water) in [g/mL] (see Table 5.2), and My ot = the mass of
bentonite lost during decanting process. The mass of the bentonite lost (My0st) can be
estimated by measuring the oven-dried mass of the decanted supernatant (Mgrieq) as

follows:

Vi - [Mf e ﬂ} 52)
psol

where Cs = the salt concentration of the test liquid in [g/mL] (see Table 5.2).

Psol
M, =| —2—|{M, . ~C
b,lost ( pSOI _ CS ] { dried s

As shown in Table 5.2, the densities of the test liquids range from 0.997 g/mL
(DIW) to 1.027 g/mL (500 mM CaCl, solution) at the standard state (i.e., 25 °C and
101.325 kPa). Due to this narrow range of densities, the density of solution can be
approximated as the density of water (py) at 4 °C and 101.325 kPa (i.e., pw = 1.000 g/mL)
with an error of <3 % (Lide 1991). Thus, the SRC can be written more conveniently as

follows:

SRCE{ (5.3)

Mb ] Mf - Mtube - (Mb - Mb,lost)
Mb - Mb,lost pw

The procedure described above does not take into account the change in chemical
composition of the bulk solution due to dissolution of the soluble salts originally in the

bentonite (see Table 5.1) and/or chemical interaction between the bentonite and the test
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solution. Consequently, the mass of the bentonite lost (My o5t} for the tests performed
using DIW as the test liquid is assumed to be equal to the oven-dried mass of the
decanted supernatant (Mgricq), 1.€., Since the salt concentration for DIW is essentially zero
(i.e., Cs = 0). Also, the oven-dried mass of the decanted supernatant (Mgieq) for the tests
performed with CaCl, solutions is assumed to be equal to the bentonite lost during
decanting process and the dissolved salts (CaCl,) corresponding to the concentration of
the test solution.

The SRC approach as described above has several advantages over the swell
index approach, including a shorter testing time (i.e., < 1 hr vs. > 3.5 hrs), minimal
potential for loss of bentonite and entrapment of air bubbles, and greater measurement
accuracy (i.e., £ 0.01 g for a typical mass balance vs. £ 1.0 mL for a typical 100-mL
graduated cylinder). In addition, the SRC approach is potentially less affected by operator
error than the swell index approach, because the SRC tests are performed using only

mechanical devices that require less operator judgment.

5.3 RESULTS AND DISCUSSION
5.3.1 Swell Index

The results of the swell index tests based on a 16-hr hydration period are shown in
Fig. 5.2. Since the measured calcium (Ca2+) concentration for the deionized water (DIW)
is below the method detection limit (MDL) of 0.02 mg/L for Ca®* based on 10
independent measurements (see Table 5.2), the MDL is used to represent the Ca®"

concentration for the DIW.
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As shown in Fig. 5.2, the swell index value for the lower quality bentonite (LQB)
decreases from approximately 27.5 mL/2 g when the DIW is used as the testing liquid to
~ 7.5 mL/2 g when the 500 mM CaCl; solution is used as the testing liquid. Similarly, the
swell index value for the higher quality bentonite (HQB) decreases from approximately
30.0 mL/2 g when the DIW is used as the testing liquid to ~ 7.5 mL/2 g when the 500
mM CaCl, solution is used as the testing liquid. This decrease in swell index with
increasing CaCl, concentration is consistent with the individual granules of the bentonite
becoming smaller due to the compression of the interlayer region induced by the elevated
Ca®* concentration in the bulk solution (Sposito 1981, McBride 1994, Shackelford et al.
2000, Jo et al. 2001).

In addition, the swell index based on the DIW is greater by about 2.5 mL/2 g for
the HQB relative to the LQB. This difference can be attributed to the higher
montmorillonite content of the HQB (see Table 5.1). Also, the swell index for the HQB is
greater than that for the LQB by from 3 % to 11 % for the tests performed with solutions
containing CaCl, concentrations < 50 mM, with the magnitude in this difference
decreasing with increasing CaCl, concentration. However, the ratio of the swell index of
the HQB relative to that of the LQB, or Slugp/SILgs, is slightly less than unity (i.e., ~
0.98) for 100 and 500 mM CaCl, solutions, indicating that these relatively strong CaCl,
solutions cause more significant alteration in swelling for the higher quality bentonite
(HQB) relative to the lower quality bentonite (LQB).

The values for the ratio of the swell index based on either water (DIW) or one of
CaCl, solutions to that based on water, or SI/Sly, are shown in Fig. 5.3. For both

bentonites, the swell indexes based on hydration with the 5 mM CaCl, solution are
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comparable, albeit slightly lower (< 2 %), to those based on the DIW, whereas a further
increase in the CaCl, concentration of the testing liquids results in a relatively significant
decrease (i.e., from 30 % to 75 %) in SI/SI,,. However, the change in the SI/SIy, is greater
for the HQB relative to the LQB, indicating that the swelling of the HQB is affected to a
greater extent than that of the LQB as the concentration of CaCl, in the testing liquid

increases.

5.3.2 Solution Retention Capacity

The results of the solution retention capacity (SRC) tests performed on the two
bentonites with the DIW and CaCl; solutions are shown in Figs. 5.4 and 5.5. For the tests
performed with CaCl, solutions, no loss of bentonite was observed during decanting

process (i.e., Mpjost = 0), allowing calculation of the SRC with the following reduced

form of Eq. 5.3:

SRC = Mt =Mue =

Pw

M,

(5.4)

As shown in Fig. 5.4, the SRC values for the lower quality bentonite (LQB)
decreased from ~ 5.7 mL/1 g to ~ 1.8 mL/1 g with increase in CaCl, concentration in the
testing liquid from 0 (DIW) to 500 mM. Similarly, the SRC values for the higher quality
bentonite (HQB) decreased from ~ 7.2 ml/1 g to ~ 1.7 mL/1 g with increase in CaCl,
concentration in the testing liquid from 0 (DIW) to 500 mM. In fact, the SRC values for
the HQB are greater than those for the LQB by approximately 1.4 mL/ g for the tests

performed with the DIW and 5 mM CaCl, solution. Similarly, but to a lesser extent, the

5.12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SRC values for the HQB are about 11 % higher than the SRC values for the LQB based
on the tests performed with the 10 mM CaCl, solution. However, the SRC ratio based on
two bentonites (i.e., SRCuor/SRCiqr) was slightly less than unity (i.e., 0.96 to 0.98) for
the solutions with CaCl, concentrations ranging from 20 mM to 500 mM. These results
are similar to the results of swell index tests such that the relatively strong (i.e., 100 and
500 mM) CaCl, solutions result in more significant decreases in the thickness of
adsorbed layer of the HQB relative to the LQB.

On the other hand, the values for the ratio of the SRC based on either water
(DIW) or one of CaCl, solutions to that based on water, or SRC/SRCy, decreased
significantly from unity to between 0.51 and 0.58 with increase in CaCl; concentration in
the testing liquid from 0 (DIW) to 5 mM. Thereafter, the SRC/SRC,, values continued to
decrease with a further increase in CaCl; concentration, but to a lesser extent. However,
the SRC/SRC,, value for the HQB is always slightly lower than that for the LQB by 0.05
to 0.09 based on the tests performed with CaCl, solutions, except for the tests performed
with the 5 mM CaCl, solution. In fact, the SRC/SRC,, for the HQB is slightly higher (i.e.,
by ~ 0.09) than that for the LQB for the tests performed with the 5 mM CaCl, solution.
Therefore, the 5 mM CacCl, concentration probably was not sufficiently strong to result in
a significant decrease in the thickness of adsorbed layer of the higher quality bentonite
(HQB) relative to the lower quality bentonite (LQB). In general, the greater change
observed in the SRC/SRC,, with increasing CaCl, concentration for the HQB relative to
the LQB is similar to the trends for the swell index tests, such that that the thickness of
adsorbed layer of the HQB is affected to a greater extent than that for the LQB as the

concentration of CaCl; in the testing liquid increases.

5.13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.3.3 Swell Index versus Solution Retention Capacity

The SRC and swell index values are plotted as a function of CaCl, concentration
of the testing liquids in Fig. 5.6. For both LQB and HQB, the swell index values for the
tests performed with the DIW are comparable to the swell index values for the tests
performed with the 5 mM CacCl, solution, whereas the SRC values for the tests performed
with the DIW are approximately two times greater than the SRC values for the tests
performed with the 5 mM CaCl, solution. This significant difference between swell index
and SRC based on the tests performed with the DIW and 5 mM CacCl, solution likely is
due to the difference in the testing procedure, i.e., self-weight sedimentation at the
acceleration of gravity (i.e., 1 g) for the swell index testing versus centrifugation at an
acceleration of 2750 g for the SRC testing. However, when the tests are performed with
CaCl, solutions, the trends in both the SRC and swell index with CaCl, concentration are
in close agreement for both bentonites, as shown in Fig. 5.6. A linear regression on SRC-
versus-swell index plot as shown in Fig. 5.7 results in the coefficient of determination (%)
close to unity (i.e., 0.958 and 0.970 for LQB and HQB, respectively), supporting a strong
correlation between swell index and SRC, particularly in the case where the testing liquid
is a CaCl, solution as opposed to DIW. The strong correlation between the SRC and
swell index suggests that the SRC approach may be used as an alternative to the swell
index approach when assessing qualitatively the potential impact of inorganic salt
solutions on the hydraulic conductivity of bentonite-based materials, such as geosynthetic

clay liners.
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5.4  CONCLUSIONS

A "solution retention capacity (SRC)" approach was developed and evaluated as
an alternative to the swell index (SI) approach (ASTM D 5890) for the bentonite. Both SI
and SRC tests were performed on samples from two different bentonites using deionized
water (DIW) and chemical solutions containing 5 mM to 500 mM CaCl,. The results
show a decrease in both SI and SRC with increasing CaCl, concentration of the testing
liquids. This decrease in both SI and SRC is consistent with the individual granules of the
bentonite becoming smaller with increasing CaCl, concentration due to the compression
in the thickness of adsorbed layer of the bentonite. Also, the relatively strong (i.e., 100
and 500 mM) CaCl, solutions can cause more significant decrease in the thickness of
adsorbed layer of the higher quality bentonite than the lower quality bentonite. On the
other hand, the SI values for the tests performed with the DIW are equivalent to the SI
values for the tests performed with the 5 mM CacCl, solution, whereas the SRC values for
the tests performed with the DIW are approximately two times greater than the SRC
values for the tests performed with the 5 mM CaCl, solution. However, when the tests are
performed with CaCl, solutions, the trend in SRC with increasing CaCl, concentration is
in good agreement with that for the SI.

The proposed SRC approach has several advantages over the SI approach,
including a shorter testing time (i.e., <1 hr vs. > 3.5 hrs), minimal potential for bentonite
loss and entrapped air bubbles, and greater measurement accuracy (i.e., £ 0.01 g vs. = 1.0
mL). In addition, the SRC approach is less susceptible to operator error than the SI
approach, because the SRC tests are performed using only mechanical devices that

require less operator judgment. Therefore, on the basis of these advantages and the strong
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correlation between SRC and SI, the SRC approach may be a more useful alternative to
the SI approach in terms of evaluating the potential impact of inorganic salt solutions on

the behavior of bentonite.
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Table 5.1 — Properties of two bentonites used in this study.

Average Value or Type
Property Standard [Number of Trials]
LQB® HQB¢
Specific Gravity ASTM D 854° 2.74 [3] 2.78 [2]
Soil Classification: ASTM D 2487
Sieve Analysis (Air-Dried) SP [3] SP [1]
Hydrometer CH[7] CH[1]
Atterberg Limits (%): ASTM D 4318 [1] [1]
Liquid Limit, LL 430 589
Plasticity Index, PI 393 548
Principal Minerals (%): b [3] [2]
Montmorillonite 77.2 86.0
Cristobalite 10.3 4.5
Plagioclase Feldspar 5.1 2.5
Quartz 34 3.5
Others 4.0 3.5
gglco?rfe’;‘j};g%gge)capa‘my’ ¢ 63.9 [3] 93.4 [2]
Exchangeable Metals (meq/100 g): c [3] [2]
Ca™* 11.5 15.3
Mg** 3.7 7.0
Na" 45.8 69.0
K" 0.7 0.8
Sum 61.7 92.1
Soluble Metals (mg/kg): c,d [3] (2]
Ca™* 218 737
Mg?** 24 160
Na” 3365 7107
K" 48 216

* Using a magnetic stirring device for de-airing.

® Based on X-ray diffraction (XRD) analyses performed by Mineralogy Inc., Tulsa, OK
and GeoServices Inc., Argyle, TX.

¢ Based on procedures described in Shackelford and Redmond (1995).

9 Measured from a 1 g:20 mL clay-water extract.

° LQB = lower quality bentonite; HQB = higher quality bentonite.
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Table 5.2 - Properties of liquids used in this study.

Target Measured Salt Measured Solute o
~IConcen-| NUmbEr | Concentration, Cs | Concentrations (mg/L) | Density’,
Liquid | " tion of Calci Chlorid Psol
alcium oride
(M) Analyses | (mM) | (g/L) (Ca) D (g/mL)
DIW® 0 10 <0.0005° | 0.000 <0.02° <0.04° 0.9970
5 14 51+£0.2 [0.566| 216+10 377+ 38 0.9974
10 13 10.1+£0.2| 1.12 | 436=+30 756 + 65 0.9976
CaCl | 29 13 201406223 | 872+77 | 1457110 | 0.9982
(Sigma
Co.,
96 %) | 50 9 |50.7+1.4|563 | 2055+63 | 3548469 | 1.0001
100 6 100+£2.6 | 11.1 | 4072+126 | 7030+95 1.0030
500 5 50510 | 56.0 |20289+474|35755+710| 1.0271

? Calculated value at the standard state, i.e., 25 °C and 101.325 kPa (Lide 1991).

® Deionized water.

¢ Method detection limits (MDLs).

5.20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Fig. 5.1 — Pictorial view of testing apparatus: (a) swell index tests; and (b) solution
retention capacity tests.
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Fig. 5.2 — Results of swell index (SI) tests performed with water and CaCl, solutions: (a)
SI values; and (b) ratio of SI for higher quality bentonite (HQB) to SI for
lower quality bentonite (LQB) (MDL = method detection limit).
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Fig. 5.3 — Ratio of swell index (SI) based on either water or one of CaCl, solutions to SI
based on water (LQB = lower quality bentonite; HQB = higher quality
bentonite; MDL = method detection limit).
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detection limit)
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CHAPTER 6

CORRELATING INDEX PROPERTIES AND HYDRAULIC CONDUCTIVITY

OF GOESYNTHETIC CLAY LINERS

ABSTRACT: The results of four index properties, including the liquid limit (LL),
sedimentation volume (SV), swell index (SI), and solution retention capacity (SRC), for
two sodium bentonites from geosynthetic clay liners (GCLs) using both water and
calcium chloride (CaCly) solutions are correlated with the hydraulic conductivity (k) of
the same GCLs permeated with the same solutions. For the GCL with the lower quality
bentonite, 10-fold and 100-fold increases in k based on permeation with CaCl, solutions
relative to water correlate with > 39 % and > 48 % decreases in any index property,
respectively, for the same CaCl, solutions relative to water. However, for the GCL with
the higher quality bentonite, LL, SV, and SI decrease by < 3 % when the same CaCl,
solution that results in a 10-fold increase in k relative to water is used, whereas the CaCl,
solution that causes a 100-fold increase in k also causes a > 31 % decrease in any index
property. Thus, the correlation between a change in index property and a change in k is a
function of the magnitude of the change in k being considered (i.e., 10-fold or 100-fold),
the index property, and the bentonite quality. Consequently, compatibility in the index
property of bentonites from GCLs does not always correlate well with compatibility in

the hydraulic performance of the GCLs.
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6.1 INTRODUCTION

The hydraulic performance of soil barriers (e.g., compacted clay liners,
geosynthetic clay liners, and soil-bentonite vertical cutoff walls) used to contain
potentially hazardous liquids (e.g., landfill leachate and polluted ground water) depends
primarily on the hydraulic conductivity of the barrier to the liquid being contained. As a
result, hydraulic conductivity testing of the soil barrier material using the actual liquid to
be contained (or a suitable representative of the actual liquid) as the permeant liquid may
be inevitable to evaluate the hydraulic performance of the soil barrier. These tests often
are referred to as compatibility tests, because the primary objective of the test is to
determine whether or not the barrier soil is compatible with the permeating liquid with
respect to the hydraulic conductivity of the soil (Shackelford 1994, Shackelford et al.
2000). In some cases, interactions between the constituents in the permeating liquid (e.g.,
solutes) and the soil can result in significant increases (> 10X) in the hydraulic
conductivity of the soil relative to that based on water (Daniel et al. 1993, Immamura et
al. 1996, Gleason et al. 1997, James et al. 1997, Petrov and Rowe 1997, Petrov et al.
1997a,b, Ruhl and Daniel 1997, Kolstad 2000, Lin and Benson 2000, Shackelford et al.
2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001).

Several investigators have noted the need to perform compatibility tests until

complete chemical equilibrium between the effluent and influent has been established in
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order to ensure that all possible interactions between the permeating liquid and the soil
have occurred (e.g., Bowders and Daniel 1987, Daniel 1994, Shackelford 1994,
Shackelford et al 2000). Unfortunately, due to the low hydraulic conductivity typically
required for barrier soils (i.e., < 10”7 cm/s), the test durations required to achieve chemical
equilibrium may result in several months or even years, depending on the hydraulic
gradient (e.g., Dobras and Elzea 1993, Daniel 1994, Imamura et al. 1996, James et al.
1997, Shackelford et al. 2000, Egloffstein 2001, Melchior 2002). Therefore, compatibility
testing often is considered prohibitive from the standpoint of the timeliness typically
imperative in engineering practice. As a result, an alternative approach has been proposed
whereby changes in the index properties of the barrier soil (e.g., Atterberg limits, particle
size, etc.) in the presence of the containment liquids relative to water are used as a
qualitative, yet more rapid, indicators of the potenﬁal for incompatibility with respect to
hydraulic conductivity (Dunn and Mitchell 1984, Bowders 1985, Bowders et al. 1986,
Bowders and Daniel 1987, Daniel et al. 1988, Acar and Olivieri 1989, Shackelford 1994,
Narejo and Memon 1995, Shackelford et al. 2000, Jo et al. 2001).

For example, the results of liquid limit tests based on non-standard liquids (i.e.,
liquids other than water) relative to those based on water have been used to provide a
qualitative indication of the potential effect of the liquid on the hydraulic conductivity of
the soil (Bowders et al. 1986, Sridharan et al. 1986, Daniel et al. 1988, Acar and Olivieri
1989, Shackelford 1994, Gleason et al. 1997, Petrov and Rowe 1997, Lin and Benson
2000, Sridharan and Prakash 2000). In general, the results of these studies show that an
increase in cationic valence and/or electrolyte concentration (e.g., inorganic liquids) or a

decrease in dielectric constant (e.g., organic liquids) reduces the liquid limit and increases
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the hydraulic conductivity of the soils, with greater effects being discerned for soils
containing higher activity clays, such as bentonite.

For example, Petrov and Rowe (1997) showed that the liquid limit of bentonite
decreased from 530 % to 96 % as the sodium chloride (NaCl) concentration of the testing
solutions changed from O (i.e., water) to 2.0 M, whereas the hydraulic conductivity values
increased from ~ 10 cm/s to ~ 10 cm/s for the same range in NaCl concentrations.
Thus, a relatively high activity clay that suffers a decrease in the liquid limit in the
presence of a non-standard liquid relative to that measured using water also likely would
shrink upon permeation with the liquid resulting in a concomitant increase in hydraulic
conductivity (Bowders et al. 1986, Shackelford 1994).

In some cases, sedimentation tests have been performed to discern the effects of
non-standard liquids on the sedimentation rate of clayey soils as an indirect indication of
the potential for the non-standard liquid to adversely affect the hydraulic conductivity of
the soil (Dunn and Mitchell 1984, Bowders 1985, Bowders et al. 1986, Bowders and
Daniel 1987, Ryan 1987, Shackelford 1994). These tests typically are similar to
hydrometer tests (i.e., ASTM D 422), except the non-standard liquid is used instead of
water, with or without a dispersing agent. Also, the settling behavior typically is
determined either by measuring the particle-size distribution using a hydrometer (e.g.,
Dunn and Mitchell 1984), or by measuring the sedimentation volume as a function of
time (e.g., Bowders 1985, Bowders et al. 1986, Bowders and Daniel 1987, Shackelford
1994). Measurement of the sedimentation volume is more common in the case of high
swelling soils, such as bentonite, because the extensive swelling of these soils inhibits the

displacement of the suspension by the hydrometer (Shackelford 1994).
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For example, Dunn and Mitchell (1984) performed hydrometer tests as well as
hydraulic conductivity tests on two silty clay soils using both water and a synthetic acidic
lead-zinc tailings leachate, and found that the waste leachate caused larger particle sizes,
presumably due to flocculation, relative to those based on water as well as significant
increases (> 10X) in the hydraulic conductivity of the two soils relative to permeation
with water. Similarly, Bowders et al. (1986) found that an increase in methanol
concentration of testing solutions also caused more rapid settling of both kaolinite and
illite-chlorite soils relative to that observed using water, as well as increases in the
hydraulic conductivity of the two soils at relatively high concentrations (> 80 % by
volume). Similar results were reported by Ryan (1987), who measured the settlement of
particles of two bentonites being considered for use in a soil-bentonite vertical cutoff wall
using both water and a waste leachate containing several organic solvents. Ryan (1987)
concluded that an increase in particle size or an increased rate of settling was consistent
with the existence of a flocculated fabric corresponding to the potential for a higher
hydraulic conductivity upon permeation with the waste leachate relative to permeation
with water.

Several studies also have shown that the swell index of bentonite is directly
correlated with the hydraulic behavior of bentonite-based GCLs (Didier and Comeaga
1997, Ruhl and Daniel 1997, Lin and Benson 2000, Shackelford et al. 2000, Egloffstein
2001, Jo et al. 2001, Shan and Lai 2002). For example, Shackelford et al. (2000) and Jo et
al. (2001) show that the results of swell index tests on sodium bentonite from a GCL
using solutions with various concentrations of several inorganic compounds (e.g., NaCl,

CaCl,, and LaCls) are consistent with changes in the thickness of the adsorbed layer of
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cations such that an increase in cationic valence and/or electrolyte concentration reduces
the swell index of sodium bentonite. They also showed that the hydraulic conductivity of
the same GCL increased upon permeation with stronger electrolyte solutions (i.e., higher
cationic valence and/or electrolyte concentration). A comparison of these results led to
the conclusion that a decrease in swell index is correlated with an increase in hydraulic
conductivity, with greater decreases in swell index correlated with greater increases in
hydraulic conductivity.

Based on the aforementioned studies, the results of index tests may provide a
qualitative indication of the expected hydraulic behavior of clay barrier materials, thereby
providing a relatively simple, rapid, and inexpensive method for assessing the potential
use of a variety of materials. As a result, the objective of this study is to evaluate the use
of modified index properties (i.e., index properties based on use of testing liquids other
than water) as indirect indicators of the long-term hydraulic compatibility of GCLs in the
presence of inorganic solutions containing a range of calcium chloride (CaCly)
concentrations. This objective is achieved by comparing the results of several index
property measurements, including the liquid limit, sedimentation volume, swell index,
and "solution retention capacity (SRC)" (see Chapter 5), using solutions containing a
range of CaCl, concentrations with the sodium bentonite taken from two GCLs, with
measured hydraulic conductivities of the same GCLs permeated with the same solutions.
In addition, the comparison between swell indexes and hydraulic conductivities for one
GCL is extended to the results of tests conducted collaboratively by Colorado State

University (CSU) and the University of Wisconsin - Madison (UW).
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6.2 MATERIALS AND METHODS
6.2.1 Geosynthetic Clay Liners

Two geosynthetic clay liners (GCLs) containing bentonite with different
montmorillonite contents were used in this study. Both GCLs consist of a thin layer of
granular sodium bentonite sandwiched between two polypropylene geotextiles held
together by needle-punched fibers. Both GCLs are ~ 6-mm thick in the air-dried
condition, and the average gravimetric water contents of bentonites are ~ 4 %. The
physical and chemical properties and the mineralogical compositions for the bentonite
portions of two GCLs are given in Table 6.1. The GCL with the higher quality bentonite
(GCL-HQB) is characterized by a greater content of sodium montmorillonite (86 % vs.
77 %), a higher plasticity index (548 % vs. 393 %), and a greater cation exchange
capacity (93 meq/100 g vs. 64 meq/100 g) relative to the GCL with the lower quality
bentonite (GCL-LQB). The tests at UW were performed using only GCL-LQB, whereas
the tests at CSU were performed using both GCLs.

Particle-size distributions of the bentonite portions of the two GCLs were
determined using both mechanical sieve analysis of the air-dried bentonite and
hydrometer analysis (ASTM D 421, D 422). The corresponding test results for both
GCLs are shown in Fig. 6.1. The granular nature of the bentonite for both GCLs is
evident by the difference in the particle-size distributions based on the dry and wet
procedures, as well as the difference in the resulting classifications (Unified Soil

Classification System; ASTM D 2487) for the two bentonites.

6.2.2 Testing Liquids
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The liquids used in the experiment consist of deionized water (DIW) and calcium
chloride (CaCl,) solutions. The CaCl, solutions were chosen because previous studies
pertaining to the measurement of the hydraulic conductivity and/or index properties of
bentonite-based hydraulic barrier materials (e.g., GCLs and sand-bentonite mixtures)
with CaCl, solutions have shown significant effects of the solutions on the hydraulic
conductivity and swelling of the materials (Alther et al. 1985, Daniel et al. 1993,
Shackelford 1994, Gleason et al. 1997, James et al. 1997, Melchior 1997, Petrov and
Rowe 1997, Petrov et al. 1997a,b, Quaranta et al. 1997, Ruhl and Daniel 1997, Kolstad
2000, Lin and Benson 2000, Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001,
Vasko et al. 2001, Shan and Lai 2002).

The CacCl, solutions were prepared by dissolving CaCl, (powdered, > 96 % pure,
Sigma-Aldrich Co., St. Louis, MO) in the DIW at concentrations ranging from 5 mM to
500 mM. The resulting properties of the DIW and CaCl, solutions are given in Table 6.2.
The properties of the testing liquids used at UW were found to be similar to those used at
CSU with a subtle difference in type of DIW. In fact, the DIW used at UW (electrical
conductivity, EC, at 25 °C = 0.04 mS/m) classifies as Type II per ASTM D 1193 (EC <
0.1 mS/m), whereas the DIW used at CSU (EC = 0.21 mS/m) classifies as Type IV (EC <
0.5 mS/m). However, since the measured calcium (Ca2+) concentration is below the
method detection limit (MDL) of 0.02 mg/L. for both DIWs (EPA Method 200.7), this

subtle difference in type of DIW is likely to have little, if any, effect on the measured

index property or hydraulic conductivity.

6.2.3 Hydraulic Conductivity Testing
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Specimens of the two GCLs (i.e., GCL-LQB and GCL-HQB) with nominal
diameters of 102 mm were permeated with DIW and solutions containing 5, 10, 20, 50,
100, and 500 mM CaCl,. The specimens were permeated using the falling-head
procedure with flexible-wall permeameters in accordance with ASTM D 5084.
Specimens were trimmed and assembled in the permeameters using the procedure
described by Daniel et al. (1997) to prevent the possibility of short-circuiting through the
geotextiles at the edge of the GCL specimens due to loss of bentonite and pinching of the
geotextiles. Backpressure was not used so that effluent liquids could be conveniently
collected for EC and solute concentration measurements. The thicknesses of specimens
were measured before, during, and after the hydraulic conductivity tests using a caliper, a
cathetometer, and a ruler. The water contents of the specimens were measured after
termination of the tests.

For all tests involving DIW as the permeant liquid, the tests were not terminated
before the termination criteria specified in ASTM D 5084 were achieved, whereas for all
tests involving CaCl, solutions, the tests were continued until chemical equilibrium
between influent and effluent was established (e.g., Daniel 1994, Shackelford et al. 1999,
2000). Chemical equilibrium was considered to be established when the EC of the
effluent was within £ 10 % of the influent EC in accordance with ASTM D 6766, and the
concentrations of both chloride (Cl) and calcium (Ca’") in the effluent were within +
10 % of those in the source solutions. The same methods were used at CSU and UW
except for slight differences in the average effective stress (23.5 kPa at CSU vs. 16.2 kPa
at UW) and the average hydraulic gradient (200 at CSU vs. 130 at UW). While these

hydraulic gradients are higher than the maximum gradient (i.e., 30) stipulated in ASTM
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D 5084, hydraulic gradients ranging from 50 to 600 typically are used for measuring the
hydraulic conductivity of GCLs (e.g., Shan and Daniel 1991, Daniel et al. 1993, Didier
and Comeaga 1997, Petrov and Rowe 1997, Petrov et al. 1997a,b, Quaranta et al. 1997,
Ruhl and Daniel 1997, Lin and Benson 2000, Shackelford et al. 2000). As shown by
Shackelford et al. (2000), the hydraulic conductivity of GCLs is affected to a greater

extent by average effective stress than by the magnitude of hydraulic gradient.

6.2.4 Index Property Testing
6.2.4.1 Liquid Limit Testing

Liquid limit tests for the bentonites taken from the two GCLs were conducted
only at CSU following Method A (i.e., multipoint test) specified in ASTM 4318 using
both DIW and solutions with CaCl, concentrations ranging from 5 mM to 500 mM.
Specimens were prepared by mixing air-dried bentonite with each testing liquid
thoroughly for more than 30 minutes. The prepared specimens were placed in double,
plastic sealable bags, and then were stored in a humidity-controlled chamber (i.e., relative
humidity [RH] =90 £ 5 % and temperature = 20 + 1 °C) for at least 16 hrs prior to testing.
After the standing period, the stored specimen was remixed thoroughly for at least 15
minutes to perform the first trial. A minimum of six trials was performed for each testing

liquid to produce successive numbers of blows between 15 and 35.

6.2.4.2 Hydrometer and Sedimentation Testing

Hydrometer tests were conducted only at CSU following the methods in ASTM D

422 using both DIW and CaCl, solutions with air-dried bentonite taken from the two
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GCLs. Due to the high swelling potential of bentonite, the mass of air-dried bentonite
used for hydrometer testing was approximately 30 g, which is less than the mass of soil
samples required by ASTM D 422 (i.e., ~ 50 g). Nonetheless, for the tests performed with
50, 100, and 500 mM CaCl, solutions, the bentonite particles settled out of suspension
too fast to perform hydrometer tests even with the aid of a dispersant (i.e., 5 g of sodium
hexametaphosphate [(NaPOs3)s] per 1000-mL suspension). In addition, since a typical soil
hydrometer (i.e., 151H or 152H) is designed to measure up to ~ 50 g of suspended soil
particles in a 1000-mL suspension when using DIW as the testing liquid, the mass of
suspended particles measured by the typical soil hydrometer for testing liquids other than
DIW (e.g., CaCl, solution) is less than its capacity of 50 g/L. due to dissolved salts (e.g.,
CaCly) corresponding to the concentration of the testing liquid. As a result, a special
hydrometer would be required particularly for the tests using solutions containing a
considerable amount of dissolved salts (e.g., 55.5 g/L for 500 mM CaCl,).

Therefore, the time rate of sedimentation volume was measured in lieu of the
standard hydrometer test. The testing procedures for measuring sedimentation volume
were similar to those for the hydrometer testing except the dispersing agent was not used
to accelerate the settling of bentonite particles. Sedimentation tests were conducted for
the bentonites from both GCLs using both DIW and CaCl, solutions with concentrations
ranging from 5 mM to 500 mM with 30 g of air-dried bentonite. The bentonite specimens
were mixed with a mechanical mixer (Model 936, Hamilton Beach/Proctor-Silex, Inc.,
Washington, NC) with each testing liquid for ~ 1 minute. The suspension in a 1000-mL
sedimentation cylinder was allowed to stand for at least 16 hrs before the start of the

sedimentation test. After the standing period, the suspension was shaken for 1 minute per
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ASTM D 422, and the volume of sedimentation per 30 g of air-dried bentonite (in mL/30
g) then was estimated based on calibration of sedimentation cylinder by measuring the
depositional height at the elapsed time of 24 hrs. The maximum sedimentation volume

was limited to the volume of the suspension in the sedimentation cylinder (i.e., 1000 mL).

6.2.4.3 Swell Index Testing

Swell index tests were performed following the methods in ASTM D 5890 using
both DIW and solutions with CaCl, concentrations ranging from 5 mM to 500 mM. Swell
index tests performed at CSU were based on the bentonites from both GCLs, whereas the
tests performed at UW were based only on the lower quality bentonite from the GCL-
LQB. The bentonite samples were prepared by passing the bentonite through a No. 200
U.S. Standard Sieve using a mortar and pestle. First, approximately 90 mL of each testing
liquid were added to a clean 100-mL graduated cylinder. Then, 2.0 g of oven-dried
bentonite were dusted over the entire surface of the testing liquid in the graduated
cylinder in less than 0.1-g increments. Each increment of bentonite was added over a
period of ~ 30 seconds with a minimum standing period of 10 minutes after the addition
of each increment. The resulting average time required to add 2.0 g of bentonite in this
study was ~ 6 hrs. After the entire bentonite specimen was added, the same testing liquid
was used to rinse any particles adhering to the sides of the cylinder and to fill the cylinder
to the 100-mL mark. The swell volume of bentonite per 2.0 g of bentonite (in mL/2 g)
then was measured after an elapsed time of 16 hrs, i.e., the minimum hydration period

required by ASTM D 5890.
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6.2.4.4 Solution Retention Capacity Testing

Solution retention capacity (SRC) tests were conducted only at CSU using the
bentonite taken from both GCLs with both DIW and solutions containing from 5 mM to
500 mM CacCl,. The SRC is an index of the volume of testing liquid retained per 1.0 g of
oven-dried and pulverized bentonite after centrifugation, which is related to the thickness
of adsorbed layer of the bentonite. Since the SRC procedure is described in detail in
Chapter 5, only a brief description of the testing procedure is discussed here.

The bentonite samples were prepared using the same procedure as for swell index
testing. One gram of oven-dried and pulverized bentonite was placed into a clean
centrifuge tube followed by 50 mL of a testing liquid. The centrifuge tube then was
shaken for 30 seconds. After a 16-hr standing period, the tube was re-shaken for 30
seconds. After centrifuging (i.e., 30 min @ 2750 g) and decanting the supernatant, the
SRC in mL/1 g (i.e., the volume of the testing liquid retained per 1 g of bentonite) was
calculated based on the measured mass of the tube with hydrated bentonite. If some of the
bentonite was lost during the decanting process, the SRC was corrected for the loss of

bentonite by measuring the oven-dried mass of the decanted supernatant.

6.3 RESULTS
6.3.1 Hydraulic Conductivity Tests
6.3.1.1 Hydraulic Conductivity
The results of the hydraulic conductivity tests conducted on the two GCLs with
the lower quality bentonite (GCL-LQB) and higher quality bentonite (GCL-HQB) are

shown in Fig. 6.2, and summarized in Table 6.3. Since the measured Ca®* concentrations
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for both DIWs used at the University of Wisconsin (UW) and Colorado State University
(CSU) were below the MDL of 0.02 mg/L for Ca**, the MDL is used to represent the
Ca®* concentration for the DIWs at both laboratories.

For the GCL-LQB, the hydraulic conductivity measured at CSU (i.e., kcsy) is
close to the hydraulic conductivity measured at UW (i.e., kyw) when permeated with
water (DIW) (i.e., 2.3 x 10® cm/s at CSU vs. 1.7 x 10 cm/s at UW). Similarly, the kcsy
values are similar, but slightly lower (< 3.3X), to the kyw values for all of the specimens
permeated with CaCl, solutions except for the specimens permeated with the 50 mM
CaCl, solution, where the kcgy value is ~ 90X lower than the kyw value. Except for the
specimens permeated with the 50 mM CaCl, solution, the difference between kcsy and
kyw likely is due, in part, to the difference in average applied effective stress, which was
slightly greater at CSU relative to UW (i.e., 23.5 kPa at CSU vs. 16.2 kPa at UW).

As expected, the ratio of the hydraulic conductivity based on either water or one
of the CaCl, solutions to that based on the water, or k/kw, increases as the CaCl,
concentration increases for the GCL-LQB at both laboratories. In fact, the k/k,, values at
UW are higher, but at most 5X, than the k/k,, values at CSU except for the specimens
permeated with the 50 mM CaCl, solution, where k/ky, at UW is approximately two
orders-of-magnitude higher than k/ky, at CSU. In addition to the difference in applied
effective stress, the slightly lower ky at UW (ie., 1.7 x 10 cm/s vs. 2.3 x 10 cm/s)
contributes to the higher k/k,, values at UW. Nevertheless, the overall trends in hydraulic

conductivity as a function of influent CaCl, concentration are similar between two

laboratories.
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For the tests conducted at CSU using both GCLs, the hydraulic conductivity for
GCL-LQB is ~ 3X higher than the hydraulic conductivity for GCL-HQB based on
permeation with water. However, the hydraulic conductivity values for the specimens
permeated with CaCl, solutions are always lower for GCL-LQB relative to GCL-HQB.
In fact, the values of the ratio of the hydraulic conductivity for GCL-HQB to the
hydraulic conductivity for GCL-LQB, or kugs/kigs, are ~ 2.0, regardless of the
concentration, for the specimens permeated with 5, 10, and 20 mM CacCl, solutions. In
addition, the kugp/kigp values are ~ 230, ~ 100, and ~ 40 for the specimens permeated
with 50, 100, and 500 mM CaCl, solutions, respectively. Thus, for the tests performed
using CaCl, solutions as permeant liquids, the GCL with the higher quality bentonite
exhibits more significant alteration in hydraulic conductivity than does the GCL with the
lower quality bentonite.

The values of the ratio of the hydraulic conductivity for the GCL-HQB based on
either water or one of the CaCl, solutions to that based on water, or kugp/kw ngs, are all ~
6.5X higher than the values of the ratio of the hydraulic conductivity for the GCL-LQB
based on either water or one of CaCl, solutions to that based on the water, or, kios/kw,LoB,
for the specimens permeated with 5, 10, and 20 mM CacCl, solutions. However, for the
specimens permeated with 50, 100, and 500 mM CaCl, solutions, kugp/kwHos is at least
two orders-of-magnitude higher than kiop/kw e In general, the hydraulic conductivity
increases as CaCl, concentration of the permeant liquid increases for both GCLs, but the
resulting values of hydraulic conductivity are higher for GCL-HQB than GCL-LQB. In

addition, the lower kynop value (i.e., ~ 7.0 x 10 ¢m/s vs. ~ 2.3 x 107° cm/s) also
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contributes to higher values of kugp/kwnoe for GCL-HQB relative to kyon/kw,q for

GCL-LQB.

6.3.1.2 Final Properties of Specimens

Bentonite gravimetric water content (wy), bentonite void ratio (ep), and GCL bulk
void ratio (eg) of the GCL specimens after permeation based on the results from both
laboratories are shown in Figs. 6.3 and 6.4. For the GCL-LQB specimens tested at CSU,
wy, decreased from ~ 189 % to ~ 73 % as the influent CaCl, concentration increased from
0 (DIW) to 500 mM, while w, for the same GCL specimens tested at UW decreased from
~ 344 % to ~ 77 % for the same range in influent CaCl, concentrations. The significant
difference in wy (i.e., 189 % vs. 344 %) for the GCL-LQB specimens permeated with
water between the two laboratories may be due, in part, to the difference in applied
effective stress. However, wy, for specimens of GCL-LQB permeated with all CaCl,
sélutions tends to be higher by 1.06X to 1.21X at UW relative to CSU. Similarly, for the
tests performed with all CaCl, solutions, eg for specimens of GCL-LQB tested at UW
(i.e., ep.yw) is higher than the ep for specimens of GCL-LQB tested at CSU (i.e., ep csu)
by a factor ranging from 1.03 to 1.39, whereas e yw/escsu is ~ 1.70 for the tests based
on water. Although wy, €p, and eg for the specimens tested at UW tend to be higher that
those for the specimens tested at CSU due to the lower applied effective stress, the trends
in wy, ey, and eg with influent CaCl, concentration for the specimens of GCL-LQB tested
at both laboratories are the same.

As shown in Figs. 6.3 and 6.4, for the tests conducted at CSU using both GCLs,

Wb, €b, and eg for specimens of GCL-LQB are higher than those for specimens of GCL-
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LQB based on permeation with water (i.e., 189 % vs. 160 % for wy, 5.2 vs. 4.2 for ey, 4.7
vs. 3.6 for eg). The lower wy, ey, and eg for specimens of GCL-HQB relative to those for
specimens of GCL-LQB based on permeation with water are presumably due to the other
differences in the properties of the GCLs (e.g., integrity of geotextiles and needle-
punched fibers, mass and gradation of bentonite, etc). However, wy, e, and eg for
specimens of GCL-HQB permeated with the CaCl, solutions tend to be higher than those
for specimens of GCL-LQB, except for the specimens permeated with the 500 mM CaCl,
solution. For example, the values for the ratios of wy, ey, and eg for specimens of GCL-
HQB relative to those for specimens of GCL-LQB, or wg Hoe/Wg,LQB, €bHQB/€b,LQB, and
ep HoB/€B LOB, range from 1.02 to 1.26 for the specimens permeated with the solutions
containing from 5 mM to 100 mM CaCl,, whereas the values for wpHoB/WB,LQB,
€b,HOB/€b,LQB, and ep Hop/eB LoB are less than unity (i.e., ~ 0.94 to 0.97) for the specimens

permeated with the 500 mM CacCl, solution.

6.3.2 Index Property Tests
6.3.2.1 Liquid Limit

The results of the liquid limit (LL) tests performed using the bentonite from both
GCLs are shown in Fig. 6.5. As expected, the LL of the bentonite decreases as the CaCl,
concentration of the testing liquid increases. In fact, as the CaCl; concentration in the
hydrating liquid increased from 0 (DIW) to 500 mM, the LL for the bentonite from GCL-
LQB decreases from ~ 430 % to ~ 106 %, whereas the LL for the bentonite from GCL-
HQB decreases from ~ 589 % to ~ 102 %. The decrease in LL with increase in CaCl,

concentration can be attributed to a decrease in the thickness of the adsorbed layer of the
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bentonite particles (Gleason et al. 1997, Petrov and Rowe 1997, Lin and Benson 2000,
Sridharan and Prakash 2000).

For the tests performed with water, the value for the ratio of the LL for the
bentonite from GCL-HQB to the LL for the bentonite from GCL-LQB, or LLyos/LL1gs,
is approximately 1.4. Similarly, the LLygp/LL1gp values are ~ 1.5 for the tests performed
with 5, 10, and 20 mM CaCl, solutions. However, a further increase in CaCl,
concentration beyond 20 mM results in a further decrease in the LLygp/LLLgp value. For
example, the LLuop/LLigs values are approximately 1.4, 1.1, and 1.0 for the tests
performed with 50, 100, and 500 mM CaCl, solutions, respectively. In general, the
change in LL is greater for the bentonite from GCL-HQB relative to the bentonite from
GCL-LQB, indicating that the higher quality bentonite tends to be affected to a greater
extent as the concentration of CaCl, increases than does the lower quality bentonite.

On the other hand, the values for the ratio of the LL based on any testing liquid to
that based on water, or LL/LL,,, decrease as the CaCl, concentration in the testing liquid
increases, regardless of the bentonite. In fact, the LL/LL,, values for the bentonite from
GCL-HQB are slightly higher (i.e., by < 0.08) than those for the bentonite from GCL-
LQB for the tests performed with 5, 10, and 20 mM CacCl, solutions, whereas the LL/LL,,
values for the bentonite from GCL-HQB are slightly lower (i.e., by < 0.07) than those for
the bentonite from the GCL-LQB for the tests performed with 50, 100, and 500 mM
CaCl; solutions. However, as shown in Fig. 6.5¢, the overall trend in the LL/LL,, as a

function of the CaCl; concentration in the testing liquid is unique for each bentonite.

6.3.2.2 Sedimentation Volume
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The results of the sedimentation volume (SV) tests performed using the bentonites
from both GCLs are shown in Fig. 6.6. For the tests performed with water, the SV values
for the bentonites from both GCLs is limited to the volume of the suspension in the
sedimentation cylinder (i.e., 1000 mL/30 g) throughout the 24-hr test period. In addition,
for the tests performed with the 5 mM CaCl, solution, the SV value for the bentonite
from GCL-LQB is approximately 862 mL/30 g, whereas the SV value for the bentonite
from GCL-HQB is 1000 mL/30 g (i.e., volume of the suspension). These high SV values
indicate that the CaCl, concentration of 5 mM probably is not sufficiently high for the
given mass of air-dried bentonite to result in significant flocculation of particles,
particularly for the higher quality bentonite from GCL-HQB. Nonetheless, as the CaCl,
concentration for the hydrating liquid increases from 0 (DIW) to 500 mM, the SV values
for the bentonite decrease from 1000 mL/30 g to ~ 168 mL/30 g and from 1000 mL/30 g
to ~ 117 mL/30 g for the bentonites from GCL-LQB and GCL-HQB, respectively.

In general, the SV based on hydration with a solution containing a lower CaCl,
concentration is consistently lower than the SV based on hydration with a solution
containing a higher CaCl, concentration. Shackelford (1994) reported similar results for
tests performed using sodium bentonite specimens and solutions containing sodium
chloride (NaCl) at concentrations of 10, 100, and 1000 mM. The decrease in SV with
increase in CaCl, concentration results from flocculation of particles and a more rapid
settling of the flocs.

As shown in Fig. 6.6b, the values of the ratio of the SV for the bentonite from
GCL-HQB to the SV for the bentonite from GCL-LQB, or SVuqe/SVigs, are less than

unity (i.e., ~ 0.55 to ~ 0.76) for all of the tests performed with CaCl, solutions, i.e.,
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except for the tests performed with the 5 mM CacCl, solution, in which case the resulting
SVuqe/SVige value is approximately 1.16. In general, the SV values tend to be greater
for the lower quality bentonite than the higher quality bentonite.

As expected, the values for the ratio of the SV based on any testing liquid to that
based on water, or SV/SV,,, decrease as the CaCl, concentration in the testing liquid
increases for the bentonites from both GCLs, i.e., except for the test performed using the
bentonite from GCL-HQB with the 5 mM CaCl, solution, in which the SV value is 1000
mL/30 g. In fact, the SV/SV,, values for the bentonite from GCL-LQB are higher (i.e., by
~ (.05 to 0.38) than those for the bentonite from GCL-HQB for the tests performed with
CaCl, solutions, i.e., except for the tests performed with the S mM CacCl; solution, in
which the SV/SV,, values are 1.0 and ~ 0.86 for the bentonites from GCL-LQB and

GCL-HQB, respectively.

6.3.2.3 Swell Index

The results of the swell index (SI) tests conducted using the bentonites from both
GCLs are shown in Fig. 6.7. For the bentonite from GCL-LQB, the SI measured at CSU
decreased from ~ 27.5 mL/2 g to ~ 7.5 mL/2 g as the CaCl, concentration in the testing
liquid increased from 0 (DIW) to 500 mM, whereas the SI measured at UW decreased
from ~ 26.0 mL/2 g to ~ 8.0 mL/2 g for the same range in CaCl, concentrations. In fact,
the SI values between the two laboratories are very close (i.e., < 13 % difference), except
for the tests performed with the 5 mM CaCl, solution (~ 34 % higher at CSU).
Nonetheless, the overall trends in the SI values with the CaCl, concentration of the

hydrating liquids are similar for the results from the two laboratories, and indicate the SI
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decreases with increasing CaCl, concentration of the testing liquid. This decrease in the
SI with increasing CaCl, concentration is consistent with the individual granules of the
bentonite becoming smaller due to the compression of the interlayer region induced by
the elevated calcium concentration in the bulk solution (Sposito 1981, McBride 1994,
Shackelford et al. 2000, Jo et al. 2001).

Similarly, the SI for the bentonite from GCL-HQB decreased from ~ 30.0 mL/2 g
to ~ 7.5 mL/2 g with increase in CaCl, concentration from 0 (DIW) to 500 mM. For the
tests performed at CSU, the values for the ratio of SI for the bentonite from GCL-HQB to
SI for the bentonite from GCL-LQB, or Slugs/SIigs, are slightly above unity (i.e., 1.02 to
1.11) for the tests performed with water and < 50 mM CacCl, solutions. However, further
increases in the CaCl, concentration of the testing liquids result in concomitant decreases
in the SIugp/Sligs values (i.e., ~ 0.98) for the tests performed with 100 and 500 mM
CaCl, solutions. On the other hand, the values for the ratio of the SI based on any testing
liquid to that based on water, or SI/SIy, decrease as the CaCl, concentration in the testing
liquid increases for the bentonite from both GCLs. As shown in Fig. 6.7c, the overall
trends in the SI/SI,, values as a function of the CaCl, concentration of the testing liquids

are similar for the bentonites from both GCLs.

6.3.2.4 Solution Retention Capacity

The results of the solution retention capacity (SRC) tests performed using the
bentonites taken from both GCLs are shown in Fig. 6.8. The SRC for the bentonite from
GCL-LQB decreased from ~ 5.7 mL/1 g to ~ 1.8 mL/1 g with increase in CaCl,

concentration in the testing liquid from 0 (DIW) to 500 mM. Similarly, the SRC for the
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bentonite from GCL-HQB decreased from ~ 7.2 mL/1 g to ~ 1.7 mL/1 g with increase in
CaCl; concentration in the testing liquid from 0 (DIW) to 500 mM.

As shown in Fig. 6.8, the SRC for the bentonite from GCL-HQB is greater by
approximately 1.4 mL/1 g than that for the bentonite from GCL-LQB for the tests
performed with both water and 5 mM CaCl, solution. Similarly, but to a lesser extent, the
SRC for the bentonite from GCL-HQB is about 11 % (= 0.28 mL/1 g) higher than the
SRC for the bentonite from GCL-LQB based on the tests performed with the 10 mM
CaCl, solution. However, the value for the ratio of the SRC for the bentonite from GCL-
HQB to that for the bentonite from GCL-LQB, or SRCyop/SRCgs, is slightly less than
unity (i.e., 0.96 to 0.98) for the solutions with CaCl, concentrations ranging from 20 mM
to 500 mM. These results are similar to the results of swell index tests in that the
relatively strong CaCl, solutions result in more significant decrease in the thickness of
adsorbed layer of the higher quality bentonite relative to the lower quality bentonite.

On the other hand, the values for the ratio of the SRC based on any testing liquid
to that based on water, or SRC/SRC,,, decrease significantly from unity to between 0.5
and 0.6 with increase in CaCl, concentration in the testing liquid from 0 (DIW) to 5 mM.
Also, the SRC/SRC,, values decrease, but to a lesser extent, with increasing CaCl,
concentration. However, except for the tests performed with the 5 mM CaCl, solution,
the SRC/SRC,, for the bentonite from GCL-HQB is always slightly less (i.e., by ~ 0.05 to
0.09) than that for the bentonite from GCL-LQB for the tests performed with the CaCl,
solutions. In fact, the SRC/SRC,, for the bentonite from GCL-HQB is slightly higher (i.e.,
by ~ 0.08) than that for the bentonite from GCL-LQB for the tests performed with the 5

mM CacCl, solution. Therefore, the 5 mM CaCl, solution was not sufficiently strong to
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result in a significant alteration in the thickness of adsorbed layer of the higher quality

bentonite relative to the lower quality bentonite.

6.4  DISCUSSION
6.4.1 Index Property versus Hydraulic Conductivity

The index properties, such as liquid limits (LLs), sedimentation volumes (SVs),
swell indexes (SIs), and solution retention capacities (SRCs), are compared with the
hydraulic conductivity (k) values for both GCLs in Figs. 6.9 to 6.12, respectively. In
addition, the values for the ratio of an index property based on any liquid to the same
index property based on water (index/indexy) corresponding to three different k criteria,
viz., k = 107 cm/s (regulatory limit specified in 40CFR258.40, Code of Federal
Regulations), and increases in k relative to water of 10X (i.e., k’ky = 10) and 100X (i.e.,
k/ky = 100), are summarized in Table 6.4 and shown in Figs. 6.13 and 6.14. The values
for index property ratio in Table 6.4 and Figs. 6.13 and 6.14 are interpolated between two
actual values (see Figs. 6.9 to 6.12).

As shown in Figs. 6.9 to 6.12, the magnitude of the change in the index property
is shown to be a function of the type of index property as well as the quality of bentonite
in the GCLs. For example, as shown in Fig. 6.9, the k value for GCL-LQB increases by
10X (i.e., k/ky, = 10) for a decrease in LL of ~ 55 % and by 100X (i.e., k/ky, = 100) for a
decrease in LL of ~ 65 %, whereas the k value for GCL-HQB increases by 10X for a
slight decrease in LL of ~ 3 % and by 100X for a decrease in LL of ~ 31 %. As shown in
Fig. 6.10, the k value for GCL-LQB increases by 10X for a decrease in SV of ~ 80 % and

by 100X for a decrease in SV of ~ 82 %, whereas the k value for GCL-HQB increases by
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10X for no change in SV and by 100X for a decrease in SV of ~ 73 %. Overall, all of the
index/indexy, values corresponding to k/k,, = 10 are <~ 0.61 regardless of index property
for GCL-LQB, as shown Figs. 6.13 and 6.14. However, the index/index,, values
corresponding to k/ky, = 10 are all > ~ 0.97 for all index properties for GCL-HQB except
SRC, in which case the SRC/SRC,, value is ~ 0.71. Therefore, compatibility in index
property does not always correlate well with compatibility in k.

This lack of strong correlation between index property and k may be due to the
differences in the procedures for determining the index property and k. For example, the
bentonite in the GCL specimens tested for k is continuously subjected to fresh influent
until permeation is terminated, whereas the volume of the testing liquid required for
measurement of the index property is fixed (e.g., ~ 50 mL per 1.0 g of bentonite for SI).
As a result, the bentonite in the k tests is exposed to a significantly greater mass of Ca®*
than is the bentonite in the index property tests. Furthermore, k can be affected
significantly by factors that are not relevant for index property testing, such as the state of
stress during hydration and permeation (e.g., Fernandez and Quigley 1991, Shackelford
et al. 2000). However, such change in k (i.e., k/ky, = 10) results in the k value of still
below than the regulatory limit (i.e., 10”7 cm/s), regardless of the applied effective stress
and the quality of bentonite in this study (see Figs. 6.9 to 6.12).

As shown in Figs. 6.13 and 6.14, all of the index/index,, values corresponding to k
=107 cm/s are < ~ 0.54 for GCL-LQB and < ~ 0.67 for GCL-HQB, regardless of index
property. Similarly, all of the index/index,, values corresponding to k/k,, = 100 are < ~
0.52 for GCL-LQB and < ~ 0.69 for GCL-HQB. Since the resulting k value

corresponding to the k/k,, = 100 is close to 107 cm/s (i.e., 2.3X for GCL-LQB at CSU,
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1.7X for GCL-LQB at UW, and 0.7X for GCL-HQB at CSU) in this study, the
index/indexy, values corresponding to k/k,, = 100 are also very close (i.e., by 0.03 at
most) to those corresponding to k = 10”7 cm/s. As a result, depending on the magnitude of
the change in k, the changes in the index properties can provide a qualitative indication of
the relative impact of the CaCl, solutions on the hydraulic performance of GCLs.
However, a quantitative indication can only be ascertained by performing the
compatibility tests (e.g., Petrov and Rowe 1997, Shackelford et al. 2000).

Finally, the changes in k corresponding to k/k,, = 10 and 100 for GCL-LQB do
not occur until the influent CaCl, concentration exceeds 50 mM at the effective stress of
23.5 kPa, whereas the same changes in k (i.e., k/ky = 10 and 100) for GCL-LQB at the
lower effective stress of 16.2 kPa occur when the influent CaCl, concentration exceeds
only 20 mM (see Fig. 6.2). For the cases of GCL-HQB at the effective stress of 23.5 kPa,
the change in k corresponding to k/ky, = 10 occurs even for the lowest influent CaCl,
concentration (i.e., 5 mM), whereas the change in k corresponding to k/ky, = 100 only
occurs when the influent CaCl, concentration exceeds 20 mM (see Fig. 6.2). Thus, the
change in k is dependent on the quality of bentonite used in the GCLs as well as the

applied effective stress.

6.4.2 Index Property versus Final Properties of Specimens

The index properties, including liquid limits (LLs), sedimentation volumes (SVs),
swell indexes (SIs), and solution retention capacities (SRCs), are compared with the
bentonite water content (wy,), bentonite void ratio (ey), and GCL bulk void ratio (ep) after

permeation for the GCL specimens in Figs. 6.15 to 6.18, respectively. For example, as
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shown in Fig. 6.15, wy, ey, and eg of GCL specimens decrease as LL/LL,, decreases for
both GCLs (i.e., GCL-LQB and GCL-HQB). Also, ws, €y, and ep tend to decrease as
SV/SV,, decreases for the bentonites from both GCLs, as shown in Fig. 6.16. In addition,
as shown in Fig. 6.17, wy, €y, and ep also decrease as SI/SIy, decreases for both GCLs
based on the tests performed at both CSU and UW. The difference in applied effective
stress probably contributes, in part, to the difference in the results from the two
laboratories, whereas the difference in the results for the two GCLs at CSU is probably
due to the differences in the property of the GCLs (e.g., bentonite, geotextiles, and
needle-punched fibers, etc). Finally, as shown in Fig. 6.18, wy, ey, and ep tend to decrease
as SRC/SRCy, decreases for both GCLs. In general, wy, ey, and ep tend to decrease as the
index properties decrease, regardless of the quality of bentonite or the index property,

although the magnitudes of the decreases in each index property are not the same.

6.5 CONCLUSIONS

The effect of chemical solutions containing a range of CaCl, concentrations on
several index properties (viz., liquid limit, sedimentation volume, swell index, and
solution retention capacity) for two sodium bentonites taken from different GCLs is
correlated with the effect of the same chemical solutions used as permeant liquids on the
hydraulic conductivity of the two GCLs. In general, an increase in CaCl, concentration of
the testing liquid results in a decrease in the index property for the bentonites, regardless
of the index property or bentonite.

For the GCL with the lower quality bentonite (GCL-LQB), an increase in

hydraulic conductivity by 10X relative to that based on permeation with water correlates
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with a significant decrease in index property by a minimum of 39 %. However, for the
GCL with the higher quality bentonite (GCL-HQB), an increase in hydraulic conductivity
by 10X only results in a slight decrease in index property by a maximum of 3 % except
SRC, in which case a decrease in SRC is ~ 29 %. Therefore, compatibility in index
property does not always correlate well with compatibility in hydraulic conductivity.
However, such increase in hydraulic conductivity (i.e., 10X) in this study results in the k
value of still below than the regulatory limit (i.e., 10”7 cm/s).

On the other hand, an increase in hydraulic conductivity by 100X relative to that
based on permeation with water correlates with a significant decrease in index property
by a minimum of 48 % for GCL-LQB and by a minimum of 31 % for GCL-HQB. As a
result, depending on the magnitude of the change in hydraulic conductivity, the changes
in the index properties can provide a qualitative indication of the relative impact of the
CaCl, solutions on the hydraulic performance of GCLs. However, the magnitude of the
change in the index property is shown to be a function of the type of index property as
well as the quality of bentonite in the GCLs. The resulting hydraulic conductivity value
corresponding to an increase by 100X in this study is close to the regulatory limit (i.e.,
107 cm/s).

Finally, these changes in hydraulic conductivity (i.e., 10X and 100X) for GCL-
LQB do not occur until the influent CaCl, concentration exceeds 50 mM at the effective
stress of 23.5 kPa, whereas the same changes in hydraulic conductivity (i.e., 10X and
100X) for GCL-LQB at the lower effective stress of 16.2 kPa occur when the influent
CaCl, concentration exceeds only 20 mM. For GCL-HQB at the effective stress of 23.5

kPa, the change in hydraulic conductivity by 10X occurs even for the lowest influent
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CaCl, concentration (i.e., 5 mM), whereas the change in hydraulic conductivity by 100X
occurs when the influent CaCl, concentration exceeds 20 mM. Thus, the change in
hydraulic conductivity is dependent on the quality of bentonite used in the GCLs as well

as the applied effective stress.
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Table 6.1 — Properties of bentonites in two geosynthetic clay liners.

Average Value or Type
Property Standard [No. of Trials]
LQB! HQB*
Specific Gravity ASTM D 854° 2.74 [3] 2.78 [2]
Soil Classification: ASTM D 2487
Sieve Analysis (Air-Dried) SP [3] SP [1]
Hydrometer CH [7] CH [1]
Atterberg Limits (%): ASTM D 4318 [1] [1]
Liquid Limit, LL 430 589
Plasticity Index, PI 393 548
Bentonite Mass (kg/m?) ASTM D 5993 5.1[5] 4.6 [5]
Principal Minerals (%): b [3] [2]
Montmorillonite 77.2 86.0
Cristobalite 10.3 4.5
Plagioclase Feldspar 5.1 2.5
Quartz 34 3.5
Others 4.0 5.5
?nell’gg/ri (l;:(;«;l)lange Capacity, CEC c 63.9 [3] 93.4[2]
Exchangeable Cations (meq/100 g): C [3] [2]
Ca®* 11.5 15.3
Mg 3.7 7.0
Na* 45.8 69.0
K* 0.7 0.8
Sum 61.7 92.1

® Using a magnetic stirring device for de-airing.

® Based on X-ray diffraction (XRD) analyses performed by Mineralogy Inc., Tulsa, OK

and GeoServices Inc., Argyle, TX.

¢ Based on procedures described in Shackelford and Redmond (1995).
4 LQB = GCL with lower quality bentonite; HQB = GCL with higher quality bentonite.
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Table 6.2 — Properties of liquids used in this study.

Salt Concentration (mM) | Measured Solute Concentrations (mg/L) Measured Electrical
Measured pH Conductivity,
Liquid Measured Calcium (Ca%) Chloride (CI') EC @ 25°C (mS/m)
Target
Concentration | No. |Concentration| No. | Concentration | No. pH No. EC No.
a b b b 0.21 £ 0.11 (CSU)°
DIW 0 < 0.0005 10 <0.02 10 <0.04 10 56+0.5 19 0.04 £ 0.00 (UW)* 19
5 51+£0.2 14 216 £10 14 377 +38 14 5.7+ 0.5 25 123+2.1 25
10 10.1£0.2 13 436 £ 30 13 756 £ 65 13 6.0+0.3 19 234+£2.6 19
C?Ch 20 20.1+0.6 13 872+ 77 13 1457 + 110 13 6.1+0.3 17 445+73 17
(Sigma
9((;((),2)) 50 507+14 9 2055+ 63 9 3548 + 69 9 57+0.1 18 1041 £26 18
100 100+2.6 6 | 4072+126 | 6 7030 + 95 6 5.8+0.1 13 1958 + 48 13
500 505 +10 5 120289+474 | 5 | 35755+710 | 5 6.5+0.2 12 7693 + 25 12

? Deionized water.
® Method detection limit (MDL).

¢ CSU = Colorado State University; UW = University of Wisconsin - Madison.
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Table 6.3 — Summary of results for hydraulic conductivity (k) tests.

- 1 .. d
Per- 11 Jbora- | No. of | Ger, | Eifective Average k k Ratios
meant torv® | Tests | Type® Stress (cm/s)’
Liquid | ©% ests | Type™ | py) cm/s)” | k/ky |kuw/kesu |knos/Kios
De- Uw 1 LQB 162 |17x10°| 1.0
ionized | CSU 2 | LQB | 235 |23x107| 1.0 0.74 0.30
Water ["cqu [ 1 |HOB | 235 |7.0x10™°] 1.0
Uw 3 | LQB 162 | 15x10% | 86
SC;nCI\é CSU 2 | LOB | 235 |86x107| 3.7 1.7 1.9
CSU 1 HQB | 235 |1.7x10%| 24
Uw 2 | LOB 162 | 1.7x10%| 9.7
10 mM 5
cacl, | CSU 2 | LQB | 235 |[82x107| 35 2.0 2.1
CSU 1 | HQB | 235 |1.7x10%| 25
Uw 2 | LOB 162 | 1.6x10% | 9.1
28;8?24 CSU 2 | LOB | 235 |88x10°| 3.8 1.8 2.0
CSU 1 | HQB | 235 |18x10%| 25
Uw 1 LQB 162 | 1.6x10° | 941
5&13\24 CSU 2 | LQB | 235 |18x10%| 77 90 233
CSU 2 | HQB | 235 |4.1x10°| 5916
Uw 1 LOB 162 | 1.1x10% | 647
12(;(‘?112\4 CSU 2 | LOB | 235 |34x107 | 146 3.3 104
CSU 2 | HQB | 235 |3.5x10° |49854
Uw 1 LOB 162 |19x10°| 1118
5%231112\4 CSU 2 | LOB | 235 |15x10°%| 639 13 41
CSU 2 | HQB | 235 |6.0x10° 85318

* CSU = Colorado State University; UW = University of Wisconsin - Madison.

® LQB = GCL with lower quality bentonite; HQB = GCL with higher quality bentonite.

¢ Values at chemical equilibrium in terms of both electrical conductivity (EC) and solute
concentrations (i.e., ECo/ECi, = 1.00 £ 0.10 and Cy/Cip, = 1.00 £ 0.10) except for the
tests performed with deionized water, in which the values are based on ASTM D 5890.

d k/k,, = ratio of k based on any testing liquid to k based on water; kyw/kcsy = ratio of k at
UW to k at CSU; kugs/kigp = ratio of k of GCL-HQB at CSU to k of GCL-LQB at
CSU.
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Table 6.4 — Summary of index property ratios corresponding to three hydraulic
conductivity criteria.

Criterion® Laboratoryb Indel);ili.g? erty LOB GCL TypedHQB
CSU LL/LLy 0.38 0.67
(1) CSU SV/SVy 0.19 0.25
= 107 el CSU SUSL 0.34 0.46
Uw 0.54 -
CSU SRC/SRC,, 0.33 0.31
CSU LL/LLy 0.45 0.97
) CSU SV/SVy, 0.20 1.0
Wi, = 10 CSU SIS 0.38 1.0
Uw 0.61 -
CSU SRC/SRCy 0.35 0.71
CSU LL/LL,, 0.35 0.69
3) CSU SV/SVy 0.18 0.27
K/ky, = 100 CSU SUSL, 0.32 0.47
uUw 0.52 -
CSU SRC/SRC,, 0.32 0.31

Note: All values are interpolated based on two actual values of index property ratio.

* k/ky = ratio of k based on any testing liquid to k based on water.

® CSU = Colorado State University; UW = University of Wisconsin - Madison.

¢ LL = liquid limit; SV = sedimentation volume; SI = swell index; SRC = solution
retention capacity; ratio = index property based on any testing liquid to index property
based on water.

4 LQB = GCL with lower quality bentonite; HQB = GCL with higher quality bentonite.
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Fig. 6.1 — Particle-size distributions for the bentonites taken from two GCLs based on
mechanical sieve (dry) and hydrometer (wet) analyses.
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Fig. 6.5 — Results of liquid limit (LL) tests performed on the bentonites taken from two
GCLs with water and CaCl, solutions: (a) LL; (b) ratio of LL for GCL-HQB
to LL for GCL-LQB; and (c) LL based on any testing liquid to LL based on
water (MDL = method detection limit).
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Fig. 6.6 — Results of sedimentation volume (SV) tests performed on the bentonites taken
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based on water (MDL = method detection limit).
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Fig. 6.8 — Results of solution retention capacity (SRC) tests performed on the bentonites
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Fig. 6.9 — Comparison between liquid limit and hydraulic conductivity based on the tests
performed using two GCLs (ratio = property based on any testing liquid to
property based on water).
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Fig. 6.10 — Comparison between sedimentation volume and hydraulic conductivity based
on the tests performed using two GCLs (ratio = property based on any testing
liquid to property based on water).
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Fig. 6.11 — Comparison between swell index and hydraulic conductivity based on the
tests performed using two GCLs at either Colorado State University (CSU)
or University Wisconsin - Madison (UW) (ratio = property based on any
testing liquid to property based on water).
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Fig. 6.12 — Comparison between solution retention capacity and hydraulic conductivity
based on the tests performed using two GCLs (ratio = property based on any
testing liquid to property based on water).
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Fig. 6.13 — Ratio of index property based on any testing liquid to index property based on
water corresponding to three hydraulic conductivity criteria (LQB or HQB =
lower or higher quality bentonite; CSU = Colorado State University; UW =
University of Wisconsin - Madison; LL = liquid limit; SV = sedimentation
volume; SI = swell index; SRC = solution retention capacity; N/A = not
applicable).
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Fig. 6.15 — Comparison between liquid limit and final properties of specimen after
permeation based on the tests performed using two GCLs (ratio = property
based on any testing liquid to property based on water).
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Fig. 6.16 — Comparison between sedimentation volume and final properties of specimen
after permeation based on the tests performed using two GCLs (ratio =
property based on any testing liquid to property based on water).
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Fig. 6.17 — Comparison between swell index and final properties of specimen after
permeation based on the tests performed using two GCLs (CSU = Colorado

State University; UW = University of Wisconsin - Madison; ratio =
property based on any testing liquid to property based on water).
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Fig. 6.18 — Comparison between solution retention capacity and final properties of
specimen after permeation based using the tests performed on two GCLs
(ratio = property based on any testing liquid to property based on water).
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CHAPTER 7

THE DESTRUCTIVE ROLE OF DIFFUSION ON MEMBRANE BEHAVIOR

OF A GEOSYNTHETIC CLAY LINER

ABSTRACT: The results of a combined chemico-osmotic/diffusion experiment
conducted on a geosynthetic clay liner (GCL) containing sodium bentonite illustrate the
destructive role of diffusion on the ability of the GCL to act as a semipermeable
membrane. The experiment is conducted by maintaining a concentration difference of 5
mM CaCl, across the GCL specimen while preventing the flow of solution through the
specimen. A time-dependent membrane efficiency is derived from measured pressure
differences induced across the specimen in response to the applied concentration
difference. The diffusive mass fluxes of the solutes (CI" and Ca®") through the specimen
also are measured simultaneously. An initial increase in induced pressure difference
across the specimen to a peak value of 19.3 kPa is observed, followed by a gradual
decrease to zero. The decrease in induced pressure difference is consistent with
compression of adsorbed layers between clay particles and particle clusters due to
diffusion of Ca®", resulting in concomitant increase in pore sizes and decrease in the
observed membrane behavior. The time required for effective destruction of the initially

observed semipermeable membrane behavior correlates well with the time required to
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achieve steady-state Ca”" diffusion. The results have important implications with respect

to the ability of clays to sustain membrane behavior.

Key Words: chemico-osmotic efficiency, clay membrane, adsorbed layer, diffusion,

membrane behavior, reflection coefficient, solute restriction

7.1  INTRODUCTION

Solute restriction resulting from the existence of membrane behavior in clays has
been shown to influence volume change behavior, cause apparent deviations from
Darcy's law in hydraulic conductivity testing, generate anomalous pore-water pressures in
low-permeability geologic formations, and affect the rate of solute migration through
low-permeability clays (Malusis and Shackelford 2002a). Restricted solute migration
resulting from membrane behavior also is currently being considered in the context of
clay containment barriers for geoenvironmental applications, such as aquitards and
engineered clay liners for containment of disposed waste, and vertical cutoff walls (e.g.,
soil-bentonite walls) for in situ containment of contaminated ground water (e.g., Keijzer
and Loch 2001, Malusis et al. 2001a, Shackelford et al. 2001). In such cases, the
existence of membrane behavior may be important in terms of evaluating the hydraulic
and contaminant transport performance of the containment barrier, since the primary
objective of the barrier is to maintain a contaminant concentration at the outer boundary
of the barrier that is lower than the source concentration of the same contaminant. For
example, in the case where the clay containment barrier acts as a semipermeable

membrane, both chemico-osmotic counter flow and contaminant (solute) restriction
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would act to reduce the outward contaminant flux (Malusis et al. 2001a, Shackelford et al.
2001). Thus, a clay containment barrier that behaves as a semipermeable membrane is
expected to perform better than one that does not exhibit membrane behavior.

In the case of electrolyte solutions, membrane behavior in clays generally is
attributed to electrostatic repulsion of the ions by electric fields associated with the
adsorbed layers of adjacent clay particles (e.g., Hanshaw and Coplen 1973, Fritz 1986).
Thus, the factors that tend to cause an increase in the thickness of adsorbed layers (i.e., at
constant porosity), such as decreasing ion concentration and/or decreasing ion valence,
also tend to enhance the membrane efficiency of clays that behave as semipermeable
membranes (see Kemper and Rollins 1966, Kemper and Quirk 1972). However, an
increasing ion concentration and/or ion valence also may result in a reduction in
membrane efficiency.

For example, Barbour (1986) and Barbour and Fredlund (1989) attributed
expulsion of pore water from specimens in chemico-osmotic consolidation tests due to
diffusion of high-concentration salts into the soil specimen and subsequent "collapse" of
the adsorbed layers. Whitworth and Fritz (1994) correlated reductions in membrane
efficiency of compacted smectitic membranes during forced passage of a 10 mM NaCl
solution through the membranes to compression of adsorbed layers reflected by changes
in the permeability of the membranes.

Malusis et al. (2001b) and Malusis and Shackelford (2002a) observed partial
time-dependent decreases in membrane efficiency for thin specimens (8-13 mm) of a
geosynthetic clay liner (GCL) containing sodium bentonite subjected to differences in

potassium chloride (KCl) concentrations. For example, the induced pressure difference
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for a test with a concentration difference of 47 mM KCl increased to approximately 40
kPa after approximately three days, but subsequently decreased before reaching a steady
value of 32 kPa. This time-dependent decrease in membrane efficiency tended to increase
with increasing KCl concentration, and/or increasing specimen porosity (Malusis and
Shackelford 2002a). Malusis et al. (2001b) and Malusis and Shackelford (2002a)
concluded that the observed behavior was consistent with expected behavior based on
compression of adsorbed layers resulting from increases in KCl concentrations due to
solute diffusion in their closed-system (no-flow) testing apparatus.

However, apparent reductions in membrane efficiency have not always been
attributed to collapse of adsorbed layers due to increased solute concentrations within the
clay membrane. For example, Keijzer et al. (1997, 1999) attributed changes in induced
chemico-osmotic pressures across compacted sodium bentonite specimens located
between fresh- and salt-water reservoirs to time-dependent changes in the boundary salt
concentrations, resulting in a time-dependent decrease in the concentration gradient
across the specimen. These boundary concentration changes were attributed to the net
migration of water in a direction of decreasing concentration gradient due to the process
of diffusion-osmosis (Olsen et al. 1990). As a result, Keijzer et al. (1997, 1999)
concluded that the decrease in observed pressure difference did not necessarily correlate
with a decrease in membrane efficiency of the specimens.

The results of the aforementioned studies suggest that migrating solutes may
adversely affect the efficiency of clay membranes. However, these previous studies were
not performed with the specific purpose of evaluating the potential effect of diffusion on

clay membrane efficiency. In addition, differences among the studies in terms of testing
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objectives (e.g., consolidation vs. membrane efficiency) and testing approaches (e.g.,
open systems vs. closed systems, constant vs. time-dependent boundary conditions) have
precluded any consensus with respect to the potential effect of diffusion of invading
solutes on clay membrane efficiency. As a result, the objective of this study is to illustrate
a direct correlation between diffusion of invading solutes and the destruction of the
efficiency of a semipermeable clay membrane. This objective is achieved using a unique
testing apparatus that maintains constant boundary concentrations while preventing
solution flow through the specimen, thereby eliminating the potential effects of changes
in boundary concentrations and transport processes other than diffusion (e.g., chemico-
osmosis, diffusion-osmosis) from consideration. The results of this evaluation may have
significant ramifications with respect to use and performance of clay membranes as

barriers for geoenvironmental containment applications.

7.2  MATERIALS AND METHODS
7.2.1 Materials

The geosynthetic clay liner (GCL) used in this study consists of a layer of
granular sodium bentonite sandwiched between woven and non-woven polypropylene
geotextiles held together by needle-punched fibers. A schematic cross-section of this
GCL is shown in Fig. 7.1. The GCL is approximately 6-mm thick in an air-dried
condition, but quickly swells to a thickness typically ranging from 10 mm to 15 mm upon
exposure to water when unconfined. The bentonite content of the GCL measured in

accordance with ASTM D 5993 is 5.1 kg/m?. The mineralogy, exchangeable metals, and
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cation exchange capacity (CEC) for the bentonite portion of the GCL are given in Table
7.1.

Although the GCL used in this study does not come from the same manufacturer
as the GCL used by Malusis et al. (2001b) and Malusis and Shackelford (2002a,b), the
components of the GCL and the mineralogical composition of the bentonite in the two
GCLs are very similar. This similarity was considered important because the GCL used
by Malusis et al. (2001b) and Malusis and Shackelford (2002a,b) was shown to behave as
a semipermeable membrane in the presence of KCl solutions ranging from 3.9 mM to 47
mM for specimen thicknesses ranging from 8 mm to 13 mm, with greater membrane
efficiencies associated with lower KCl concentrations and/or thinner GCL specimens. As
a result, the GCL used in this study was expected to exhibit semipermeable membrane
behavior, i.e., provided the boundary salt concentration was suitably low and the
specimen was suitably thin.

The liquids used in the experiment consist of tap water that is processed to
remove ions by passage through three Barnstead® ion exchange columns in series

(electrical conductivity, EC, at 25 °C ~ 0.2 mS/m, pH ~ 5.6), and a 5 mM calcium
chloride (CaCly) solution (EC ~ 121 mS/m, pH ~ 5.6) prepared by dissolving CaCl,
(powdered, > 96 % pure, Sigma-Aldrich Co., St. Louis, MO) in the water. The processed
tap water classifies as Type IV deionized water (DIW) as per ASTM D 1193. The CaCl,
was selected for use in this study to determine if the GCL would exhibit membrane
behavior when exposed to the divalent calcium cation, as opposed to the previous studies
that used the monovalent potassium cation, and the 5 mM concentration was thought to

be sufficiently low to enhance the possibility of observing membrane behavior.
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7.2.2 Testing Apparatus

The testing apparatus and testing procedures are the same as described by Malusis
et al. (2001b), and Malusis and Shackelford (2002a,b); therefore, only a relatively brief
description is provided here. A schematic illustration of the testing apparatus is shown in
Fig. 7.2.

The testing cell consists of a rigid acrylic cylinder, top piston, and base pedestal.
The top piston is locked in place to prevent soil expansion and to control the thickness
(porosity) of the soil specimen. Solutions containing initial concentrations of a given
electrolyte (designated as C, and C,, in Fig. 7.2) are expelled from each of the two
actuators (syringes) at the same, constant rate via the plunger that is attached to a flow-
pump drive (not shown), and subsequently are infused through the porous stones across
the top and bottom boundaries of the specimen. Circulation outflow from these
boundaries is simultaneously collected through the opposite end of the actuator at the
same rate in order to maintain a constant volume inside the testing cell (i.e., AVl = 0)
and prevent liquid flux through the specimen. Under these conditions, the chemico-
osmotic efficiency coefficient, ®, also commonly known as the reflection coefficient, o,
is defined as follows (Staverman 1952, Katchalsky and Curran 1965, Groenevelt and

Elrick 1976, van Oort et al. 1996, Malusis et al. 2001b):

AP
0=— 7.1
- (7.1)
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where AP = the measured pressure difference induced across the specimen as a result of
prohibiting chemico-osmotic flux of solution, and A = the theoretical chemico-osmotic
pressure difference across an "ideal" semipermeable membrane (i.e., ® = 1) subjected to
an applied difference in solute concentration (e.g., Olsen et al. 1990).

The value for An in Eq. 7.1 is calculated based on the salt concentrations at the

specimen boundaries in accordance with the van't Hoff expression as follows (Malusis et

al. 2001b, Malusis and Shackelford 2002a):

N
Ar=RTY(Cop i = Coti ) (7.2)

i=1

where R = the universal gas constant [8.314 J-mol'1~K'1], T = the absolute temperature

[K], Cob,i = the initial concentration of solute species i at the bottom of the specimen
[mol-L-3], Cot; = the initial concentration of solute species i at the top of the specimen

[mol-L-3], and N = the total number of solute species. For simple salt solutions, such as

CaCl,, Eq. 7.2 may be written more conveniently as follows:
An = vRTAC (7.3)

where v = the number of ions per molecule of the salt, and AC (= Cy, — Cot) = the salt
concentration gradient. The induced pressure difference, AP, in Eq. 7.1 is measured using
a differential pressure transducer that is located as shown in Fig. 7.2. Typical trends in the

induced pressure difference as a function of time based on the data reported by Malusis et
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al. (2001b) and Malusis and Shackelford (2002a) are illustrated schematically in Fig. 7.3a.
The observed effect of increasing solute concentration difference on the post-peak
pressure difference previously described also is illustrated in Fig. 7.3a.

The differences in solute (Cl and Ca2+) concentrations between the top and
bottom boundaries of the specimen also cause solute diffusion from the higher
concentration boundary (top) to the lower concentration boundary (bottom), such that a
steady-state solute flux through the bottom of the specimen is eventually established and
maintained. This scenario commonly is referred to as the steady-state approach for
diffusion testing (Shackelford 1991).

In the steady-state approach, the measured concentrations for a given solute in the
circulation outflow (i.e., from the base pedestal) typically are converted to cumulative

mass per unit area, Q; , using the following expression (Malusis et al. 2001b):

1N

N
1 <8 S
Qt :XZAmi =chb,iAVi (74)
i=1

i=1

where A = the cross-sectional area of the specimen, Am; = the incremental mass of the
solute species collected over a time increment (At), Cp ; = the concentration of the solute
species in the incremental volume, AV;, of circulation outflow from the base pedestal

corresponding to the same At, and Ny = the number of incremental samples corresponding

to the total elapsed time, t. The results are plotted in terms of Q; versus t, as illustrated

schematically in Fig. 7.3b. The curved portion of the example plot in Fig. 7.3b represents
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transient diffusion, while the linear portion of the data in Fig. 7.3b corresponding to the
constant slope, AQ; /At, represents steady-state diffusion.

Two characteristic times also are associated with the plot in Fig. 7.3b. First, the
time corresponding to the intersection of the extension of the steady-state slope to the x-
axis is referred to as the time lag, ti, (Shackelford 1991). The value of t; can be used to
determine the retardation factor, Ry, that reflects the adsorption behavior of the solute
during transient diffusion (see Malusis et al. 2001b). Second, the time corresponding to
the intersection of the initial curved portion of the example plot shown in Fig. 7.3b,
representing the transient diffusion stage, and the linear portion of the example plot,
representing steady-state diffusion, is the time required to achieve steady-state diffusion,
tss Note that ti is always greater than t;, and that ty typically is not evaluated when
steady-state diffusion tests are performed.

The effective diffusion coefficient, D*, of the given solute species is determined

from the slope of the steady-state portion of the response, AQ¢/At, in accordance with the

following expression:

D = (A_Qt](..}_) (7.5)
At J\ nAC

where n = the specimen porosity, D* = the effective diffusion coefficient, and L = the
specimen thickness. As noted by Malusis and Shackelford (2002b), the value of D*
determined according to Eq. 7.5 is a coupled effective diffusion coefficient that includes

a coupling term associated with the prevention of solution flow in accordance with the
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principles of irreversible thermodynamics. In the limit, as the membrane efficiency of a
clay approaches zero, the coupled effective diffusion coefficient given by Eq. 7.5
converges to the true effective diffusion coefficient represented by Fick's first law for

diffusion in soil as defined by Shackelford and Daniel (1991).

7.2.3 Specimen Assembly and Disassembly

A circular specimen of the GCL with a nominal diameter of 71 mm was cut from
a larger GCL sheet, and placed on the base pedestal inside the testing cell. The cylinder
then was filled with DIW to submerge the specimen, and the top piston was lowered into
the cylinder to compress the GCL to a thickness of approximately 5 mm to enhance the
potential for membrane behavior. After completion of compression, the top piston was
locked in place to prevent further volume expansion of the specimen during the test due
to swelling of the bentonite.

The initial concentrations of the soluble metals in the pore water of the specimen
based on the measured soluble metals concentrations shown in Table 7.1, the assumption
of 100 percent saturation, and a measured porosity of the specimen of 0.718, were
approximately 161 mM for Na*, 6.0 mM for Ca®*, 1.3 mM for K*, and 1.1 mM for Mg*".
Since the sum of these metals concentrations far exceeds the concentration of the source
solution (i.e., 5 mM CacCl,), the specimen was permeated under backpressure with DIW
before testing to saturate the specimen and to enhance the potential for membrane
behavior by removing soluble salts. This permeation was continued until the electrical
conductivity, EC, of the effluent from the specimen was approximately 50 percent of the

measured EC for the 5 mM CaCl, source solution of 121 mS/m, as shown in Fig. 7.4.
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After permeation, the DIW was circulated at the top and bottom boundaries of the
specimen for approximately five days to establish a steady baseline differential pressure
(see Malusis et al. 2001b). The chemico-osmotic/diffusion portion of the experiment then
was initiated by circulating the 5 mM CacCl, solution in the top piston (i.e., Cot > 0) while
continuing circulation of DIW in the base pedestal. Thus, in this study, the initial
concentration of solute in the base pedestal was maintained at zero (i.e., Cop = 0).

The circulation outflow from the bottom of the specimen also was collected and

subsequently analyzed for electrical conductivity (EC), chloride (Cl) concentrations

using ion chromatography, and calcium (Ca2+) concentrations using inductively coupled
plasma (detection via atomic emission spectrometry). At the end of the experiment,
which lasted approximately 75 days, the cell was disassembled, and the final thickness

and porosity of the specimen were measured.

7.3  RESULTS AND DISCUSSION
7.3.1 Electrical Conductivities

The electrical conductivities measured in the circulation outflows from the top
and bottom boundaries during the chemico-osmotic/diffusion stage of the experiment are
shown in Fig. 7.5. The electrical conductivity in the circulation outflow from the top
boundary of the specimen, EC,,, was maintained relatively constant at a value of slightly
greater than 100 mS/m. However, the electrical conductivity of the circulation outflow
from the bottom boundary, ECypoom, gradually increases from about 4 mS/m immediately
after the start of the chemico-osmotic/diffusion stage to about 20 mS/m at about 30 to 35

days after the start of the chemico-osmotic stage. These measured EC values reflect the

7.12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



boundary conditions imposed in the experiment. For example, the lower ECy,, relative to
the source solution (i.e., ECiop < 121 mS/m) is consistent with the loss of solute mass
from the source solution due to diffusion into the specimen, whereas the eventual
increase in ECpoom With time is consistent with the gain of solute mass in the bottom
circulation outflow due to diffusion through the specimen. The establishment of steady
EChottom values of approximately 20 mS/m about 30 to 35 days after the start chemico-
osmotic stage of the experiment is consistent with the establishment of steady-state

diffusion of CaCl, through the specimen.

7.3.2 Membrane Efficiency

The induced pressure difference, —AP (> 0), across the GCL specimen and the
corresponding membrane efficiency in the form of the chemico-osmotic efficiency
coefficient, ®, are plotted versus time in Fig. 7.6 (Note: values of AP and An are < 0
because pressure increases in the negative x direction, or upward; see Fig. 7.2). The
values of o in Fig. 7.6 were calculated using Eq. 7.1, the measured induced pressure
differences, and a chemico-osmotic pressure, A, of — 36.9 kPa in accordance with Eq.
7.3 using v = 3 for CaCl, and AC =-0.005 M CaCl,.

A slight induced pressure difference was observed during the initial 5-day stage
where DIW was circulated through both porous stones such that a concentration gradient
was not applied across the specimen. This pressure difference has been attributed, in part,
to slightly different hydraulic resistances of the two porous stones such that the head

losses in each stone are not exactly the same, typically resulting in a slight recorded

pressure difference across the specimen (Malusis et al. 2001b, Malusis and Shackelford
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2002a). However, the induced pressure difference at the end of this 5-day flushing stage
was negligible, as shown in Fig. 7.6.

Immediately after replacing the DIW circulating across the top of the specimen
with the 5 mM CaCl, solution (i.e., at t = 0), the induced pressure difference increases
immediately and continues to increase gradually to a maximum value of approximately
19.3 kPa after 9 days corresponding to a maximum chemico-osmotic efficiency
coefficient, ®yax, of 0.52 or membrane efficiency of 52 percent. Thereafter, the induced
pressure difference and corresponding membrane efficiency gradually decrease such that
the observed membrane behavior is effectively destroyed after 35 days.

Short circuiting of the specimen, for example, in terms of side-wall leakage (see
Shackelford 1994), is not likely in this experiment for the following reasons: (1) solution
flow through the specimen, which is a prerequisite in most studies showing side-wall
leakage, was prevented during the chemico-osmotic stage of the experiment; (2) the
electrolyte concentration (5 mM CaCl,) used in the experiment is low, and certainly
lower than the vast majority of cases in which side-wall leakage has been reported; (3)
the swelling pressure of the specimen likely was sufficiently high to prevent shrinkage,
and no physical evidence of shrinkage after breakdown of the test apparatus was
observed; and (4) a much more rapid diminishing of the induced chemico-osmotic
pressure difference than was observed would be expected had specimen shrinkage, if any,
been significant. Instead, the gradual post-peak decrease in —AP with time shown in Fig.
7.6 suggests that the response of the specimen to the imposed boundary conditions is due
to a naturally occurring, physico-chemical process, such as collapse of the adsorbed

layers due to an increase in the Ca** concentration in the pore water of the specimen,
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which is consistent with previous conclusions (Barbour 1986, Barbour and Fredlund 1989,
Whitworth and Fritz 1994, Malusis et al. 2001b, Malusis and Shackelford 2002a).
However, unlike previous studies whereby an increase in salt concentration in the pore
water of the specimen resulted in only a partial reduction in the observed membrane
efficiency during the test, the divalent calcium concentration (5 mM Ca”") used in this
study apparently was sufficiently strong to completely destroy the tendency of the GCL
specimen to behave as a semipermeable membrane. Since the migration of Ca®* is due
solely to diffusion, the time required for complete destruction of the observed membrane
behavior should be reasonably correlated with the time required to reach steady-state

diffusion of the Ca*".

7.3.3 Solute Diffusion

The measured chloride (Cl) and calcium (Ca2+) concentrations in the circulating
liquid exiting the base pedestal are plotted versus time in Fig. 7.7. The corresponding
values of cumulative mass per unit area, Q, based on the CI" and Ca®* concentrations
calculated in accordance with Eq. 7.4 are plotted versus time in Fig. 7.8.

The scatter in the measured Cl” concentration data masks somewhat the existence
of steady-state conditions with respect to diffusion of the CI’, and the Ca®* concentration
data appear to be increasing, albeit slightly, even after 68 days of monitoring, suggesting
that steady-state diffusion of Ca®* was approached, but not necessarily established. As a
result, the time required to reach steady-state diffusion was evaluated in a more
systematic manner by performing sequential linear regression analyses on an increasing

number of Qi-versus-t data, starting from an analysis performed using only the last two
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data points, followed by subsequent linear regression analyses on an increasing number
of data (i.e., adding one additional data for each subsequent analysis) until all of the data
were used in an analysis. Therefore, since 67 samples were collected during the test at a
rate of one per day, a total of 66 linear regression analyses were performed for each
solute.

The coefficient of determination, r*, resulting from each regression analysis is
plotted as a function of the number of data used in the analysis for both CI" and Ca** in
Fig. 7.9. The number of data corresponding to the location where r* starts to deviate
significantly from unity is taken as the transition from a non-linear to linear slope in the
Q-versus-t data corresponding to the transition from the transient portion of the data to
the steady-state portion of the data. Accordingly, the times corresponding to the earliest
data used in each regression analysis also are plotted versus the corresponding r* values
in Fig. 7.9.

As shown in Fig. 7.9, the r* values based on the regression analyses using the Q-
versus-t data for Cl” decrease dramatically when more than 48 data are used in the
analysis. Thus, the elapsed time associated with the earliest of the 48 data points used in
the analysis represents the time at which steady-state diffusion of CI is established; i.e.,
tss is 20 days for CI'. Although this distinction is not quite as evident in the results based
on the Q-versus-t data for Ca2+, the use of 33 + 2 data corresponding to tss of 35 + 2 days
appears reasonable for Ca".

The time lag, t;, and slope of the steady-state portion of the data for each solute
shown in Fig. 7.8 are based on the results of the linear regression analyses using 48 Q-

versus-t data for Cl" and 33 Qpversus-t data for Ca?*. The higher t;, of 694 hrs (28.9 days)
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for Ca" relative to the t;, of 285 hours (11.9 days) for CI' is attributed to the tendency for

cation exchange associated with the divalent calcium cation (e.g., Malusis et al. 2001b).
At steady state, electroneutrality requires that the charge flux of the CI” has the

same magnitude as the charge flux of the Ca®*. This requirement may be written as

follows:

=] z

(7.6)

Ter |Zcr ' ca?t |ca*

where J o and J caZt = the steady-state diffusive molar fluxes of Cl" and Ca**, and

Zo- and z ca2t the charges of CI” and Ca®* (i.e., —1 and +2, respectively). Therefore,
the steady-state diffusive molar flux of CI” theoretically should be twice the magnitude of
the steady-state diffusive molar flux of Ca®*. In terms of mass fluxes, this ratio must be
multiplied by the ratio of the atomic weight of Ca®>* (40.08) to the atomic weight of CI’
(35.453). Therefore, the magnitude of the steady-state diffusive mass flux of CI
theoretically should be 2.26 [= 2 x (40.08/35.453)] times the magnitude of the steady-
state diffusive mass flux of Ca’*. Based on the results shown in Fig. 7.8, the observed
ratio of the steady-state diffusive mass flux of CI to the steady-state diffusive mass flux
of Ca®" in this study is 2.11 (= 21.8/10.3), which is sufficiently close to the theoretical
value of 2.26 to suggest that steady-state diffusion of Ca** had essentially been
established.

Finally, the effective diffusion coefficients, D", for CI" and Ca’* calculated in
accordance with Eq. 7.5 using a measured porosity (n) of 0.718 and an averaged

measured thickness (L) of 5.6 mm are 121 x 10" m%s and 1.10 x 107" m?s,
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respectively. The closeness in these D" values also is consistent with the electroneutrality

constraint that requires the two D values to be the same at steady-state diffusion.

7.3.4 Conceptual Explanation

The ti, of 35 + 2 days for Ca®" is identical to the time required for effective
destruction of the observed membrane behavior, as indicated in Fig. 7.6. Thus, the
correlation between the times required for effective destruction of the membrane
behavior and the establishment of steady-state diffusion of the Ca®*" is excellent.
Therefore, the results of this study provide the first direct evidence that complete
destruction of clay membrane behavior can be caused by diffusion of the principal salt
cation (i.e., Ca”"). However, because clay membranes by definition restrict solute
migration, the question as to how this migration can occur is raised.

A conceptual explanation for the observed correlation between calcium diffusion
and the destruction of the observed membrane behavior of the GCL can be formulated on
the basis of the clay structure models described by Pusch (1999) and Pusch and
Schomburg (1999). In these models, the bentonite consists of an intermingled structure of
both unit particles and particle clusters, with the primary pores located between the unit
particles and the clusters. At the measured porosity of the specimen of 0.718, interlayer
spacing of the particles will be controlled by surface hydration rather than by the
adsorbed layer interactions, such that the interlayer spacing of the unit particles likely
will not have been affected much by the exchangeable cation (e.g., van Olphen 1977).
However, adsorbed layers likely will have extended into the voids between both unit

particles and particle clusters, thereby restricting the diffusive migration of the ions. In
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this case, the destruction of the observed membrane behavior can be explained in terms
of decreasing adsorbed layer thickness between unit particles and particle clusters with
increasing pore concentration due to ion diffusion, resulting in a gradual destruction of

the observed membrane behavior.

7.4  CONCLUSIONS

The results of a combined chemico-osmotic/diffusion experiment conducted on a
geosynthetic clay liner (GCL) containing sodium bentonite and exposed to a constant
concentration difference of 5 mM CaCl, show an initial increase in induced pressure
difference across the specimen to a maximum value of 19.3 kPa corresponding to a
maximum membrane efficiency of 52 percent after 9 days of testing. This initially
observed membrane behavior is followed by a gradual decrease in induced pressure
difference to almost zero (0.6 kPa) corresponding to a membrane efficiency of only 1.6
percent after 35 days of testing, and subsequently to zero after 48 days of testing. The
effective destruction of the initially observed semipermeable membrane behavior after 35
days of testing correlates well with the time of 35 + 2 days required to essentially achieve
steady-state Ca’* diffusion. This correlation suggests that the decrease in induced
pressure difference is consistent with compression of adsorbed layers between clay
particles and particle clusters due to diffusion of Ca®*, resulting in concomitant increase
in pore sizes and decrease in the membrane efficiency. The results illustrate the
potentially destructive role of diffusion of invading salt cations on the membrane
behavior of clays, and are particularly relevant with respect to the ability of clays to

sustain membrane behavior.
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Table 7.1 — Properties of bentonite in a geosynthetic clay liner.

Property Standard ??i'a(l)sf AF&:ETI\Z;I}J €
Principal Minerals (%): a 3
Montmorillonite 77.2[79.6, 74.0]
Cristobalite 10.3 [15.0, 6.8]
Plagioclase Feldspar 5.1[7.4,4.0]
Quartz 3.4 [4.0,3.0]
Others 4.0[6.0,2.9]
g%“cor(‘f;:/}l‘g%gge)capac“y’ b 3 63.9[73.5, 53.1]
Exchangeable Metals (meq/100 g): b 3
Ca® 11.5[15.7, 6.9]
Mg?** 3.7[4.8,2.2]
Na® 45.8 [56.1, 40.0]
K" 0.7 [0.8, 0.6]
Sum 61.7[72.7,51.2]
Soluble Metals (mg/kg): b, c 3
Ca** 218 [241, 174]
Mg** 24 [29, 14]
Na" 3365 [3766, 3451]
K* 48 [52, 43]
Saturated Soil Paste: b 3
pH 8.9 8.9, 8.8]
EC? (mS/m) 305 [315, 290]

? Based on X-ray diffraction (XRD) analyses performed by Mineralogy Inc., Tulsa, OK

and GeoServices Inc., Argyle, TX.

® Based on procedures described in Shackelford and Redmond (1995).
¢ Measured from a 1 g:20 mL clay-water extract.

¢ Electrical conductivity at 25 °C.
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Fig. 7.1 — Schematic cross-section of geosynthetic clay liner (GCL) used in this study.
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CHAPTER 8

DEPENDENCY OF COMPATIBILITY TERMINATION CRITERIA

ON PREHYDRATION AND BENTONITE QUALITY FOR GCLs

ABSTRACT: The dependency of criteria used to terminate compatibility tests on the
prehydration and quality of bentonite in geosynthetic clay liners (GCLs) is evaluated
based on permeation with calcium chloride (CaCl;) solutions. The evaluation includes
both physical termination criteria (i.e., volumetric flow ratio and steady hydraulic
conductivity per ASTM D 5084, > 2 pore volumes of flow, constant thickness of
specimen) and chemical termination criteria requiring equilibrium between influent and
effluent chemistry (viz., electrical conductivity, pH, and Ca?* and CI” concentrations). For
specimens permeated with 5, 10, and 20 mM CaCl, solutions, only the criterion based on
chemical equilibrium in Ca** correlates well with equilibrium in hydraulic conductivity,
regardless of prehydration or quality of bentonite. However, all of the termination criteria,
except some physical criteria (i.e., volumetric flow ratio and 2 pore volumes of flow) for
the prehydrated specimens, correlate well with equilibrium in hydraulic conductivity
regardless of prehydration or quality of bentonite when permeated with 50 and 100 mM
CaCl, solutions. The results illustrate the uniqueness of the termination criterion based on
solute equilibrium between the effluent and influent with respect to both prehydration and

quality of bentonite in the GCL.
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8.1 INTRODUCTION

The hydraulic conductivity of geosynthetic clay liners (GCLs) based on
permeation with chemical solutions can be significantly higher than that based on
permeation with water due to chemical interactions between the solutions and the
bentonite (Daniel et al. 1993, Gleason et al. 1997, James et al. 1997, Petrov and Rowe
1997, Petrov et al. 1997a,b, Ruhl and Daniel 1997, Kolstad 2000, Lin and Benson 2000,
Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001). The potential
effect of a non-standard permeant liquid (i.e., liquid other than water) on the hydraulic
conductivity of a clay barrier usually is assessed by permeating the clay barrier material
with the actual liquid to be contained or, in the absence of the actual liquid, a simulated
liquid with characteristics similar to those expected for the actual liquid. Since the
primary objective of the test is to determine if the barrier material (e.g., bentonite in
GCLs) and the permeant liquid are compatible, such that no significant change in
hydraulic conductivity occurs, this type of test often is referred to as a compatibility test
(Shackelford 1994, Shackelford et al. 2000).

In cases where GCLs have been permeated with solutions containing relatively
low concentrations of polyvalent cations (i.e., < 50 mM), the GCLs typically have
exhibited compatibility over relatively short durations (< 0.5 yr), but incompatibility after

longer durations of permeation (> 1 yr) (e.g., Dobras and Elzea 1993, Didier and
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Comeaga 1997, James et al. 1997, Petrov and Rowe 1997, Ruhl and Daniel 1997, Kolstad
2000, Lin and Benson 2000, Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001,
Vasko et al. 2001, Melchior 2002). This apparent time-dependent compatibility of GCLs
implies that the potential chemical interactions between the solutions and bentonites in
the GCLs may not be complete within relatively short test durations when solutions
containing polyvalent cations at relatively low concentrations (< 50 mM) are used as
permeant liquids (Shackelford et al. 2000). For relatively high concentrations of
polyvalent cations (i.e., > 50 mM), several studies have shown significant increases in the
hydraulic conductivity (> 10X) of GCLs over short test durations (Ruhl and Daniel 1997,
Kolstad 2000, Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001).

On the other hand, several investigators have reported that prehydration of
bentonite mixtures and/or GCLs with water prior to permeation with actual permeant
liquids can have a significant effect on hydraulic conductivity (e.g., Shan and Daniel
1991, Daniel et al. 1993, Shackelford 1994, Didier and Comeaga 1997, Gleason et al.
1997, Petrov and Rowe 1997, Petrov et al. 1997a, Quaranta et al. 1997, Ruhl and Daniel
1997, Stern and Shackelford 1998, Lin and Benson 2000, Shackelford et al. 2000, Vasko
et al. 2001, Shan and Lai 2002). For example, the hydraulic conductivity of GCLs
permeated directly with chemical solutions typically has been found to be significantly
higher (i.e., > 10X) than the hydraulic conductivity of the same GCLs permeated with the
same chemical solutions but after prehydration with water.

In addition, soil mixtures such as sand-bentonite mixtures that contain greater
amounts of bentonite are potentially more vulnerable to chemical attack and

incompatibility than the mixtures with less amounts of bentonite (e.g., Stern and
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Shackelford 1998). Consequently, similar results for GCLs are expected such that the
higher the quality of the bentonite (e.g., the higher the montmorillonite content) used in
the GCL, the more vulnerable the GCL to chemical attack and, therefore, incompatibility,
i.e., provided all other GCL properties (e.g., bentonite dosage) are the same (e.g.,
Shackelford et al. 2000).

As a result of the aforementioned considerations, the objective of this study is to
evaluate the potential dependency of criteria commonly used to terminate laboratory
compatibility tests on the prehydration and quality of bentonite for GCLs permeated with
CaCl, solutions. In order to achieve this objective, hydraulic conductivity tests are
performed on both non-prehydrated and prehydrated specimens of a single GCL
containing relatively low quality bentonite as well as non-prehydrated specimens of a
different GCL containing relatively high quality bentonite. The tests are conducted until
complete chemical equilibrium between the influent and effluent is established, which in
some cases required in excess of 2 yrs of permeation. The results of this study should
improve our understanding of appropriate termination criteria to be used for compatibility

testing of GCLs.

82  MATERIALS AND METHODS
8.2.1 Geosynthetic Clay Liners

Two geosynthetic clay liners (GCLs) containing bentonite with different
montmorillonite contents were used in this study. Both GCLs consist of a thin layer of
granular sodium bentonite sandwiched between two polypropylene geotextiles held

together by needle-punched fibers. Both GCLs are ~ 6-mm thick in the air-dried
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condition, and the average gravimetric water contents of bentonites are ~ 4 %. The
physical and chemical properties and the mineralogical compositions for the bentonite
portions of the two GCLs are given in Table 8.1. The GCL with the higher quality
bentonite (GCL-HQB) is characterized by a greater content of sodium montmorillonite
(86 % vs. 77 %), a higher plasticity index (548 % vs. 393 %), and a higher cation
exchange capacity (93 meq/100 g vs. 64 meq/100 g), i.e., relative to the GCL with the
lower quality bentonite (GCL-LQB).

Particle-size distributions of the bentonite portions of the two GCLs were
determined using both mechanical sieve analysis of the air-dried bentonite and
hydrometer analysis (ASTM D 421, D 422). For both GCLs, the air-dried bentonite
consists of more than 90 % (w/w) sand-sized granules (75 to 2000 um) based on
mechanical sieve analyses, whereas approximately 90 % of particles are clay sized (< 5
yum) based on the hydrometer analysis. Consequently, the bentonites from both GCLs are
classified as high-plasticity clays (CH) according to the Unified Soil Classification
System (ASTM D 2487) based on the wet analysis, whereas the results from the
mechanical analysis indicate that the air-dried bentonites actually consist of assemblages
or granules (i.e., clods) of individual clay particles and, therefore, are classified as poorly
graded sand (SP). Shackelford et al. (2000) note that GCLs containing granular bentonite
may have significantly higher hydraulic conductivities relative to GCLs containing

powdered bentonite upon direct permeation with non-standard liquids (i.e., liquids other

than water).

8.2.2 Permeant Liquids
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The permeant liquids used in the experiment consist of tap water that is processed
by passage through three ion exchange columns (Barnstead®) in series (pH ~ 5.6,
electrical conductivity, EC, at25°C~0.2 mS/m) and solutions containing concentrations
of calcium chloride (CaCly) ranging from 5 mM to 500 mM. The processed tap water
classifies as Type IV deionized water (DIW) as per ASTM D 1193. Calcium chloride was
chosen primarily because previous studies involving permeation of bentonite-based
hydraulic barrier materials (e.g., GCLs, sand-bentonite mixtures) with CaCl, solutions
have shown significant effects of the solutions on the hydraulic conductivity of these
materials (Alther et al. 1985, Daniel et al. 1993, Shackelford 1994, Imamura et al. 1996,
Gleason et al. 1997, James et al. 1997, Melchior 1997, Petrov and Rowe 1997, Petrov et
al. 1997a,b, Quaranta et al. 1997, Ruhl and Daniel 1997, Kolstad 2000, Lin and Benson
2000, Shackelford et al. 2000, Egloffstein 2001, Jo et al. 2001, Vasko et al. 2001, Shan
and Lai 2002).

The CaCl, solutions were prepared by dissolving CaCl, (powdered, > 96 % pure,
Sigma-Aldrich Co., St. Louis, MO) in the DIW. Each solution was mixed in a 20-L
carboy, and pH, EC, and solute concentrations of the permeant liquids were monitored
with time using a pH meter (Accumet® AB15 meter, Fisher Scientific Co., Pittsburgh,
PA), an EC probe (Accumet® AB30 meter, Fisher Scientific Co., Pittsburgh, PA), an ion
chromatograph (Dionex® 4000i IC Module, Dionex Co., Sunnyvale, CA) for chloride (CI
) concentrations, and an inductively coupled plasma — atomic emission spectrometer
(IRIS® Advantage/1000 ICAP Spectrometer, Thermo Jarrell Ash Co., Franklin, MA) for
calcium (Ca®") concentrations, respectively. The measured properties of the permeant

liquids are given in Table 8.2. As expected, the measured solute concentrations for the
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DIW were below the method detection limits (MDLs) of 0.02 mg/L for Ca*" (EPA
Method 200.7) and 0.04 mg/L for CI' (EPA Method 300.0).

The EC and solute concentrations of the permeant liquids remained relatively
constant, whereas the pH of each solution slowly decreased over time (e.g., from 6.3 to
5.9 for 20 mM CacCl, solution over 1.5 yrs). The decrease in pH is probably due to time-
dependent dissolution of carbon dioxide (CO,) from the atmosphere into the solutions.
Nevertheless, any effect of decreasing source solution pH on the measured hydraulic
conductivity likely was negligible relative to the effects caused by the various CaCl,
solutions, because the range of measured pH (i.e., 5.0 to 7.0) was relatively narrow and

close to neutral pH (Shackelford 1994, Jo et al. 2001, Shan and Lai 2002).

8.2.3 Hydraulic Conductivity Tests

Specimens of the two GCLs with nominal diameters of 102 mm were permeated
using the falling-head procedure and flexible-wall permeameters in accordance with
ASTM D 5084. Hydraulic conductivity tests are performed on both non-prehydrated and
prehydrated specimens of the GCL with the lower bentonite quality (i.e., GCL-LQB), as
well as non-prehydrated specimens for the GCL with the higher bentonite quality (i.e.,
GCL-HQB). Prehydration was achieved by permeating the GCL specimens with
deionized water. Specimens were trimmed and assembled in the permeameters using the
method described by Daniel et al. (1997) to prevent the possibility of short-circuiting
through the geotextiles at the edge of the GCL specimens due to loss of bentonite and
pinching of the geotextiles. Backpressure was not used so that effluent liquids could be

conveniently collected for pH, EC, and solute concentration measurements. The
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thicknesses of specimens were measured before, during, and after the hydraulic
conductivity tests using a caliper, a cathetometer, and a ruler.

All the specimens were permeated at an average effective stress of ~ 23.5 kPa (3.4
psi) and at an average hydraulic gradient of ~ 200. While this hydraulic gradient is higher
than the maximum gradient (i.e., 30) stipulated in ASTM D 5084, hydraulic gradients
ranging from 50 to 600 typically are used for measuring the hydraulic conductivity of
GCLs (e.g., Shan and Daniel 1991, Daniel et al. 1993, Didier and Comeaga 1997, Petrov
and Rowe 1997, Petrov et al. 1997a,b, Quaranta et al. 1997, Ruhl and Daniel 1997, Lin
and Benson 2000, Shackelford et al. 2000). Results of these studies indicate that the
hydraulic conductivity of GCLs is affected to a greater extent by average effective stress
than by the magnitude of hydraulic gradient (Shackelford et al. 2000).

Hydraulic conductivity tests performed on non-prehydrated specimens using
solutions with relatively high CaCl, concentrations (i.e., 50 and 100 mM) were
duplicated because the test durations were relatively short, allowing for the re-use of the
permeameters. However, because the durations for the tests using solutions containing
relatively low CaCl, concentrations (i.e., 5, 10, and 20 mM) required more than 4 months
to establish chemical equilibrium, these tests could not be duplicated due to the limited
number of permeameters available for testing.

Two categories of common termination criteria used for compatibility tests were
considered in this study (e.g., Shackelford et al. 2000). The first category is referred to as
physical termination criteria, and includes the following criteria: (1) at least four
consecutive values for the ratio of the volumetric outflow to the volumetric inflow within

the range of 1.00 + 0.25 (e.g., ASTM D 5084); (2) at least four consecutive hydraulic
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conductivity (k) values within + 25 % of the mean value for k> 1 x 10® cm/s or within +
50 % for k < 1 x 10™® cm/s (e.g., ASTM D 5084); (3) a minimum of two pore volumes of
flow (PVF) through the specimen (e.g., Bowders et al. 1986, Daniel 1994, Shackelford et
al. 2000, ASTM D 6766); and (4) a constant thickness of the specimen (e.g., Petrov et al.
1997a). The second category of termination criteria relates to the need to establish
chemical equilibrium between the effluent and influent (e.g., Bowders et al. 1986,
Bowders and Daniel 1987, Bowders 1988, Daniel 1994, Shackelford 1994, Shackelford
et al. 2000). This category, referred to as chemical termination criteria, includes the
following criteria: (1) the ratio of effluent pH and EC relative to influent pH and EC
within 1.00 + 0.10 (e.g., Shackelford et al. 2000, ASTM D 6766); and (2) the ratio of
effluent solute concentration to influent solute concentration within 1.00 + 0.10 (e.g.,

Shackelford et al. 2000).

8.3 RESULTS
8.3.1 Results for Non-Prehydrated GCL-LQB Specimens

Results of the hydraulic conductivity tests performed on the non-prehydrated
specimens of the GCL with the lower quality bentonite (i.e., ‘GCL-LQB) are shown in
Figs. 8.1 and 8.2. The hydraulic conductivity values for the specimens permeated with 5,
10, and to 20 mM CaCl; solutions initially decreased to ~ 10 c¢m/s after ~ 1 month (<5
PVF), and then began to increase after ~ 3 to 6 months (< 10 PVF). Thereafter, the
hydraulic conductivity values increased from approximately 5X to 10X to a value of ~

8.2 x 10 cm/s regardless of the influent concentration at times corresponding to ~ 1.4
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yrs (~ 54 PVF), ~ 1.0 yr (~ 26 PVF), and ~ 0.4 yr (~ 18 PVF) for the non-prehydrated
specimens of GCL-LQB permeated with 5, 10, and 20 mM CaCl, solutions, respectively.

The results for the specimens permeated with 50 and 100 mM CaCl, solutions are
shown in Fig. 8.2. The hydraulic conductivity values stabilized within 5 days (~ 10 PVF),
and were always greater than 1.3 x 10® and 1.3 x 107 cm/s for the non-prehydrated
specimens of GCL-LQB permeated with 50 and 100 mM CaCl, solutions, respectively.
In fact, the final hydraulic conductivity values at the end of the tests were approximately
1.6 x 10 and 3.6 x 10”7 cm/s for the non-prehydrated specimens of GCL-LQB permeated
with 50 and 100 mM CaCl, solutions, respectively. These values are approximately 2X
and 40X higher, respectively, than the hydraulic conductivity of ~ 8.2 x 10 cm/s for the
non-prehydrated specimens of GCL-LQB permeated with 5, 10, and 20 mM CaCl,

solutions.

8.3.2 Results for Prehydrated GCL-LQB Specimens

The results of the hydraulic conductivity tests performed on the prehydrated
specimens of the GCL with the lower quality bentonite (i.e., GCL-LQB) are shown in
Figs. 8.3 and 8.4. The hydraulic conductivity values at the end of prehydration (i.e.,
permeation with water) were approximately 2.4 x 10 ¢cm/s and in close agreement (i.e.,
< 5 % difference) for all five specimens which confirms reproducibility in the case of
water permeation. Daniel et al. (1997) also reported similar results based on round-robin

tests (i.e., 18 different laboratories) performed with water on a single type and make of

GCL.
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On the other hand, the electrical conductivity (EC) of effluent, EC,,, was higher
than 30 mS/m throughout the prehydration period even though the EC of the influent (i.e.,
deionized water), EC;,, was significantly lower (i.e., ~ 0.2 mS/m). As a result, the ratio of
effluent to influent EC remained significantly high (i.e., ECo/ECi, > 100). However, the
effluent calcium (Ca2+) concentrations during the prehydration period initially were > 25
mg/L, and then decreased gradually to less than 1.0 mg/L (see Figs. 8.3 and 8.4). Thus,
the relatively high EC values of effluent even after ~ 20 PVF of permeation with water
are likely due to slow leaching of soluble salts other than Ca®>" (e.g., Na") from the
interlayer region of the bentonite particles to the interparticle and interclod migration
pathways through rate-limited diffusive mass transport (Coats and Smith 1964, van
Genuchten and Wierenga 1976, Pusch 1999, Pusch and Schomburg 1999).

After switching the influent from water to the solutions containing 5, 10, and 20
mM CaCl,, the hydraulic conductivity values began to increase within 3 months (~ 10
PVF), whereas the thickness of specimens remained constant, as shown in Fig. 8.3.
Finally, the hydraulic conductivity values increased by ~ 3.5X to a value of ~ 7.8 x 107
cm/s regardless of the influent concentration after ~ 0.8 yr (~ 42 PVF), ~ 0.7 yr (~ 20
PVF), and ~ 0.3 yr (~ 10 PVF) for the prehydrated specimens of GCL-LQB permeated
with 5, 10, and 20 mM CaCl, solutions, respectively.

As shown in Fig. 8.4, the hydraulic conductivity values immediately began to
increase upon switching the influent from water to the solutions containing 50 and 100
mM CaCl,, and then increased by approximately 7X and 160 X after about 25 days (~ 11
PVF) and 11 days (~ 14 PVF), respectively. The hydraulic conductivity values eventually

stabilized at approximately 3.5 x 10® cm/s and 1.2 x 107 cm/s for the prehydrated
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specimens of GCL-LQB permeated with 50 and 100 mM CaCl, solutions, respectively.
These values are approximately 4.5X and 16X higher, respectively, than the hydraulic
conductivity of ~ 7.8 x 10® cm/s for the prehydrated specimens of GCL-LQB permeated
with 5, 10, and 20 mM CaCl, solutions. In contrast, the thickness of prehydrated
specimens of GCL-LQB permeated with 50 and 100 mM CacCl, solutions eventually
decreased by approximately 15 % relative to the thickness at the end of prehydration with

water.

8.3.3 Results for Non-Prehydrated GCL-HQB Specimens

The results of the hydraulic conductivity tests performed on the non-prehydrated
specimens of the GCL with the higher quality bentonite (i.e., GCL-HQB) are shown in
Figs. 8.5 and 8.6. The hydraulic conductivity values for the non-prehydrated specimens
of GCL-HQB permeated with 5, 10, and 20 mM CacCl, solutions initially decreased to
less than 1.0 x 10® cm/s after about 2 months (< 5 PVF), and then began to increase
within 6 months (< 10 PVF). Thereafter, the hydraulic conductivity values increased by
more than one order of magnitude after ~ 2.6 yrs (~ 73 PVF), ~ 1.4 yrs (~ 51 PVF), and ~
0.4 yr (~ 19 PVF) for the non-prehydrated specimens of GCL-HQB permeated with 5, 10,
and 20 mM CacCl, solutions, respectively. Overall, the hydraulic conductivity values were
approximately 1.7 x 10® cm/s regardless of concentration for the non-prehydrated
specimens of GCL-HQB permeated with 5, 10, and 20 mM CaCl, solutions.

As shown in Fig. 8.6 for the duplicate non-prehydrated specimens of GCL-HQB
permeated with 50 and 100 mM CaCl, solutions, the hydraulic conductivity values

stabilized within 3 hrs (~ 20 PVF) at ~ 4.1 x 10 cm/s and ~ 3.5 x 10 cm/s, respectively.
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These hydraulic conductivity values are more than two orders-of-magnitude higher than

the hydraulic conductivity of ~ 1.7 x 10® cm/s for the non-prehydrated specimens of

GCL-HQB permeated with 5, 10, and 20 mM CacCl, solutions.

84  DISCUSSION
8.4.1 Inadequacy of pH Equilibrium

As shown in Figs. 8.1 to 8.6, the termination criterion based on pH equilibrium
was found not to be applicable in this study, because the pH ratio (i.e., pHouw/pHin) never
reached the acceptable range (i.e., 1.00 £+ 0.10) for all of the tests, except for one test
performed on the prehydrated specimen with the 100 mM CacCl, solution. The increased
effluent pH relative to the influent pH (i.e., pHow/pHin > 1.10) is due, in part, to the
buffering capacity of bentonite as well as the decrease in the influent pH due to time-
dependent dissolution of carbon dioxide (CO;). In addition, if the liquid accumulated in
the effluent reservoir is open to the atmosphere, then the release of aqueous-phase carbon
dioxide (COyyq)) into the atmosphere will result in a continual increase in the effluent pH
with time (Shackelford 1994). Also, in closed systems such as the flexible-wall apparatus
used in this study, the concentration of the COxqg), in the pore liquid of a soil likely
increases due to respiration by microorganisms under anaerobic conditions (Shackelford
1994). As a result, a pH increase in the effluent is expected due to release of COxq) as

equilibrium with the atmosphere is established.

8.4.2 Equilibrium in Hydraulic Conductivity
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In general, all of the hydraulic conductivity values for the specimens permeated
with 5, 10, and 20 mM CacCl, solutions increased by ~ 3.5X to ~ 20X after > ~ 10 PVF (~
0.3 yr) of permeation depending on prehydration condition and quality of bentonite in the
GCLs, and then appear to stabilize. To determine equilibrium in hydraulic conductivity,
the slope of hydraulic conductivity versus number of PVF was analyzed statistically
using linear regression based on the t-test at a 5 % significance level as described in
Peirce and Witter (1986). The statistically zero slope of hydraulic conductivity was
evaluated through analyzing the slope of five successive hydraulic conductivity values in
series.

However, all of the hydraulic conductivity values for the specimens permeated
with 5, 10, and 20 mM CaCl, solutions initially appear to stabilize within 10 PVF, and
then begin to increase (see Figs. 8.1, 8.3, 8.5). As a result, the achievement of statistically
zero slope in hydraulic conductivity (hereafter referred to as "zero slope") was considered
valid only after the initial stage of the compatibility tests, particularly for the specimens
permeated with 5, 10, and 20 mM CaCl, solutions. Even though the statistical approach is
useful to determine the establishment of equilibrium in hydraulic conductivity, the
statistical approach is meaningful only in conjunction with knowledge of the mechanisms

involved in the compatibility tests (e.g., see Bowders 1988).
8.4.3 Effect of Prehydration on Termination Criteria
The test results based on the physical termination criteria, including volumetric

flow ratio and steady hydraulic conductivity per ASTM D 5084, 2 PVF, and constant

thickness of specimen, as well as the chemical termination criteria, including electrical
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conductivity (EC) and solute (i.e., CI" and Ca®") concentration equilibrium, are
summarized in Tables 8.3 and 8.4, respectively. In addition, the hydraulic conductivity
values based on each physical termination criterion are compared with those at the zero
slope (or kak-o) for both non-prehydrated and prehydrated specimens of the GCL with the
lower quality bentonite (i.e., GCL-LQB) in Fig. 8.7.

The hydraulic conductivity values based on the volumetric flow ratio per ASTM
D 5084 (i.e., ko) are always from ~ 2X to ~ 7X lower than the kak-o values regardless of
prehydration for the specimens permeated with 5, 10, and 20 mM CacCl, solutions. In the
case of the termination criterion based on the steady hydraulic conductivity per ASTM D
5084 (i.e., ky), the hydraulic conductivity ratios (i.e., ki/kak) for the specimens
permeated with 5, 10, and 20 mM CacCl, solutions are always less than 0.5 regardless of
prehydration. Similarly, the hydraulic conductivity ratios based on 2 PVF (ie.,
Kopvr/kak-0) are between ~ 0.1 and ~ 0.5 except for one test performed with the 10 mM
CaCl, solution. In addition, the hydraulic conductivity values based on the constant
thickness of specimens (i.e., ky) are from ~ 2X to ~ 5X lower than the kak-o values. Thus,
none of physical termination criteria appears to be adequate regardless of prehydration
for the specimens of GCL-LLQB permeated with 5, 10, and 20 mM CacCl, solutions.

For the specimens permeated with 50 and 100 mM CacCl, solutions, the hydraulic
conductivity values based on all of the physical termination criteria are not significantly
lower (i.e., < 31 %) than the kak-.o values regardless of prehydration. However, the
hydraulic conductivity values based on one single physical criterion (e.g., 2 PVF) for the
prehydrated specimens are as much as ~ 5X lower than the kax-o values, whereas the

hydraulic conductivity values based on any one of the physical criteria for the non-
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prehydrated specimens are not significantly lower (i.e., <45 %) than the kak-o values (see
Fig. 8.7). Thus, any physical termination criterion appears to be adequate for the non-
prehydrated specimens permeated with the 50 and 100 mM CaCl, solutions, whereas all
of the physical termination criteria should be met for the prehydrated specimens to ensure
equilibrium in hydraulic conductivity. This difference results from the need to displace
the initial pore liquid (i.e., water) with the CaCl, solution for the prehydrated specimens
and the subsequent chemical interactions that occur between the solution and the
bentonite in the specimens. In fact, as shown in Fig. 8.7, the termination criterion based
on the steady hydraulic conductivity per ASTM D 5084 tends to be the most appropriate
in this study among the physical termination criteria for the prehydrated specimens of the
GCL-LQB permeated with the 50 and 100 mM CacCl, solutions.

The hydraulic conductivity values based on the chemical termination criteria are
compared with the kag-¢ values for both non-prehydrated and prehydrated specimens of
GCL-LQB in Fig. 8.8. Two limiting tolerances on EC equilibrium were considered to
evaluate the effect of a more restrictive tolerance of ECow/ECin = 1.00 £ 0.05 relative to
the more commonly imposed tolerance of EC,/ECiy = 1.00 £ 0.10 (e.g., ASTM D 6766).

As shown in Fig. 8.8, the hydraulic conductivity values based on either EC
tolerance generally are always lower than the kak-o values regardless of prehydration for
the specimens permeated with 5, 10, and 20 mM CaCl, solutions. In fact, the hydraulic
conductivity ratios based on the EC ratio of 1.00 = 0.10 (i.e., kgcoi/kak-0) are
approximately 0.2 for the non-prehydrated specimens and ~ 0.4 for the prehydrated
specimens, whereas the hydraulic conductivity ratios based on the EC ratio of 1.00 + 0.05

(i-e., kgco.os/kak~0) are about 0.5 for both non-prehydrated and prehydrated specimens. On
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the other hand, for the specimens permeated with 50 and 100 mM CaCl, solutions, the
hydraulic conductivity values based on both ranges of the EC ratio are close to the kax-o

values (i.e., 0.78 < kgco1/kak~o < 0.88 and 0.91 < kgco os/kak-0 < 0.96), except for one of
the duplicate non-prehydrated specimens permeated with the 100 mM CaCl, solution,
where the kgcoi/ka-o and Kgcoos’kak-o values are 0.58 and 0.62, respectively. Thus,
establishment of equilibrium in EC between effluent and influent is not sufficient to
ensure equilibrium in hydraulic conductivity for the specimens permeated with 5, 10, and
20 mM CaCl, solutions regardless of prehydration, whereas the establishment of EC
equilibrium tends to ensure hydraulic conductivity equilibrium for the specimens
permeated with 50 and 100 mM CaCl, solutions.

As shown in Fig. 8.8, the hydraulic conductivity values based on equilibrium in
chloride (i.e., Ccrou/Celin = 1.00 £ 0.10) are always less than the kay-o values for the
specimens permeated with 5, 10, and 20 mM CaCl, solutions. In fact, the hydraulic
conductivity ratios (i.e., kcio.1/kak~0) based on the chloride (C1') concentration equilibrium
are ~ 0.2 for the non-prehydrated specimens and ~ 0.4 for the prehydrated specimens.
Thus, CI” equilibrium is not sufficient to ensure the achievement of equilibrium in
hydraulic conductivity for the specimens permeated with 5, 10, and 20 mM CaCl,
solutions, regardless of prehydration. However, as shown in Fig. 8.8, the hydraulic
conductivity at zero slope (or kaco) and hydraulic conductivity based on Ca®*
concentration equilibrium are very close (i.e., 0.94 < kcq0.1/Kak~0 < 1.04), supporting the
applicability of salt cation concentration equilibrium as a necessary termination criterion
for the specimens permeated with 5, 10, and 20 mM CaCl, solutions, regardless of

prehydration. For the specimens permeated with the 50 and 100 mM CaCl, solutions, the
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hydraulic conductivity values based on either Cl" or Ca** concentration equilibrium are
not significantly different than the kaxo values (i.e., 0.59 < kcio.1/kako < 0.91 and 0.87 <
Kcao.1/kak-0 < 1.06).

The elapsed time and PVF required to reach each termination criterion are
compared with those at the zero slope in Figs. 8.9 to 8.12. For example, the elapsed time
required to achieve steady hydraulic conductivity per ASTM D 5084 was ~ 2X to ~ 20X
lower than the elapsed time required to achieve kyk-o for the specimens permeated with 5,
10, and 20 mM CaCl, solutions. Similarly, the required PVF based on the same criterion
was still less than 5 PVF for the specimens permeated with 5, 10, and 20 mM CaCl,
solutions. In other words, significantly more PVF (i.e., ~ 10 to 73 more) are required to
achieve kak-o than are required to meet the physical termination criteria. In fact, the
overall physical termination criteria required ~ 3 PVF, representing ~ 40 days of
permeation, for both non-prehydrated and prehydrated specimens of GCL-LQB
permeated with 5, 10, and 20 mM CaCl, solutions, whereas > 18 PVF for the non-
prehydrated specimens and a minimum of 10 PVF for the prehydrated specimens are
required to achieve the kak-o. For the specimens permeated with 50 and 100 mM CacCl,
solutions, the elapsed time and PVF required to achieve each criterion as well as kak-o

generally are greater for the prehydrated specimens than for the non-prehydrated

specimens.

8.4.4 Effect of Bentonite Quality on Termination Criteria
The hydraulic conductivity values based on each physical termination criterion

are compared with the kax- values for the non-prehydrated specimens of the two GCLs
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with the lower quality bentonite (i.e., GCL-LQB) and the higher quality bentonite (i.e.,
GCL-HQB) in Fig. 8.13. The hydraulic conductivity values based on the volumetric flow
ratio per ASTM D 5084 (k) are always lower than kak-o by a factor of ~ 2.7X to ~ 6.7X
for the GCL-LQB and by a factor of ~ 17X to ~ 25X for the GCL-HQB. Thus, this
termination criterion is inadequate in representing kak-o regardless of bentonite quality for
the specimens permeated with 5, 10, and 20 mM CaCl, solutions. For these tests, the
elapsed time and PVF required to achieve kak.o are significantly greater (i.e., > 3 months
and > 14 PVF) than those needed to meet the requirement for the volumetric flow ratio,
regardless of the quality of bentonite used in the GCLs, as shown in Figs. 8.15 and 8.17,
respectively. In the case of the termination criterion based on the steady hydraulic
conductivity per ASTM D 5084, the hydraulic conductivity ratios (i.e., ki/kak-o) for the
specimens permeated with 5, 10, and 20 mM CaCl, solutions are always less than 0.3 for
the GCL-LQB and less than 0.1 for the GCL-HQB, also indicating the inadequacy of this
termination criterion regardless of bentonite quality.

Similarly, the hydraulic conductivity ratios based on the minimum requirement of
2 PVF (i.e., kopyr/kak-o) are ~ 0.2 for the GCL-LQB and ~ 0.05 for the GCL-HQB except
for the specimen of GCL-LQB permeated with 10 mM CaCl, solution, in which the
kopvr/kak-o value is ~ 1.9 due to relatively high hydraulic conductivity values at the
beginning of the test. Thus, the termination criterion for steady hydraulic conductivity
based on ASTM D 5084 is insufficient for the specimens permeated with 5, 10, and 20
mM CaCl, solutions regardless of bentonite quality. In addition, the hydraulic
conductivity values based on the constant thickness of specimens (i.e., ky) are from ~ 4X

to ~ 5X for the GCL-LQB and from ~ 11X to ~ 25X for the GCL-HQB lower than the
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kak~o values. Thus, this termination criterion also is not applicable for the tests on both
GCL specimens permeated with 5, 10, and 20 mM CaCl, solutions.

Thus, the physical termination criteria evaluated in this study are not particularly
applicable in terms of their ability to achieve equilibrium in hydraulic conductivity for
the specimens of both GCLs (i.e., GCL-LQB and GCL-HQB) permeated with 5, 10, and
20 mM CaCl, solutions. For the specimens permeated with 50 and 100 mM CaCl,
solutions, the hydraulic conductivity values based on overall physical termination criteria
are not significantly different (i.e., < 50 %) to the kak-o values regardless of quality of
bentonite used in the GCLs. Thus, any physical termination criterion appears to be
adequate for both GCLs. As shown in Figs. 8.15 and 8.17, the elapsed times and PVF for
the GCL-HQB required to meet the physical termination criteria generally are greater
than those for the GCL-LQB for the specimens permeated with 5, 10, and 20 mM CaCl,
solutions, whereas the elapsed times and PVF required for the GCL-HQB specimens
generally are lower than those for the GCL-LQB specimens when the specimens are
permeated with 50 and 100 mM CaCl, solutions.

The hydraulic conductivity values based on the chemical termination criteria are
compared with the kay-o values for non-prehydrated specimens of both GCLs (i.e., GCL-
LQB and GCL-HQB) in Fig. 8.14. The hydraulic conductivity values based on either
tolerance for the EC ratio criteria (i.e., ECo/ECinp = 1.00 £ 0.10 or 1.00 + 0.05) are
always less than the kag.o values regardless of bentonite quality for the specimens
permeated with 5, 10, and 20 mM CaCl, solutions. In fact, the hydraulic conductivity
ratios based on the EC ratio of 1.00 & 0.10 (i.e., kgco.1/kak~0) range from ~ 0.2 to ~ 0.3 for

the GCL-LQB and from ~ 0.1 to ~ 0.2 for the GCL-HQB, except for the GCL-HQB
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permeated with the 20 mM CaCl, solution, where the kgco 1/kak-o value is about 0.6.
Similarly, the hydraulic conductivity ratios based on the EC ratio of 1.00 £ 0.05 (i.e.,
kgco.0s/kak-0) range from ~ 0.4 to ~ 0.6 for the GCL-LQB and from ~ 0.1 to ~ 0.3 for the
GCL-HQB, except for the GCL-HQB permeated with the 20 mM CaCl, solution, where
the kpcoi/kak-o value is ~ 1.0. Thus, equilibrium between effluent and influent EC
apparently is a necessary, but not a sufficient, condition to ensure equilibrium in
hydraulic conductivity regardless of bentonite quality for the specimens permeated with 5,
10, and 20 mM CacCl; solutions. On the other hand, for the specimens permeated with 50
and 100 mM CacCl, solutions, the hydraulic conductivity values based on either tolerance
of the EC ratio are not significantly lower (i.e., < 50 %) than the kax-¢ values for both
GCLs. Therefore, the EC criteria apparently are more appropriate in terms of providing a
true measure of kay-o for the specimens of both GCLs permeated with 50 and 100 mM
CaCl, solutions.

Similarly, the hydraulic conductivity ratios based on the CI' concentration
equilibrium requiring Ccyou/Ceiin = 1.00 £ 0.10 (i.e., kcio.1/kak-0) are less than 0.3 for the
GCL-LQB and less than 0.1 for the GCL-HQB, which also indicates its insufficiency as a
termination criterion, for the specimens of both GCLs permeated with 5, 10, and 20 mM
CaCl, solutions. In fact, as shown in Fig. 8.14, kak-¢ for both GCLs was only established
when the Ca®* concentrations in the effluent and influent were similar (i.e., Ccaout/Ccajin =
1.00 £ 0.10). Thus, regardless of the quality of bentonite used in the GCLs, the chemical
termination criterion based on Ca®" concentration equilibrium is both necessary and
sufficient to ensure the establishment of equilibrium in hydraulic conductivity based on

the results for the specimens permeated with 5, 10, and 20 mM CaCl, solutions. As
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shown in Fig. 8.14, the hydraulic conductivity values based on either Cl” or Ca®'
concentration equilibrium are not significantly lower than the kai-o values (i.e., < 50 %)
for the specimens of both GCLs permeated with 50 and 100 mM CaCl, solutions.

As shown in Figs. 8.16 and 8.18, the elapsed times and PVF based on the
chemical termination criteria generally are greater for the GCL-HQB than for the GCL-
LQB for the specimens permeated with 5, 10, and 20 mM CaCl, solutions. In contrast,
the elapsed times and PVF generally are lower for the GCL-HQB than for the GCL-LQB

for the specimens permeated with 50 and 100 mM CaCl, solutions.

8.5 SUMMARY AND CONCLUSIONS

Hydraulic conductivity tests are performed on two geosynthetic clay liners
(GCLs) containing different qualities of bentonite with or without prehydration to
evaluate adequacy of a wide range of termination criteria commonly used in
compatibility testing of GCLs with respect to prehydration and quality of bentonite by
permeating the GCL specimens with calcium chloride (CaCl,) solutions until complete
chemical equilibrium between the influent and effluent is established. None of the
physical termination criteria (i.e., volumetric flow ratio and steady hydraulic conductivity
per ASTM D 5084, 2 pore volumes of flow, constant thickness of specimen) was found
to be adequate for the specimens permeated with 5, 10, and 20 mM CaCl, solutions
regardless of prehydration or quality of bentonite because the equilibrium in hydraulic
conductivity had not been established at the times corresponding to those criteria. On the

other hand, the overall physical termination criteria tend to ensure equilibrium in
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hydraulic conductivity regardless of prehydration or quality of bentonite for the
specimens permeated with 50 and 100 mM CaCl, solutions.

In terms of chemical termination criterion, the pH ratio (i.e., pHouw/pHin) was
never within the acceptable range (i.e., 1.00 £ 0.10) throughout any of the tests performed
in this study, except for one prehydrated GCL specimen permeated with a 100 mM CaCl,
solution. Furthermore, the hydraulic conductivity values based on electrical conductivity
(EC) equilibrium are always from ~ 2X to ~ 10X lower than the hydraulic conductivity
values at the statistically zero slope (or kak-o), regardless of prehydration or quality of
bentonite for the specimens permeated with 5, 10, and 20 mM CaCl, solutions, except for
one specimen permeated with the 20 mM CacCl, solution. Thus, the EC equilibrium is a
necessary, but not sufficient, condition to ensure equilibrium in hydraulic conductivity
particularly for the specimens permeated with 5, 10, and 20 mM CaCl,; solutions. In fact,
equilibrium in hydraulic conductivity was not established until the Ca®" concentrations in
the effluent and influent were similar (i.e., Ccaout/Ccain = 1.00 £ 0.10), regardless of
prehydration or quality of bentonite. On the other hand, any chemical termination
criterion tends to ensure equilibrium in hydraulic conductivity regardless of prehydration
or quality of bentonite for the specimens permeated with 50 and 100 mM CaCl, solutions.
Thus, the termination criteria based on equilibrium in effluent and influent calcium
concentration is unique so that this criteria can be used to represent the equilibrium
hydraulic conductivity based on a statistically zero slope (or kax-g), regardless of CaCl,

concentration, prehydration of the GCL, or quality of the bentonite in the GCL.
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Table 8.1 — Properties of bentonites in two geosynthetic clay liners.

Average Value
Property Standard [No. of Trials]
LQB® HQB*®
Specific Gravity ASTM D 854* 2.74 [3] 2.78 [2]
Soil Classification: ASTM D 2487
Sieve Analysis (Air-Dried) SP [3] SP [1]
Hydrometer CH [7] CH[1]
Atterberg Limits (%): ASTM D 4318 [1] [1]
Liquid Limit, LL 430 589
Plasticity Index, PI 393 548
Swell Index (mL/2 g) ASTM D 5890 27.5 [17] 30.0 [2]
Bentonite Mass (kg/m®) ASTM D 5993 5.1[5] 4.6 [5]
Principal Minerals (%): b [3] 2]
Montmorillonite 71.2 86.0
Cristobalite 10.3 4.5
Plagioclase Feldspar 5.1 2.5
Quartz 3.4 3.5
Others 4.0 5.5
Cation Exchange Capacity,
CEC (meg/] OOgg) pacity c 63.9 [3] 93.4 [2]
Exchangeable Metals (meq/100 g): c [3] [2]
Ca** 11.5 15.3
Mg 3.7 7.0
Na* 45.8 69.0
K" 0.7 0.8
Sum 61.7 92.1
Soluble Metals (mg/kg): c,d [3] [2]
Ca®" 218 737
Mg** 24 160
Na' 3365 7107
K 48 216
Saturated Soil Paste: c [3] [3]
pH 8.9 8.8
EC' (mS/m) 305 233

? Using a magnetic stirring device for de-airing.
® Based on X-ray diffraction (XRD) analyses performed by Mineralogy Inc., Tulsa, OK

and GeoServices Inc., Argyle, TX.

¢ Based on procedures described in Shackelford and Redmond (1995).
9 Measured from a 1 2:20 mL clay-water extract.
° LQB = GCL with lower quality bentonite; HQB = GCL with higher quality bentonite.

"Electrical conductivity at 25 °C.
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Table 8.2 — Properties of permeant liquids.

Permeant Salt Concentration (mM) Measured Solute Concentrations (mg/L) Measured pH | Measured EC (mS/m)

Liquid Tarcet Measured Calcium (Ca™) Chloride (CI) [No. of Trials] [No. of Trials]
& [No. of Trials] [No. of Trials] [No. of Trials]

DIW* 0 <0.0005° [10] <0.02° [10] <0.04° [10] 5.6 +0.5[19] 021+0.11[19]

5 5.1+02[14] 216+ 10 [14] 377 + 38 [14] 5.7+0.5 [25] 123 + 2.1 [25]

CaCl, 10 10.1+0.2 [13] 436 + 30 [13] 756 + 65 [13] 6.0+ 0.319] 234 +2.6 [19]

(Sé%ma 20 20.1+ 0.6 [13] 872 + 77 [13] 1457 + 110 [13] 6.1+0.3[17] 445 + 7.3 [17]

V]
96 %) 50 50.7+ 1.4 [9] 2055 £ 63 [9] 3548 + 69 [9] 5.7+0.1[18] 1041 +£ 26 [18]
100 100 +2.6 [6] 4072 £ 126 [6] 7030 £ 95 [6] 5.8+0.1[13] 1958 + 48 [13]

? Deionized water.
® Method detection limit (MDL).
¢ Electrical conductivity at 25 °C.
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Table 8.3 — Summary for results of hydraulic conductivity tests based on physical termination criteria.”

Physical Termination Criteria
Per- Pre- Slope of k ~ 0° ASTM D 5084 Constant
meant {fst TGy?JEb hy-dra- Q Ratio Steady k 2 PVE Thickness

Liquid ' tion | PVFakwo | kakeo PVFq | kof PVF, ki/ [tapue]* kopve/ | PVFy ky/
[t ak-0l* (cm/s) [to]*  |kakwo [t]* Kako| "V | Kako [tu]* K A0

5 mM 1 |LQB| No |54[494] [8.3x107|1.5[5.5] 032} 2.8[25] 0.24 | [15] | 0.21 | 2.2[15] 0.21
CaCl, 2 |LQB| Yes | 42[306] |8.0x IO'Z 3.4[40] 0.29 | 3.4[40] 0.27 | [31] | 0.28 |0.84[11] 0.26
3 |HQB| No | 68[955] |1.8x10"|29[187] |0.04| 22[150] |0.04| [150] | 0.04 | 1.6[112] | 0.04

10 mM 4 |LQB| No | 26[376] |6.8x 10'2 2.6[8.6] 0.37 | 3.9[36] 028 | [2.5] | 1.92 | 3.4[23] 0.28
CaCl, 5 | LQB| Yes | 20[246] |6.1x10™ |3.0[47] 0.48 | 3.0[47] 0.48| [36] | 0.46 [0.74[13] 0.40
6 |HQB| No | 51[502] |1.7x10%[3.6[231] |0.04 | 4.4[254] |0.04] [169] | 0.03 |0.75[21] 0.06

20 mM 7 |LQB| No | 18[147] |9.5x lO'z 3.2[47] 0.15] 3.9[59] 0.16| [34] | 0.14 | 1.1[9.6] 0.28
CaCl, 8 | LQB| Yes | 10[92] 9.3x 107 |2.5[41] 0.37 | 2.5[41] 0.37 | [41] | 0.37 |0.62[14] 0.21
9 [HQB| No |19[150] |1.7x10%[3.1[48] 0.06 | 4.5[90] 0.07| [25] | 0.09 | 2.0[25] 0.09

10 | LQB| No [7.0[12] 1.6 x 10° [3.0[5.6] 0.85| 3.0[5.6] 0.85] [42] | 0.80 | 1.5][2.7] 0.83

50 mM 11 | LQB| No |4.8[8.9] 1.8x 10° [2.7]5.5] 0.86 | 2.7[5.5] 0.86| [42] | 0.81 | 1.3[2.6] 0.83
CaCl, 12 | LQB | Yes | 11[25] 3.5x 10° [3.0[15] 0.43 | 6.5[20] 0.88] [15] | 043 | 6.5[20] 0.88
13 |HQB| No | 24[0.13] [4.8x10°[3.4[0.021] [ 0.53 | 4.3[0.027] | 0.57 [[0.014]| 0.54 | 5.3[0.033] | 0.62

14 |HQB| No | 18]0.18] |3.7x10°[2.9[0.035] [ 0.46 | 3.6[0.046] | 0.54 [[0.024]| 0.52 | 2.9[0.035] | 0.46

15 |LQB | No [9.1[0.98] |3.4x107(3.0[0.39] |0.58| 3.0[0.39] |0.58]| [0.29] | 0.59 | 1.5[0.19] | 0.69

100 mM 16 | LQB | No |5.3[0.54] [3.5x 10:: 3.0{0.37] |0.89| 3.7[0.43] |0.83 | [0.31] | 0.82 |0.75[0.15] | 0.38
CaCl, 17 | LQB | Yes | 14[11] 1.2x 10 i 3.4[8.5] 0.54| 6.8]9.5] 0.72 ] [8.1] | 0.21 | 6.8[9.5] 0.84
18 | HQB| No | 19[0.015] | 3.4x 10~ [2.9][0.003] | 0.84 | 2.9[0.003] | 0.84 | [0.002] | 0.76 | 4.6[0.004] | 0.89

19 | HQB| No [ 22[0.012] | 4.2x 107 |3.6[0.002] | 0.71 | 3.6[0.002] | 0.71 [[0.002]| 0.67 | 2.7[0.002] | 0.67

%k = hydraulic conductivity; Q = volumetric flow rate; PVF = pore volumes of flow. > LQB = GCL with lower quality bentonite; HQB
= GCL with higher quality bentonite. © When the slope of k vs. number of PVF is statistically zero (Peirce & Witter 1986). * Elapsed
time [days].
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Table 8.4 — Summary for results of hydraulic conductivity tests based on chemical termination criteria.®

Chemical Termination Criteria

Per- | rest | gL | P | ket EC Ratio’ Cc Ratio® Cca Ratio®
meant | (S| 185 fnydrac| - (0 [T (1.00+0.10) (1.00 = 0.05) (1.00£0.10) (1.00 + 0.10)
Liquid ' tion PVFeco1  |kecoi| PVFgrcoos |Kecoos| PVFcio1 | ket PVFca1 | kcao

[tecoa)*  |/kao| [tecoos]*  |/Kako [tcwoa]*  |/Kako [tcaoa]®* /K ak-o

s |1 | TOB| No [83x10”| 24[338] 026 32[403] | 039 | 63[80] | 0.8 | 57[502] | 1.4
oM T2 | TQB | Yes [80x10| 42[51] 028 | 16[174] | 034 | 25[3]] | 028 58(358] | 098
2 3 THOB| No |18x10°| 16[632] |0.10 | 20[721] | 0.11 | 4.2[256] | 0.04 | 58[934] | 0.93

10 mM 4 LQB | No |6.8x 107 14 [280] 0.30 20 [341] 0.64 11[234] 0.22 30[397] 0.98
MM S TTOB | Yes [6.1x10°| 3.0[47] | 048 | 3.8[60] | 043 | 3.0(471 | 048 | 35[360] | 1.02
2 6 THOB| No |1.7x10°| 16[422] | 023 | 18[435] | 032 | 4.4[254] | 0.05 | 60[515] | 1.02
ooy |7 [ TQB| No [95x107| 46[70] |07 | 12(127] [061 | 18] |017| 31[178] | 099
MM T8 | TQB | Yes [93x107| 32(49] | 043 | 45[60] | 055 | 19[34] | 031 ] 16[120] | 0.4
2 79 THQB| No |1.7x10°| 11[131] | 059 | 27[164] | 1.03 | 3.1[48] | 0.06 | 22[154] | 1.07

10 |LQB | No | 1.6x10°| 3.0[5.6] | 085 | 38[7.0] | 091 | 22[42] | 080 | 93[16] | 1.03

<o | LL | LB | No [18x10%[ 2.7(55] | 0.86 | 3.4[66] | 091 | 2.0[42] | 08| 89[15] | 106
WM 12 [ QB | Yes [35x10°| 65[20] [ 088 | 79[21] | 096 | 72[21] [091[ 1i[24] | 099
2 ™13 [HOB | No |48x10°| 43[0.027] ]| 059 | 6.1[0.039] | 0.63 | 2.5[0.014] | 0.54 | 18[0.11] | 0.97

14 [HOB | No |3.7x10°| 3.6[0.046] | 0.50 | 5.1[0.065] | 0.61 | 3.6[0.046] | 0.50 | 17[0.18] | 0.98

15 | LOB | No |[34x107| 3.0[039] |0.58 | 3.8[0.48] | 062 | 2.3[029] | 0.59 | 6.8[0.80] | 0.87

{00 |16 [ LOB | No [3.5x107| 22(031) | 0.82 | 3.7[043] | 0.96 | 1.5[0.24] | 0.65 | 6.0[0.59] | 1.07
QM 17 QB | Yes [12x107| 59[93] | 078 9.3[10] | 091 | 7.6(57] |0.86| 10[10] | 092
2 718 [HQB| No |34x10°| 2.1[0.002] | 0.76 | 3.8[0.003] | 0.88 | 1.4[0.001] | 0.76 | 4.6[0.004] | 0.89

19 | HQB | No [42x10%| 27[0.002]] 0.67| 4.5(0.003]] 0.73 | 1.80.001] | 073 | 11[0.006] | 0.93

 k = hydraulic conduct1v1ty, PVF = pore volumes of flow. ° LQB = GCL with lower quality bentomte HQB = GCL with higher
When the slope of k vs. number of PVF is statistically zero (Peirce & Witter 1986). ¢ EC = electrical conductivity;
Ccy or Cc, = concentration of chloride or calcium; ratio = effluent relative to influent. * Elapsed time [days].
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Fig. 8.2 — Test results for non-prehydrated duplicate specimens of GCL with lower
quality bentonite permeated with 50 and 100 mM CacCl,; solutions.
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Fig. 8.3 — Test results for prehydrated specimens of GCL with lower quality bentonite
permeated with 5, 10, and 20 mM CaCl, solutions.
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Fig. 8.4 — Test results for prehydrated specimens of GCL with lower quality bentonite
permeated with 50 and 100 mM CacCl, solutions.
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Fig. 8.5 — Test results for non-prehydrated specimens of GCL with higher quality
bentonite permeated with 5, 10, and 20 mM CacCl, solutions.
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Fig. 8.6 — Test results for non-prehydrated duplicate specimens of GCL with higher
quality bentonite permeated with 50 and 100 mM CacCl, solutions.
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Fig. 8.11 — Pore volumes of flow (PVF) for physical termination criteria versus PVF at
the slope of hydraulic conductivity ~ 0 for both non-prehydrated (NP) and
prehydrated (P) specimens of GCL with lower quality bentonite (Q =
volumetric flow rate; H = thickness of specimen).
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Fig. 8.12 — Pore volumes of flow (PVF) for chemical termination criteria versus PVF at
the slope of hydraulic conductivity ~ 0 for both non-prehydrated (NP) and
prehydrated (P) specimens of GCL with lower quality bentonite (EC =
electrical conductivity; Cc or Cc, = concentration of chloride or calcium).
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Fig. 8.13 — Hydraulic conductivity for physical termination criteria versus hydraulic
conductivity at the slope of k ~ 0 for non-prehydrated specimens of GCL
with either lower quality bentonite (GCL-LQB) or higher quality bentonite
(GCL-HQB) (Q = volumetric flow rate; PVF = pore volumes of flow; H =
thickness of specimen).
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Fig. 8.14 — Hydraulic conductivity for chemical termination criteria versus hydraulic
conductivity at the slope of k ~ 0 for non-prehydrated specimens of GCL
with either lower quality bentonite (GCL-LQB) or higher quality bentonite
(GCL-HQB) (EC = electrical conductivity; C¢; or Cc, = concentration of
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Fig. 8.15 — FElapsed time for physical termination criteria versus elapsed time at the slope
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Fig. 8.17 — Pore volumes of flow (PVF) for physical termination criteria versus PVF at
the slope of hydraulic conductivity ~ 0 for non-prehydrated specimens of
GCL with either lower quality bentonite (GCL-LQB) or higher quality

bentonite (GCL-HQB) (Q =

specimen).

8.50

volumetric flow rate; H

thickness of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ECO.1

Pore Volumes of Flow for EC Ratio, PVF

Clo.1

Ratio, PVF

Cl

Pore Volumes of Flow for C

100

T

T T T T T T T T T T T

[ ]
@]

GCL-LQB
GCL-HQB

10

100 —

- 5& 10 mM

PVFE co. 1/PVFAk 0

T
(9, ]
o
o]
—
o

. ()
3
g

g —" EC Ratio "
02 01 (100¢o10)

1 10

PVF
Ak~0

T T T T T T T I

100
Pore Volumes of Flow @ Slope of k ~ 0,

T 1T

C o Ratio

PVF

(1.00 £ 0.10)

Clo.1

[ ]
o]

GCL-LQB
GCL-HQB

PV

1]

F. —>1 1
Ak~0 b
/) 51

5&10mM

—_
o

YT

10 mM — e l

20 - 100 mM
1

50&100 mM oy

Ll PR

1 10

PVFAk~0

100
Pore Volumes of Flow @ Slope of k ~ 0,

Pore Volumes of Flow @ Slope of k ~ 0,

o 100 : T T T T T 1T l] T T T T T 1717
s [| e GCLLQB v
u® | © GCLHQB| 5&10mM .
W ]
o L
S [ PVF_.,, 05/PVF
T
o
o 10f
S -
S I
S I
i I
8 L 1 EC Ratio
£ 05 02 (1.00 £ 0.05)
2 K. L Ly oaal [
2 ' 10 100
Q Pore Volumes of Flow @ Slope of k ~ 0,
[e]
Y PVF, .
100: T TIIIIIW[ T T IYYIYY:
§ |[| * GCL-LaB 5
L | © GCL-HQB ]
D— t ® Y
g i o
© PVF ca0PVF s’ °.
o° 10:_ el 7
S - ( 5& 10 mM 1
g . o ——>0—' 1
T 50&100mM 20 - 100 mM
° ;2/ _ L C,, Ratio .
E 17705 02 (O oo ; £0.10)
-— s IR |
s 10 100
o
O
o

PVFAk”0

Fig. 8.18 — Pore volumes of flow (PVF) for chemical termination criteria versus PVF at
the slope of hydraulic conductivity ~ 0 for non-prehydrated specimens of
GCL with either lower quality bentonite (GCL-LQB) or higher quality
electrical conductivity; Cq or Cca =
concentration of chloride or calcium).

bentonite (GCL-HQB) (EC

8.51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 9

SUMMARY AND CONCLUSIONS

9.1 SUMMARY

The long-term hydraulic performance of two geosynthetic clay liners (GCLs) was
evaluated by permeation with water and inorganic salt solutions containing from 5 mM to
500 mM calcium chloride (CaCl,). Both GCLs consist of a layer of granular sodium
bentonite sandwiched between two polypropylene geotextiles held together by needle-
punched fibers. However, one GCL contains a higher quality bentonite (GCL-HQB) that
is characterized by a greater content of sodium montmorillonite (86 % vs. 77 %), a higher
plasticity index (548 % vs. 393 %), and a higher cation exchange capacity (93 meq/100 g
vs. 64 meq/100 g) relative to the other GCL with a lower quality bentonite (GCL-LQB).
All tests were conducted until equilibrium between the effluent and influent electrical
conductivity (EC) and solute concentrations was established, resulting in tests durations
ranging from less than 1 day to more than 900 days, with longer test durations associated
with lower CaCl, concentrations of the permeant liquids.

The results were evaluated in terms of criteria commonly used to terminate
hydraulic conductivity tests involving non-standard permeant liquids (i.e., liquids other
than water). The termination criteria considered in this study included both physical

termination criteria, i.e., volumetric flow ratio and steady hydraulic conductivity per
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ASTM D 5084, two pore volumes of flow, and constant thickness of specimen, as well as
chemical termination criteria, i.e., pH, EC and solute (i.e., CI" and Ca") concentration
equilibrium. The evaluation was extended to potential effects of quality of bentonite and
prehydration on the hydraulic conductivities as well as the termination criteria.

In addition, a new index property, referred to as the solution retention capacity
(SRC), was developed and evaluated as an alternative to the use of the swell index
approach for providing a qualitative indication of the relative impact of CaCl, solutions
on the hydraulic performance of the GCLs. The results of four index properties, including
the liquid limit, sedimentation volume, swell index, and SRC, of the bentonites taken
from both GCLs using both water and CaCl, solutions were compared with the hydraulic
conductivity values of the same GCLs permeated with the same solutions to evaluate the
potential correlation between index properties of the bentonite and hydraulic conductivity
of the GCLs.

Also, the potential effect of Ca®* diffusion on the semipermeable membrane
behavior was evaluated on the basis of a combined chemico-osmotic/diffusion test
performed on a specimen of GCL-LQB. The test was conducted by continuously
replenishing the top and bottom boundaries of the specimen with water and a 5 mM
CaCl, solution to establish and maintain a constant concentration difference of 5 mM

CaCl, across the specimen while preventing the flow of solution through the specimen.
9.2 CONCLUSIONS

First, for non-prehydrated specimens of GCL-LQB, hydraulic conductivity values

for specimens permeated with 5, 10, and 20 mM CaCl; solutions were comparable with
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those for specimens permeated with water (~ 10~ cm/s) during short test durations (< 3 to
6 months), and then increased to a similar value of ~ 8.5 x 10 cm/s regardless of the
influent concentration after 0.4 yr to 1.6 yrs of permeation. In contrast, hydraulic
conductivity values for specimens of GCL-LQB permeated with 50, 100, and 500 mM
CaCl, solutions were about 2X, 40X, and 200X higher, respectively, than the hydraulic
conductivity of ~ 8.5 x 10 cm/s for the specimens permeated with 5, 10, and 20 mM
CaCl, solutions. All of the physical termination criteria as well as pH and EC equilibrium
were found to be inapplicable, particularly for the specimens permeated with 5, 10, and
20 mM CaCl, solutions. For these specimens, equilibrium in hydraulic conductivity was
not established until equilibrium in the Ca®* concentrations between the effluent and
influent was achieved.

Second, the effect of prehydration was evaluated based on the hydraulic
conductivity tests performed using both non-prehydrated and prehydrated specimens of
GCL-LQB with solutions containing 5, 10, 20, 50, and 100 mM CaCl,. The results
indicated that prehydration had little, if any, effect on hydraulic conductivity of GCL-
LQB for specimens permeated with solutions containing 5 to 50 mM CaCl,. For both
non-prehydrated and prehydrated specimens permeated with a 100 mM CaCl, solution,
the hydraulic conductivity of the non-prehydrated specimen was ~ 3X higher than the
hydraulic conductivity of the prehydrated specimen, indicating that prehydration was a
more significant factor in terms of the hydraulic conductivity of GCL-LQB permeated
with the 100 mM CaCl, solution. The results represent the first evidence that the

previously reported prehydration effect based on fully prehydrated specimens is
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concentration dependent, and may be insignificant when the permeant liquid contains
relatively low concentrations of inorganic solutes.

Third, in terms of the effect of bentonite quality on the hydraulic performance of
GCLs, the GCL containing the higher quality bentonite (GCL-HQB) was found to be
more susceptible to incompatibility in hydraulic conductivity than the GCL with the
lower quality bentonite (GCL-LQB) when permeated with CaCl, solutions. The hydraulic
conductivity for GCL-HQB was ~ 3X lower than the hydraulic conductivity for GCL-
LQB when both GCL specimens were permeated with water. However, for the tests
performed using 5, 10, and 20 mM CaCl, solutions as the permeant liquids, the hydraulic
conductivity for GCL-HQB was ~ 2.3X higher than the hydraulic conductivity for GCL-
LQB, regardless of the concentration. Furthermore, the hydraulic conductivities for GCL-
HQB were about 230X, 100X, and 40X higher than the hydraulic conductivities for
GCL-LQB for the tests performed using 50, 100, and 500 mM CaCl;, solutions as the
permeant liquids, respectively.

Fourth, the solution retention capacity (SRC) values for the two bentonites taken
from GCL-LQB and GCL-HQB measured using water and solutions containing from 5
mM to 500 mM CaCl, were compared with the swell index values for both bentonites
using the same testing liquids. In general, both swell index and SRC decreased with
increase in CaCl, concentration due to a decrease in the thickness of adsorbed layer of the
bentonite particles. However, the SRC approach was shown to have several advantages
relative to the swell index approach, including a shorter testing time, minimal potential
for bentonite loss and entrapped air bubbles, greater measurement accuracy, and less

operator error. The strong correlation between the SRC and swell index suggests that the
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SRC approach may be used as an alternative to the swell index approach for qualitatively
assessing the potential impact of inorganic salt solutions on the hydraulic conductivity of
the GCLs.

Fifth, the results of four index properties, including the liquid limit (LL),
sedimentation volume (SV), swell index (SI), and solution retention capacity (SRC), for
the bentonites from both GCLs using both water and CaCl, solutions containing from 5
mM to 500 mM CaCl, were correlated with the hydraulic conductivity (k) of the same
GCLs permeated with the same solutions. For GCL-LQB, 10X and 100X increases in k
based on permeation with CaCl, solutions relative to water correlated with > 39 % and >
48 % decreases in any index property, respectively, for the same CaCl, solutions relative
to water. However, for GCL-HQB, LL, SV, and SI decreased by < 3 % when the same
CaCl, solution that results in a 10X increase in k relative to water was used, whereas the
CaCl; solution that caused a 100X increase in k also caused a > 31 % decrease in any
index property. Thus, the correlation between a change in index property and a change in
k was a function of the magnitude of the change in k being considered (i.e., 10X and
100X), the index property, and the bentonite quality. Consequently, compatibility in the
index property of bentonites taken from GCLs does not always correlate well with
compatibility in the hydraulic performance of the GCLs.

Sixth, the results of a combined chemico-osmotic/diffusion experiment conducted
on GCL-LQB illustrated the destructive role of diffusion on the ability of the GCL to act
as a semipermeable membrane. A time-dependent membrane efficiency was derived from
measured pressure differences induced across the specimen in response to the applied

concentration difference (i.e., 5 mM CaCly). An initial increase in induced pressure
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difference across the specimen to a peak value of 19.3 kPa was observed, followed by a
gradual decrease to zero. The decrease in induced pressure difference is consistent with
compression of adsorbed layers between clay particles and particle clusters due to
diffusion of Ca®", resulting in concomitant increase in pore sizes and decrease in the
observed membrane behavior. The time required for effective destruction of the initially
observed semipermeable membrane behavior correlated well with the time required to
achieve steady-state Ca’®" diffusion. The results have important implications with respect
to the ability of GCLs to sustain membrane behavior.

Finally, the potential dependency of the termination criteria on the prehydration
and quality of bentonite of GCLs was evaluated based on the tests performed using
solutions containing from 5 mM to 100 mM CaCl, as permeant liquids. For specimens
permeated with 5, 10, and 20 mM CacCl, solutions, only the termination criterion based on
equilibrium between influent and effluent Ca** resulted in equilibrium in hydraulic
conductivity, regardless of prehydration or quality of bentonite. However, for the
specimens permeated with 50 and 100 mM CacCl, solutions, all of the termination criteria,
except some physical criteria (i.e., volumetric flow ratio and two pore volumes of flow)
for the prehydrated specimens, tended to ensure equilibrium in hydraulic conductivity,
regardless of prehydration or quality of bentonite. The results illustrate the uniqueness of
the termination criterion based on solute equilibrium between the effluent and influent

with respect to both prehydration and quality of bentonite in the GCL.
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APPENDIX A

PROPERTIES FOR TESTING LIQUIDS AND METHOD DETECTION LIMITS
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Table A.1 — pH and Electrical Conductivity of Testing Liquids.

pH & Electrical Condutivity (EC) for Testing Liquids
Deijonized Water 5 mM CaCl,
At | T At ECi, At | TAt ECin

Date ( dLys) pHin s | (@sim Comment Date ( da!lys) pHin msim) | @sim) Comment
3/19/2000 0 0 New 3/19/2000 0 Q New
3/20/2000 | 1 1 6.50 0.20 0.0020 3/20/2000 1 1 6.87 122.4 1.224

5/4/2000 | 45 46 6.48 0.26 0.0026 5/4/2000 45 46 6.85 122.6 1.226
7/9/2000 | 66 | 112 | 6.35 0.30 | 0.0030 7/9/2000 | 66 | 112 | 6.61 122.5 1.225
10/20/2000| 103 | 215 | 6.19 0.40 0.0040 10/20/2000] 103 | 215 | 6.35 121.9 1.219
1/3/2001 | 75 | 290 | 6.01 0.36 | 0.0036 1/3/2001 | 75 | 290 | 6.12 122.0 1.220
5/30/2001 | 147 | 437 | 5.74 0.23 | 0.0023 5/30/2001 | 147 | 437 | 5.87 122.2 1.222
9/13/2001 | 106 | 543 | 5.55 0.25 | 0.0025 9/13/2001 | 106 | 543 | 5.66 121.9 1.219
10/14/2001] 31 574 | 595 0.24 0.0024 New 10/14/2001] 31 574 5.68 121.2 1.212
12/16/2001| 63 | 637 574 0.29 0.0029 12/16/2001] 63 637 5.65 122.2 1.222
1/11/2002 | 26 | 663 | 5.42 0.44 | 0.0044 1/11/2002 | 26 | 663 [ 5.61 121.4 1.214 New
2/28/2002 | 48 | 711 5.34 0.12 0.0012 2/28/2002 | 48 | 711 5.67 120.2 1.202
4/1/2002 | 32 | 743 | 5.24 0.09 0.0009 4/1/2002 32 | 743 5.60 121.8 1.218
5/12/2002 | 41 784 | 5.22 0.11 0.0011 5/12/2002 | 41 784 5.65 120.5 1.206
6/20/2002 | 39 | 823 | 5.20 0.156 0.0015 6/20/2002 | 39 823 5.53 121.7 1.217
7/30/2002{ 40 | 863 | 5.09 0.11 0.0011 7/30/2002 | 40 863 5.39 117.7 1.177 New
9/4/2002 { 36 | 899 | 5.20 0.12 0.0012 9/4/2002 36 899 | 5.41 123.3 1.233
10/14/2002} 40 | 939 | 5.29 0.13 | 0.0013 10/14/2002] 40 | 939 | 5.40 125.9 1.259
12/13/2002| 60 | 999 | 5.01 0.34 0.0034 New 12/13/2002| 60 999 | 5.37 124.9 1.249
3/5/2003 | 82 { 1081 | 4.93 0.20 [ 0.0020 3/5/2003 | 82 | 1081} 5.37 120.8 1.208
3/18/2003 | 13 | 1094 3/18/2003 | 13 | 1094 | 5.39 124.3 1.243
4/6/2003 | 19 { 1113 4/6/2003 | 19 | 1113 | 5.58 126.2 1.262
4/28/2003 | 22 | 1135 4/28/2003 | 22 | 1135 5.42 125.0 1.250 New
5/9/2003 11 | 1146 5/9/2003 11 | 1146 | 5.38 125.0 1.250
5/23/2003 | 14 | 1160 5/23/2003 §{ 14 | 1160 | 5.26 125.9 1.259
6/24/2003 | 32 | 1192 6/24/2003 | 32 | 1192 | 5.06 121.0 1.210
Minimum 4.93 0.09 0.0009 Minimum 5.086 117.7 11477
Maximum 6.5 0.44 0.0044 Maximum 6.87 126.2 1.262
Average 5.60 0.23 | 0.0023 Average 5.71 122.58 1.23
SD 0.510 | 0.108 0.001 SD 0.482 2.056 0.021
10 mM CacCl, 20 mM CacCl,
At ] zat ECh At | zat ECi,

Date (Gays) pHin w5y | @sim) Comment Date @ays) pHin msim) | @s/m) Comment
3/19/2000 | 0O 0 New 3/19/2000 | © 0 New
3/20/2000 | 1 1 6.64 234 2.34 3/20/2000 1 1 6.25 444 4.44
5/4/2000 | 45 46 6.66 234 2.34 5/4/2000 45 46 6.28 444 4.44
7/9/2000 | 66 | 112 | 6.41 234 2.34 7/9/2000 66 112 | 6.16 444 4.44
10/20/2000| 103 | 215 | 6.23 234 2.34 10/20/2000] 103 | 215 6.07 445 4.45

1/3/2001 75 | 290 | 6.12 235 2.35 1/3/2001 75 290 | 6.02 445 4.45
5/30/2001 | 147 | 437 | 6.06 235 2.35 5/30/2001 | 147 | 437 5.97 446 4.48
9/13/2001 | 106 | 543 | 5.74 235 2.35 9/13/2001 | 106 | 543 5.88 447 4.47
10/14/2001] 31 574 | 5.73 234 2.34 10/14/2001| 31 574 | 6.30 446 4.46 New
12/16/2001| 63 | 637 5.74 235 2.35 12/16/2001| 63 | 637 | 6.29 449 4.49
1/11/2002 | 26 | 663 | 6.08 234 2.34 New 1/11/2002 | 26 | 663 | 6.27 458 4.58
2/28/2002 | 48 | 711 | 6.22 231 2.31 2/28/2002 | 48 | 711 | 6.32 442 4.42
4/1/2002 | 32 | 743 | 6.10 232 2.32 4/1/2002 | 32 | 743 | 6.23 459 4.59
5/12/2002 | 41 | 784 | 6.16 232 2.32 5/12/2002 | 41 | 784 | 6.34 443 4.43
6/20/2002 | 39 | 823 | 6.03 231 2.31 6/20/2002 | 39 823 573 431 4.31 New
7/30/2002 | 40 | 863 | 5.60 228 2.28 New 7/30/2002 | 40 | 863 | 5.88 433 4.33
9/4/2002 | 36 | 899 | 5.65 237 2.37 9/4/2002 36 899 5.69 445 4.45
10/14/2002| 40 | 939 | 5.57 240 2.40 10/14/2002] 40 939 5.66 451 4.51
12/13/2002] 60 | 999 | 5.57 234 2.34 12/13/2002] 60 999 | 5.59 449 4.49
3/6/2003 | 82 [ 1081 | 5.48 230 2.30 3/5/2003 82 | 1081 | 5.52 432 4.32
Minimum 5.48 228 2.28 Minimum 5.52 431 4.31
Maximum 6.66 240 2.4 Maximum 6.34 459 4.59
Average 5.98 | 233.63 | 2.34 Average 6.01 444.89 4.45
SD 0.364 | 2.629 | 0.026 SD 0.287 | 7.317 0.073
Al
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50 mM CacCl, 100 mM CaCl,
At | T A ECi At | AL ECn
Date (dgys) pHin mSim) | (@sim) Comment Date ( d:lzlys) PHin (msim) | @sim) Comment
2/27/2002 | 0 0 New 6/28/2002| 0 0 New
2/28/2002 | 1 1 5.86 1027 | 10.27 7/10/2002 | 12 12 5.88 1973 19.73
4/1/2002 | 32 | 33 5.92 1033 [ 10.33 7/24/2002 | 14 26 5.79 1960 19.6
5/12/2002 | 41 74 5.89 1033 [ 10.33 9/4/2002 | 42 68 5.95 2030 20.3
6/20/2002 | 39 | 113 | 5.69 1038 [ 10.38 10/14/2002| 40 | 108 | 5.85 2040 20.4
7/10/2002 | 20 | 133 | 5.84 1042 | 10.42 12/13/2002| 60 | 168 | 5.69 1946 19.46
7/24/2002 | 14 | 147 | 5.48 1036 [ 10.36 3/56/2003 | 82 | 250 | 5.63 2040 20.4
9/4/2002 | 42 | 189 | 5.61 1112 | 1112 3/13/2003 | 8 258 | 5.71 1923 19.23
10/14/2002| 40 | 229 | 5.60 1101 11.01 3/16/2003 | 3 261 | 5.70 1918 19.18
12/13/2002] 60 | 289 | 5.50 1068 10.68 New 3/18/2003 | 2 263 | 5.70 1917 19.17
3/5/2003 | 82 | 371 | 5.53 1027 10.27 4/6/2003 | 19 | 282 | 5.71 1913 19.13
3/16/2003 | 11 | 382 | 558 | 1030 10.3 4/26/2003 | 20 | 302 | 6.04 1934 19.34 New
3/18/2003 2 384 5.58 1027 10.27 5/9/2003 13 315 6.02 1926 19.26
4/6/2003 | 19 | 403 | 5.60 { 1020 10.2 5/23/2003 | 14 | 329 | 5.88 1935 19.35
4/26/2003 | 20 | 423 | 577 | 1031 10.31 New Minimum 5.630 |1913.000] 19.130
5/9/2003 | 13 | 436 | 579 | 1027 10.27 Maximum 6.040 | 2040.000] 20.400
5/23/2003 | 14 | 450 | 5.66 1031 10.31 Average 5.81 | 1958.08 | 19.58
6/5/2003 | 13 | 463 | 5.74 1029 | 10.29 SD 0.135 | 48.015 | 0.480
6/24/2003 | 19 | 482 | 5.61 1027 10.27
500 mM CacCl,
At | Tat ECin
Date @ays) pHin msim) | @sim) Comment
3/1/2003 0 0 New
3/5/2003 4 4 6.33 7730 77.3
3/13/2003 ] 8 12 6.25 7740 77.4
3/16/2003 | 3 15 6.30 7680 76.8
3/18/2003 | 2 17 6.31 7690 76.9
3/29/2003 | 11 28 6.22 7690 76.9
4/6/2003 8 36 6.25 7670 76.7
4/21/2003 | 15 51 6.18 7680 76.8
4/28/2003 | 7 58 6.75 7670 76.7 New
5/5/2003 7 65 6.72 7670 76.7
5/23/2003 | 18 83 6.71 7720 77.2
6/5/2003 | 13 96 6.69 7670 76.7
6/24/2003 | 19 | 115 | 6.70 7700 77
Minimum 5.48 1020 10.2 Minimum 6.18 | 7670.00 | 76.70
Maximum 5.92 1112 11.12 Maximum 6.75 | 7740.00 | 77.40
Average 5.68 |1041.06] 10.41 Average 6.45 | 7692.50 | 76.93
SD 0.138 | 25.917 | 0.259 SD 0.236 | 24.909 | 0.249
A2




Table A.2 — Solute Concentrations of Testing Liquids.
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Solute Concentrations for Testing Liquids
5 mM CaCl,
Date At | =zt mg) [ (mm) mo) [ (mM) | (MMcwce Comment
(days) Ca Cl
10/1/2000 196 196 223.0 5.564 357 10.07 5.035
11/1/2000 31 227 240.0 5.988 366 10.32 5.162
12/1/2000 30 257 222.0 5.539 350 9.872 4.936
1/13/2001 43 300 219.4 5.474 440 12.41 6.205
3/25/2001 71 371 221.9 5.535 442 12.47 6.234
5/23/2001 59 430 218.2 5.444 456 12.86 6.431
10/14/2001 144 574 209.0 5.214 365 10.30 5.148
1/21/2002 99 673 209.9 5.237 363 10.23 5.116
4/20/2002 89 762 203.4 5.076 353 9.968 4.984
5/31/2002 41 803 210.2 5.245 370 10.44 5.218
7/1/2002 31 834 207.5 5.177 362 10.20 5.099
8/6/2002 36 870 205.3 5.123 356 10.03 5.015
10/2/2002 57 927 212.9 5.312 344 9.69 4.847
4/28/2003 208 1135 220.1 5.492 352 9.93 4.965
Average 215.9 5.387 376.8 10.63 5.314
Sb 9.62 0.24 38.30 1.08 0.54
10 mM CaCl,
Date At | sat mg) [ (mM) mgt) | (mM) | (mMcace Comment
(days) Ca Cl
10/1/2000 36800 36800 464.0 11.58 730 20.59 10.30
11/1/2000 31 36831 467.0 11.65 764 21.55 10.77
12/1/2000 30 36861 464.0 11.58 709 20.00 10.00
1/13/2001 43 36904 469.9 11.72 892 25.16 12.58
3/25/2001 71 36975 464.8 11.60 801 22.59 11.30
5/23/2001 59 37034 473.3 11.81 858 24.20 12.10
10/14/2001 144 37178 423.1 10.56 722 20.38 10.19
1/21/2002 99 37277 416.1 10.38 706 19.90 9.95
4/20/2002 89 37366 403.8 10.07 703 19.83 9.91
5/31/2002 41 37407 414.4 10.34 712 20.10 10.05
7/1/2002 31 37438 411.8 10.27 704 19.86 9.93
8/6/2002 36 37474 405.2 10.11 702 19.79 9.90
10/2/2002 57 37531 395.7 9.87 691 19.50 9.75
Average 436.4 10.888 745.8 21.04 10.518
SD 30.45 0.76 64.98 1.83 0.92
20 mM CaCl,
Date A | zat mg) [ (mm) mgl) | mM) | (MM)cacs Comment
(days) Ca Ci
10/1/2000 36800 36800 979.0 24.427 1393 39.29 19.65
11/1/2000 31 36831 999.0 24.926 1395 39.35 19.67
12/1/2000 30 36861 994.0 24.802 1405 39.63 19.82
1/13/2001 43 36904 893.4 22,292 1521 42.90 21.45
3/25/2001 71 36975 877.4 21.892 1617 45.61 22.81
5/23/2001 59 37034 898.2 22.411 1743 49.16 24.58
10/14/2001 144 37178 849.1 21.186 1456 41.07 20.54
1/21/2002 99 37277 835.4 20.844 1440 40.63 20.32
4/20/2002 89 37366 813.6 20.300 1410 39.77 19.89
5/31/2002 41 37407 819.3 20.443 1419 40.04 20.02
7/1/2002 31 37438 805.5 20.098 1388 39.156 19.57
8/6/2002 36 37474 804.4 20.071 1387 39.12 19.56
10/2/2002 57 37531 772.2 19.267 1365 38.50 19.25
Average 872.3 21.766 1456.9 41.09 20.547
Sb 76.72 1.91 109.62 3.09 1.55
A3
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50 mM CacCl,
e A At (mgl) [ (mw) (mg/L) (mb) | (mM)eace Comment
(days) Ca Cl
4/20/2002 52 52 2022 50.45 3469 97.86 48.93
5/31/2002 41 93 2008 50.09 3649 102.9 51.46
71112002 31 124 2032 50.70 3564 100.5 50.27
8/6/2002 36 160 1950 48.65 3438 96.98 48.49
10/2/2002 57 217 2140 53.38 3512 99.06 49.53
3/11/2003 160 377 2032 50.70 3568 100.64 50.32
4/9/2003 29 406 2075 51.77 3520 99.28 49.64
4/28/2003 19 425 2131 53.17 3616 102.00 51.00
5/25/2003 27 452 2108 52.60 3595 101.40 50.70
Average 2055.2 51.3 3548.0 100.1 50.0
SD 62.85 1.57 68.91 1.94 0.97
100 mM CaCl,
Date At | zat (mgl) [ (mM) (mg/L) (mM) | (MM)cece Comment
(days) Ca Cl
8/6/2002 39 39 3905 97.44 6966 196.5 98.25
10/2/2002 57 96 4276 106.69 7161 202.0 100.99
3/11/2003 160 256 4099 102.28 6927 195.4 97.69
4/9/2003 29 285 3983 99.38 6960 196.3 98.16
4/28/2003 19 304 4106 102.45 7046 198.7 99.37
5/25/2003 27 331 4061 101.33 7121 200.9 100.43
Average 4072 101.59 7030 198.30 99.15
SD 126.04 3.14 95.09 2.68 1.34
500 mM CaCl,
Date At | zat mg) | (mM) (mg/L) mM) | (mMM)cac Comment
(days) Ca Cl
7/1/2002 11 11 19504 486.7 34619 976.5 488.2
3/11/2003 10 21 20312 506.8 35939 1013.7 506.9
4/9/2003 29 50 20780 518.5 35936 1013.6 506.8
4/28/2003 19 69 20384 508.6 36567 1031.4 515.7
5/25/2003 27 96 20464 510.6 35714 1007.4 503.7
Average 20289 506.23 35755 1008.53 504.26
SD 473.68 11.82 710.27 20.03 10.02
A4




Table A.3 — Method Detection Limit for Calcium, Sodium, and Chloride.

Method Detection Limit (MDL) Determination
MDL for Calcium (EPA Method 200.7)

MDL for Sodium (EPA Method 200.7)

Standard Sample Intensity Standard Sample Intensity
Conc (ppm) No. Ratio (IR) Conc (ppm) No. Ratio (IR)
0 Cal 0.63453 0 Na0Q -2.147
1 Cai 10.2575 1 Na1 -1.133
2 Ca2 19.1659 2 Na2 -0.0055
3 Ca3 30.9463 3 Na3 1.019
Standard Sample Conc Standard Sample Conc
Conc (ppm) No. (ppm) Conc (ppm) No. (ppm)
0.5 MDLP50-1 0.4523 0.5 MDLP50-1 0.5711
0.5 MDLP50-2 0.4436 0.5 MDLP50-2 0.585
0.5 MDLP50-3 0.4418 0.5 MDLP50-3 0.4169
0.5 MDLP50-4 0.4455 0.5 MDLP50-4 0.5162
0.5 MDLP50-5 0.4559 0.5 MDLP50-5 0.4232
0.5 MDLP50-6 0.4474 0.5 MDLP50-6 0.5252
0.5 MDLP50Q-7 0.4462 0.5 MDLP50-7 0.4859
Mean = 0.4475 Mean = 0.5034
SD = 0.0049 SD = 0.0660
te.0=0.01 = 3.143 t6,0=0.01 = 3.143
MDL (ppm) = 0.02 MDL (ppm) = 0.2
MDL for Chloride (EPA Method 300.0)
Standard Sample Area of Spectrum
Conc (ppm) No. (A)
0 CIlo 171
1 CI1 14075
2 Cl2 28289
3 CI3 43725
Standard Sample Conc
Conc (ppm) No. (ppm)
0.5 MDLP50-1 0.479612018
0.5 MDLP50-2 0.487955265
0.5 MDLP50-3 0.515974669
0.5 MDLP50-4 0.50130446
0.5 MDLP50-5 0.489554387
0.5 MDLP50-6 0.479542491
0.5 MDLP50-7 0.502416893
Mean = 0.49376574
SD = 0.013410425
te.0=0.01 = 3.143
MDL (ppm) = 0.04

A5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




APPENDIX B

EVAPORATION AND TEMPERATURE MEASUREMENTS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table B.1 — Evaporation and Temperature Measurements.

Measurement of Evaporation Rate for Influent Burette and Effluent Cylinder Laboratory Temperature
a | sat Buret Cylinder Total Measmt | Days JAvgT| SD [Freqnd
Date &Time Read{ARead]| TA | ER |Avg ER|Read|ARead| A| ER [AvgER 574 | 285 [ 229 024 [ 2.01
(days)| (days) (mL/d)] (mLidy (mL/d){ (mL/d)

4/2/2000 20:05 | 0.00 | 0.00 | 2.60 96.7 Date &Time Meas'mt] At Z At T
4/3/200019:50 | 0.99 | 099 | 275) 015 | 0.15]0.152 | 0162 | g6.7| 0.0 | 0.0 0.000 | 0.000 Number | (days) | (days){ (°C)
4/4/2000 12:40 | 0.70 | 169 | 2.85] 0.10 | 0.25]0.143 | 0.148 | 86.7| 0.0 | 0.0 | 0.000 | 0.000 || 12/24/2002 9:00 1 0.00 | 0.00 | 23.0
4/56/200020:20 | 1.32 | 3.01 | 3.10) 0.25 | 0.50 ] 0.189 | 0.166 | 96.6] 0.1 | 0.1]0.076 | 0.033 || 12/24/2002 21:17 2 0.51 | 0.51 | 228
4/9/20008:12 | 349 | 650 1349 | 039 | 089 0112] 0137 | 96.5] 0.1 | 0.2]0.029| 0.031 || 12/25/2002 9:50 3 0.52 | 1.03 | 230
4/11/200010:17 | 2.09 | 859 | 3.75| 0.26 | 1.156}10.125) 0.134 [96.5| 0.0 | 0.2 [ 0.000 | 0.023 || 12/25/2002 21:10 4 047 | 1.51 | 22.8
4/15/2000 8:08 | 3.91 | 12.50 [ 4.20 | 0.45 | 1.60}j0.115] 0.128 | 96.4| 0.1 | 0.3 | 0.026 [ 0.024 || 12/26/2002 10:05 5 0.54 | 2.05 | 23.0
4/16/2000 18:10 { 1.42 | 13.92 [ 439 | 019 | 1.79]0.134 | 0.129 | 96.4| 0.0 | 0.3 | 0.000 [ 0.022 || 12/26/2002 21:57 6 0.49 | 2.54 | 228
4/18/2000 18:50 | 2.03 | 1595 | 4.60| 021 | 200} 0.104] 0.125 [96.3| 0.1 | 0.4 ) 0.049 | 0.025 |}12/27/2002 10:42 7 0.53 | 3.07 | 23.0
4/22/2000 15:50 | 3.88 | 19.82 | 510 | 0.50 | 2.50 | 0.129] 0.126 [ 96.0| 0.3 | 0.7 { 0.077 | 0.035 || 12/27/2002 22:40 8 0.50 | 3.57 | 22.8
4/28/200012:30 | 5.86 | 25.68 | 5.73 | 0.63 | 3.1310.107] 0.122 [ 959| 0.1 } 0.8 ]0.017} 0.031 1/3/2003 17:40 9 6.79 | 10.36 | 22.5
4/29/2000 15:52 | 1.14 } 26.82 | 5.87 | 0.14 13.27 | 0123 ]| 0.122 |959| 0.0 | 0.8 0.000] 0.030 1/4/2003 7:15 10 0.57 | 10.93 ] 22.8
5/2/2000 5:12 2.56 | 2038 1 6.13 | 026 | 353]0.102| 0.120 | 95.7| 0.2 [1.0]0.078] 0.034 1/4/2003 17:45 11 044 | 11.36 | 22.5
5/3/2000 10:11 | 1.21 | 3058 | 6.27 | 0.14 | 367 | 0.116]| 0120 |956( 0.1 | 1.1]0.083 | 0.036 1/5/2003 11:10 12 0.73 | 1209 ] 228
5/4/2000 22:05 | 1.50 | 32.08 | 6.40 | 0.13 | 3.8010.087 | 0.118 [ 856 0.0 | 1.1 ]| 0.000} 0.034 1/6/2003 21:25 13 0.43 } 12.52 | 22.5
5/8/2000 8:27 3.43 | 355216.70] 030 {410{0.087| 0115 | 955| 01 |1.2]0.028} 0.034 1/6/2003 13:45 14 068 | 13.20 | 23.0
5/9/2000 10:35 | 1.09 {3660 | 6.81 ) 0.11 | 421 | 0.101] 0.115 | 854] 0.1 | 1.3]0.092 | 0.036 1/7/2003 8:10 15 0.81 ] 14.01] 23.0
5/11/2000 15:00 | 2.18 { 38.79 | 7.01 | 0.20 | 441 [0.092} 0.114 1953 0.1 1.4 1 0.046 | 0.036 1/8/2003 14:00 16 120 [ 1521 | 225
5/14/2000 9:16 | 2.76 | 4165 [7.33 ) 0.32 | 473 | 0116} 0.114 | 85.2] 0.1 1.5 ] 0.036 | 0.036 1/9/2003 9:45 17 0.82 | 16.03 | 23.0
5/19/2000 17:40 | 5.35 | 46.9017.89 | 0.56 | 529 | 0.105} 0.113 | 95.0{ 02 | 1.7 | 0.037 ] 0.036 || 1/10/2003 13:35 18 1.16 ] 17.19 | 23.0
5/20/20009:55 | 0.68 | 47.58 1 7.94 | 0.05 | 534 [ 0.074] 0.112 {95.0{ 0.0 |1.7]0.000] 0.036 || 1/11/2003 19:30 19 1.25 | 1844 | 228
5/21/20006:42 | 0.87 | 48441802 0.08 | 542 }0.092] 0.112 195.0| 00 }1.7)0.000] 0.035 |} 1/12/2003 13:07 20 0.73 | 1917 | 23.0
5/22/20009:53 | 1.13 | 49.58 (811 ] 0.09 | 55110079 | 0.111 |949| 01 |{1.8[0.088} 0.036 [{ 1/13/2003 13:41 21 1.02 | 20.20 | 23.0
5/23/2000 11:44 | 1.08 | 50.65 | 8.21 | 0.10 | 561 j0.093 | 0.111 [94.9| 0.0 | 1.8 ] 0.000| 0.036 1/14/2003 4:10 22 0.60 | 20.80 | 22.8
5/25/200010:45 | 1.96 | 5261 | 840 | 0.19 } 5.80]0.097 | 0.110 [ 94.8]| O.1 1.9 ] 0.051 | 0.036 1/15/2003 13:13 23 1.38 | 2218 | 22.7
5/29/2000 12:40 | 4.08 | 56.69 | 8.82 | 0.42 | 6.22 | 0.103| 0.110 | 94.7]| 0.1 | 2.0] 0.025| 0.035 1/16/2003 2:15 24 0.54 | 22.72 | 23.0
5/30/2000 10:15 | 0.90 | 57.58 | 8.90 | 0.08 | 6.30 1 0.089 | 0.109 | 94.7| 0.0 | 2.0 0.000| 0.035 (| 1/17/2003 15:00 25 1.53 | 24.25 | 22.9
6/1/2000 11:45 | 2.06 | 59.65]9.04} 0.14 | 644 | 0.068| 0108 | 946} 0.1 | 2.1|0.048| 0.035 (| 1/19/2003 14:24 26 1.97 | 26.22 | 22.6
6/2/2000 20:05 | 1.35 | 61.00 1 9.19 | 0.15 [ 6.59 | 0.111 [ 0.108 | 94.5] 0.1 [ 2.2 0.074| 0.036 1/23/2003 9:37 27 3.80 | 30.03 | 231
6/3/2000 18:30 | 0.93 | 61.93 { 9.21 | 0.02 [ 661 ]| 0.021 | 0107 | 945} 0.0 | 2.2 [0.000| 0.036 (| 1/24/2003 16:44 28 1.30 | 31.32 | 22.7
6/4/2000 16:35 | 0.88 } 62.81 | 9.32 | 0.11 | 6.72 ] 0.125| 0.107 {844} 0.1 | 23] 0.114] 0.037 1/25/2003 10:30 29 0.74 | 32.06 | 228
6/5/2000 21:50 | 1.26 } 64.07 { 943} 0.11 | 6.83 | 0.087 | 0.107 {944} 0.0 | 23} 0.000] 0.036 || 1/26/2003 10:00 30 0.98 | 33.04 | 228
6/7/200017:05 | 1.80 1658819531 0.10 | 6.93 ] 0.055| 0.105 {84.3} 0.1 | 24} 0.055] 0.036 1/27/2003 8:42 31 0.95 | 33.99| 228
6/10/2000 19:53 | 3.12 | 68.99 | 9.83 | 0.30 | 7.23 | 0.096) 0.105 [94.3| 0.0 |24 {0.000| 0.035 || 1/28/2003 12:32 32 1.16 | 35.16 | 2286
6/14/2000 0:13 | 3.18 | 72,17 |10.13] 0.30 | 7.563 | 0.094 | 0.104 |84.2] 0.1 | 2.5]0.031 | 0.035 1/29/20083 8:27 33 0.83 | 3598 | 228
6/16/2000 20:35 | 1.85 | 74.02 |10.30f 0.17 | 7.70 [ 0.092 | 0.104 [941{ 01 | 2.6]0.054 | 0.035 {| 1/31/2003 10:25 34 2.08 {38061 22.7
6/16/2000 21:50 | 1.05 | 75.07 ]10.40{ 0.10 | 7.80 | 0.095} 0.104 | 94.0] 01 [27{0.095] 0.036 2/1/2003 10:05 35 0.99 { 39.05 | 22.7
6/18/2000 10:46 | 1.54 | 76.61 110.55] 0.15 | 7.95| 0.097 | 0.104 [ 94.0] 00 [ 2.7 0.000] 0.035 2/3/2003 8:32 36 1.94 140.98 | 22.8
6/19/20009:35 | 0.95 | 77.56 [10.60)| 0.05 } 8.00 | 0.053 | 0.103 | 84.0] 0.0 |2.7|0.000 | 0.035 2/4/2003 9:13 37 1.03 | 42.01 | 229
6/20/2000 19:35 | 1.42 | 78.98 |10.72| 0.12 1 8.12|0.085] 0.103 [939| 01 |28 0.071| 0.035 2/5/2003 8:37 38 0.97 | 4298 | 22.9
6/21/200022:50 | 1.14 | 80.11 [10.81| 0.09 } 8.21 | 0.078 | 0.102 [93.9| 0.0 | 2.8 | 0.000| 0.035 2/6/2003 9:08 39 1.02 | 44.01 | 23.0
6/22/2000 16:10 | 0.72 | 80.84 (10.89| 0.08 ; 8.29 | 0.111[ 0.103 | 93.9| 0.0 [ 2.8 0.000| 0.035 21712003 22:10 40 1.54 | 45655} 23.0
6/24/20007:15 | 1.63 | 82.47 [11.02] 0.13 } 842 0.080| 0.102 | 93.8| 0.1 | 2.9 0.061| 0.035 2/8/2003 14:14 41 0.67 | 46.22 | 243
6/25/2000 20:05 | 1.53 | 8400 {11.15| 013 | 8.55{0.085| 0102 | 93.8| 0.0 | 2.9 0.000} 0.035 2/9/2003 13:29 42 0.97 | 47.19 | 23.7
6/26/2000 8:35 | 0.52 | 84.52 {11.18] 0.03 | 8.58 | 0.058 | 0.102 [ 93.8}4 0.0 | 2.9]0.000] 0.034 || 2/10/2003 13:32 43 1.00 | 48.19 ] 23.1
6/27/2000 0:25 | 0.66 | 85.18 {11.22| 0.04 | 8.62 | 0.061 [ 0.101 [ 93.7} 0.1 [3.0]0.152] 0.035 2/11/2003 9:33 44 0.83 { 49.02 | 23.3
6/27/2000 20:10 | 0.82 | 86.00 |11.30] 0.08 | 8.70 | 0.097 | 0.101 | 93.7| 0.0 | 3.0]0.000] 0.035 (| 2/12/2003 18:48 45 1.39 | 50414 23.0
6/28/2000 18:00 | 0.91 | 86.91 111.34] 0.04 | 8.74 | 0.044 [ 0.101 [ 93.7} 0.0 | 3.0 ] 0.000| 0.035 || 2/15/2003 17:17 46 294 | 53.35| 23.0
6/30/2000 23:55 | 2.25 | 89.16 111.50f 0.16 | 8.90 | 0.071| 0.100 [936] 0.1 3.1 10.045] 0.035 || 2/16/2003 17:19 47 1.00 | 54.35 | 23.2
71212000 20:45 { 1.87 | 91.03 [11.56] 0.06 | 8.96 | 0.032 | 0.098 | 93.6| 0.0 { 3.1 | 0.000| 0.034 || 2/17/2003 17:13 48 1.00 | 55.34 | 22.8
7/3/2000 11:56 | 0.63 | 9166 [11.65| 0.09 | 9.0510.142| 0.099 |93.6| 0.0 { 3.1 [0.000] 0.034 (| 2/18/2003 16:16 49 0.96 | 56.30 | 229
714/2000 10:35 | 0.94 { 92.60 [11.70| 0.05 | 9.10 | 0.053 { 0.088 | 93.5| 0.1 3.2 10106 | 0.035 2/19/2003 9:37 50 0.72 | 657.03 | 229
7/7/2000 18:50 | 3.34 | 95.95 |11.89| 0.19 | 9.2910.057 ) 0.097 | 934| 0.1 |3.3]0.030( 0.034 || 2/20/2003 13:43 51 1.17 | 58.20 § 23.0
7/8/2000 16:05 | 0.89 | 96.83 |11.97| 0.08 | 9.37 ] 0.090 | 0.097 [ 934 0.0 {3.3|0.000| 0.034 [{ 2/21/2003 12:45 52 0.96 | 59.16 ) 22.9
7/10/2000 0:30 | 1.35 | 98.18 |12.09{ 0,12 | 9.49 | 0.089 | 0.097 {93.4| 0.0 | 3.3 ] 0.000{ 0.034 |{ 2/22/2003 12:54 53 1.01 § 60.16 { 22.9
7/11/2000 9:10 | 1.36 | 99.55 {12.14] 0.05 | 9.54 | 0.037 | 0.096 | 93.4) 0.0 | 3.3 | 0.000 | 0.033 {| 2/23/2003 14:14 54 1.06 16122 ] 23.0
7/12/2000 21:20 | 1.51 {101.05{12.27] 0.13 | 9.67 | 0.086 | 0.096 }93.3| 0.1 [3.4]0.066 0.034 2/24/2003 8:28 55 0.76 {6198 | 23.2
7/14/2000 22:08 | 2.03 {103.09]/12.37] 0.10 | 9.77 | 0.049 | 0.095 j93.2] 0.1 [ 3.5]0.048| 0.034 }} 2/25/2003 17:01 56 1.36 ] 63.33 | 23.0
7/16/2000 1:50 | 1.15 {104.24112.44] 0.07 | 9841 0.061} 0.094 | 93.2| 0.0 |3.5]0.000| 0.034 j} 2/27/2003 19:20 57 210 [ 6543 | 228
7/18/2000 11:25 | 2.40 ]1106.64112.60{ 0.16 |10.00; 0.067 § 0.094 1 93.1| 0.1 | 3.6 ]0.042 | 0.034 || 2/28/2003 17:13 58 091 | 6634 | 229
7/21/20007:25 | 2.83 |109.47|12.75] 0.15 110.15]) 0.053 | 0.093 | 93.1| 0.0 | 3.6 0.000} 0.033 3/1/2003 10:03 59 0.70 | 67.04 | 22.8
7/23/2000 5:28 | 1.92 [111.39|12.91] 0.16 [10.31|0.083[ 0.093 |930]| 04 |3.7[0.052] 0.033 3/3/2003 8:35 60 194 | 68.08 | 22.8
7/24/200022:15 | 1.70 |113.09}13.03} 0.12 |10.43|0.071) 0.092 [92.9| 0.1 | 3.8 ]| 0.059| 0.034 3/5/2003 14:00 61 223 | 7121 23.0
7/26/20006:50 | 1.36 |114.45]13.10f 0.07 |10.50]| 0.052 | 0.092 {92.9| 0.0 | 3.8 | 0.000} 0.033 3/6/2003 11:01 62 0.88 | 72.08 | 22.8
7/28/20007:00 | 2.01 1116.45|13.25§ 0.15 |10.65]| 0.075| 0.091 182.9| 0.0 | 3.8 | 0.000) 0.033 3/7/2003 9:48 63 0.95 | 73.03 | 227
8/1/2000 16:05 | 4.38 }[120.83{13.49] 0.24 |10.89]| 0.055| 0.090 {92.8| 0.1 | 3.9 0.023} 0.032 3/8/2003 17:00 64 1.30 | 74.33] 226
8/3/2000 7:00 1.62 1122.46113.67| 0.18 §11.07{ 0.111] 0.090 (92.8| 0.0 | 3.9 (0.000| 0.032 3/9/2003 10:25 65 0.73 | 75.06 | 22.7
8/4/2000 0:20 0.72 [123.18/13.70] 0.03 |11.10] 0.042{ 0.080 | 92.8| 0.0 | 3.9 | 0.000| 0.032 3/10/2003 9:10 66 0.95 | 76.01 | 22.7
8/6/2000 0:10 1.99 |126.17(13.81] 0.11 [11.21] 0.055| 0.080 | 92.8| 0.0 { 3.9 [ 0.000| 0.031 3/11/2003 10:12 67 1.04 | 77.05 | 23.0
8/7/2000 4:20 1.17 | 126.34/13.90| 0.09 {11.30] 0.077 | 0.089 [ 92.8| 0.0 | 3.9 0.000 | 0.031 3/12/2003 9:43 68 0.98 | 78.03 | 229
8/7/200017:36 | 0.55 [126.90(13.90| 0.00 §11.30| 0.000| 0.089 | 92.8( 0.0 | 3.9 0.000| 0.031 3/13/2003 7:42 69 0.92 | 78.95]| 23.0
8/9/2000 13:10 | 1.82 |128.71}14.00] 0.10 |11.40]| 0.055| 0.089 | 92.7] 0.1 | 4.0 | 0.055| 0.031 3/14/2003 7:35 70 1.00 | 79.94 | 23.0
8/10/2000 12:10 | 0.96 [129.67|14.22( 0.22 |11.62]| 0.230§ 0.090 }92.7| 0.0 | 4.0]0.000| 0.031 3/15/2003 6:40 71 0.96 | 80.90 | 228

B.1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




8/12/2000 23:56 | 2.49 }132.16{14.30{ 0.08 |111.70| 0.032| 0.080 | 92.5| 0.2 | 4210.080] 0.032 || 3/16/2003 6:50 72 1.01 | 8191} 227

8/14/2000 18:40 | 1.78 |133.94{14.34| 0.04 |11.74]| 0.022 ] 0.088 [ 92.2| 0.3 | 45]0.168 | 0.034 }} 3/16/2003 17.56 73 0.46 | 8237 | 23.0

8/156/2000 12:30 | 0.74 |134.68|14.42| 0.08 {11.82{ 0.108 | 0.088 | 92.1| 0.1 | 4.6]0.135]| 0.034 3/17/2003 8:18 74 0.60 | 8297 | 228

8/16/2000 22:00 | 0.40 | 135.08]14.43| 0.01 111.831 0.025| 0.088 | 92.1| 0.0 {4.6 | 0.000} 0.034 || 3/17/2003 17:35 75 0.39 | 83.36 | 228

8/19/2000 4:50 | 3.28 }1138.36[14.69; 0.26 |12.09]| 0.079| 0.087 {821 0.0 | 4.6 0.000| 0.033 3/18/2003 7:20 76 0.57 | 83.93| 23.0

8/20/2000 10:30 | 1.24 1139.60114.79] 0.10 112.19|0.081]| 0.087 192.0] 0.1 [4.7(0.081] 0.034 || 3/18/2003 14:14 77 0.29 | 8422 | 23.0

8/22/2000 7:00 | 1.85 {141.45|14.90] 0.11 |12.30| 0.059{ 0.087 1920} 0.0 |4.7{0.000] 0.033 3/19/2003 6:50 78 069 | 8491 | 23.2

8/23/2000 8:40 | 1.07 |142.562115.00] 0.10 |12.40| 0.094 | 0.087 | 92.0] 0.0 [ 4.7 [ 0.000] 0.033 || 3/19/2003 17:13 79 043 ] 8534 | 23.0

8/24/2000 8:25 | 0.99 |143.51|15.05{ 0.05 |12.45| 0.051 | 0.087 | 92.0] 0.0 | 4.7 | 0.000 | 0.033 || 3/20/2003 4:55 80 049 | 86.83 | 227

8/27/2000 18:35 | 3.42 [146.94115.30] 0.25 |112.70|/ 0.073 ] 0.086 | 919] 0.1 [ 4.8 0.029] 0.033 || 3/20/2003 14:20 81 0.39 | 86.22 1 233

8/30/20009:30 | 2.62 |149.56115.46] 0.16 |12.86]| 0.061| 0.086 | 91.9] 0.0 |4.8]0.000] 0.032 3/21/2003 7:30 82 0.72 | 86.94 | 23.2

8/30/2000 23:15 | 0.57 {150.13{15.50] 0.04 112,90/ 0.070| 0.086 | 91.9] 0.0 {4.8]0.000] 0.032 || 3/21/2003 21:00 83 0.56 | 87.50 | 23.0

9/1/20007:00 | 1.32 |151.45|15.60| 0.10 [13.00]{ 0.076 | 0.086 | 91.8| 0.1 | 4.9]0.076| 0.032 |} 3/22/2003 600 84 0.38 | 87.88 | 231

9/2/200021:56 | 1.62 |153.08|15.69| 0.09 |13.09}10.055| 0.086 |91.7| 0.1 | 50]0.062| 0.033 || 3/22/2003 18.00 85 0.50 [ 88.38 | 228

9/4/2000 9:00 1.46 [154.64|15.80]| 0.11 |13.2010.075{ 0.085 | 916] 0.1 | 5.1 | 0.068 | 0.033 3/23/2003 5:50 86 049 | 88.87 | 23.1

9/5/2000 21:10 | 1.51 |156.05|16.93| 0.13 |13.33/ 0.086] 0.085 [91.6( 0.0 |} 5.1]0.000| 0.033 || 3/23/2003 17:5C 87 0.50 | 89.37 | 22.7

9/8/2000 10:556 | 2.57 |158.62|16.11| 0.18 |13.51{ 0.070] 0.085 | 915 0.1 {5.2]0.039| 0.033 3/24/2003 5.00 88 0.47 | 89.83 | 23.0

9/10/2000 6:20 | 1.81 |160.43)|16.27| 0.16 |13.6710.088 | 0.085 [ 914 0.1 |5.3]0.055| 0.033 [} 3/24/2003 17.00 89 0.50 | 90.33 | 228

9/11/2000 2:56 | 0.86 |161.28|16.31 0.04 113.7110.047 | 0.085 | 914 0.0 | 5.3 ] 0.000| 0.033 3/26/2003 6:00 90 0.54 | 90.88 | 23.1

9/13/2000 9:15 | 2.26 |163.55[16.54] 0.23 [13.94]0.102 ]| 0.085 [91.3| 01 {54]0.044] 0.033 || 3/25/2003 16:00 91 042 | 9129 23.0

9/13/2000 17:03 | 0.33 |163.87|16.57| 0.03 }13.97] 0.082 | 0.085 | 91.3| 0.0 | 54| 0.000| 0.033 3/26/2003 7:00 92 063 | 91982} 23.0

9/14/2000 7:00 | 0.58 |164.45]16.60{ 0.03 [14.0010.052 | 0.085 [91.2| 01 | 55]0.172} 0.033 [{ 3/26/2003 18:43 93 0.49 | 9240} 229

9/16/20006:56 | 2.00 | 166.45]16.79] 0.19 114.19]| 0.095| 0.085 | 91.2| 0.0 | 5.5 0.000| 0.033 3/27/2003 7:10 94 0.52 19292 ] 23.0

9/17/20006:58 | 1.00 {167.45{16.88] 0.09 |14.28| 0.090 | 0.085 [91.1]| 0.1 [ 5.6]0.100| 0.033 |{ 3/27/2003 20:51 95 0.57 | 93.49 | 23.1

9/18/2000 17:55 | 1.46 }168.91]17.00| 0.12 11440/ 0.082)| 0.085 {91.1| 00 |66 ] 0.000] 0.033 3/28/2003 7:50 96 0.46 | 9395 | 23.2

9/19/2000 20:55 | 1.13 ]170.03)17.10{ 0.10 114,50/ 0.089| 0.085 | 91.0} 01 [ 5710089 ] 0.034 (| 3/28/2003 19:20 97 0.48 19443 | 233

9/20/2000 22:45 | 1.08 1171.11]17.20{ 0.10 |14.60] 0.093 | 0.085 {91.0} 00 | 5.7} 0.000{ 0.033 3/28/2003 9:00 98 0.57 | 95.00 | 23.2

9/21/2000 5:562 | 0.30 {171.41]17.21] 0.01 |14.61(/0.034| 0.085 [91.0| 0.0 | 57| 0.000] 0.033 || 3/28/2003 20:10 99 047 | 8547 | 232

9/22/20006:14 | 1.02 1172.42{17.30] 0.09 {14.70] 0.082 ] 0.085 {91.0f 0.0 | 57]0.000] 0.033 3/30/2003 6:00 100 0.41 | 95881 23.2

9/23/20007:10 | 1.04 {173.46(17.39| 0.09 [14.79] 0.087 | 0.085 | 9091 0.1 | 58] 0.086 [ 0.033 || 3/30/2003 18:30 | 101 0.52 ] 96.40 | 229

9/23/2000 19:45 | 0.52 1173.99]17.42]| 0.03 |14.82| 0.057 | 0.085 | 90.9] 0.0 { 58] 0.000| 0.033 || 3/31/2003 6:30 102 | 0.50 | 96.90 | 23.0

9/24/2000 17:12 | 0.89 |174.88]17.51]| 0.09 |14.91} 0.101) 0.085 | 90.9| 0.0 | 5.8]0.000| 0.033 {f 3/31/200320:10 | 103 | 0.57 | 97.47 | 228

9/25/2000 18:35 | 1.10 |175.98(17.64| 0.13 |15.04} 0.118] 0.085 | 90.8| 0.1 | 58] 0.091 | 0.034 4/1/2003 8:00 104 049 | 97.96 | 22.7

9/26/20007:53 | 0.51 |176.49|17.62] 0.05 |15.09} 0.098 7 0.085 | 90.8| 0.0 | 5.9 ]0.000| 0.033 4/1/2003 19:.00 105 0.46 [ 98.42 | 227

9/28/2000 19:25 | 2.48 [178.97(17.91]| 0.22 [15.31}10.089 | 0.086 [90.7]| 0.1 {6.0] 0.040 [ 0.034 4/2/2003 6:00 106 0.46 [ 0888 | 23.0

9/29/20007:48 | 0.52 |179.49)|17.99] 0.08 115.39§ 0.155| 0.086 | 906 [ 0.1 | 6.1]0.194| 0.034 4/2/2003 2100 107 063 | 99.50 | 22.7

10/1/20006:35 | 1.95 [181.44|18.11] 0.12 ;155110062 | 0.085 [90.5( 0.1 |6.2|0.061( 0.034 4/3/2003 7.00 108 | 0.42 | 99.92 | 229

10/1/2000 17:55 | 0.47 [181.91/18.16| 0.05 }15.56{ 0.106 | 0.086 905 0.0 | 6.2 | 0.000} 0.034 || 4/3/2003 21:00 109 | 0.58 1100.50f 227

10/2/2000 16:30 | 0.94 1182.85]|18.24] 0.08 }116.64]| 0.085( 0.086 | 90.5| 0.0 | 6.2 [ 0.000| 0.034 4/4/2003 8:00 110 | 0.46 1100.96] 23.1

10/3/2000 20:22 | 1.16 |184.01]|18.36] 0.12 |15.76]/ 0.103 | 0.086 {90.4| 0.1 | 6.3 | 0.086| 0.034 4/4/2003 22:.00 111 0.68 1101.54| 23.0

10/5/2000 19:37 | 1.97 1185.98/18.50f 0.14 115.90] 0.071] 0.085 {90.3| 0.1 | 6.4 0.051| 0.034 4/5/2003 6.00 112 0.33 |101.88] 23.0

10/6/20009:42 | 0.59 1186.57118.55{ 0.05 |15.95/ 0.085| 0.085 [ 90.3; 0.0 |6.4}0.000] 0.034 4/5/2003 18:30 113 0.52 1102.40] 22.8

10/7/20006:20 [ 0.86 1187.43118.63| 0.08 |16.03| 0.093 | 0.086 {90.2] 0.1 |6.5]0.116] 0.035 4/6/2003 8:00 114 0.52 1102.92] 23.0

10/8/2000 19:45 | 1.56 1188.99118.80] 0.17 |16.20| 0.109 | 0.086 | 90.2| 0.0 | 6.5]0.000| 0.034 4/6/2003 19:10 115 0.47 {103.38] 22.8

10/9/20008:47 | 0.54 1189.53[18.85 0.05 |16.25[ 0.092| 0.086 |90.1] 01 }6.6[0.184] 0.035 4/7/2003 7:00 116 0.49 [103.87] 23.0

10/11/2000 2:40 | 1.75 [191.27|19.01| 0.16 |16.41§0.092| 0.086 | 90.1| 0.0 | 6.6 | 0.000 | 0.0356 4/7/2003 18:40 117 0.49 |104.36f 23.0

10/11/2000 10:30] 0.33 [191.60|19.04]| 0.03 [16.44} 0.092 | 0.086 [ 90.0( 01 | 6.7 | 0.306 [ 0.035 4/8/2003 7:30 118 0.53 1104.80] 231

10/12/2000 10:10; 0.99 [192.59|19.12| 0.08 [16.52] 0.081 7 0.086 [90.0 0.0 | 6.7 | 0.000 [ 0.035 || 4/8/2003 20:30 118 | 0.54 |105.44f 22.7

10/14/2000 1:05 | 1.62 |194.21]19.29] 0.17 |16.69| 0.105( 0.086 | 89.9| 0.1 | 6.8 [ 0.062 | 0.035 4/9/2003 7.00 120 | 0.44 1105.87] 23.0

10/16/2000 11:55| 2.45 [196.66|19.51]| 0.22 {16.91{ 0.090 | 0.086 [ 89.9 0.0 |68 0.000( 0.035 4/9/2003 21:00 121 0.58 [106.46f 227

10/17/2000 19:55] 1.33 [197.99|19.63| 0.12 }17.03] 0.090 | 0.086 | 89.8| 01 [69|0.075| 0.035 4/10/2003 7:40 122 0.44 [106.90} 23.0

10/19/2000 2:40 | 1.28 |199.27|19.78| 0.15 {17.18/ 0.117 | 0.086 [89.8| 0.0 ] 6.9 |0.000} 0.035 4/11/2003 2:30 123 0.78 [107.69] 22.8

10/19/2000 23.08| 0.85 {200.13|19.86| 0.08 117.26/ 0.094 | 0.086 [ 89.7| 0.1 |7.0] 0.117 | 0.035 || 4/11/2003 11:20 124 0.37 1108.06] 22.8

10/21/2000 23:43| 2.02 [202,15|20.00| 0.14 117.40{ 0.069 | 0.086 [89.6 0.1 |7.1]0.049( 0.035 || 4/11/200323:20 | 125 | 0.50 }1108.56] 22.7

10/23/2000 8:40 | 1.37 |203.52}20.17] 0.17 |17.67] 0.124 | 0.086 1 89.5| 0.1 |7.2]0.073} 0.035 || 4/12/2003 8:00 126 0.36 1108.92] 229

10/24/2000 15:50( 1.30 (204.82120.31} 0.14 |17.71{ 0.108 | 0.086 {89.5] 0.0 | 7.2 | 0.000| 0.035 || 4/12/2003 18:00 127 0.42 1109.331 22.6

10/25/2000 13:25| 0.90 1205.72120.37| 0.06 [17.77| 0.067 | 0.086 | 89.5] 0.0 [ 7.2 0.000| 0.035 || 4/12/2003 23:50 128 0.24 |109.58] 22.7

10/27/2000 9:18 | 1.83 }207.566{20.65] 0.18 |[17.95| 0.098 [ 0.086 | 89.4] 01 |7.3}0.055] 0.035 4/13/2003 7.00 129 0.30 |109.87{ 229

10/28/2000 2:15 | 0.71 |208.26{20.60| 0.05 [18.00| 0.071| 0.086 | 89.4| 0.0 | 7.3 }0.000{ 0.035 || 4/13/2003 13:00 130 0.25 1110.12] 22.8

10/28/2000 14:42| 0.52 ]208.78]20.66| 0.06 |18.06[ 0.116} 0.087 {89.4] 0.0 | 7.3]0.000] 0.035 || 4/13/2003 21:40 131 0.36 {110.49] 22.7

10/30/2000 5:00 | 1.64 [210.41]20.80]| 0.14 |18.20] 0.085| 0.086 | 89.3| 01 | 7.4]0.061] 0.035 4/14/2003 5:30 132 0.33 {110.81] 22.8

10/30/2000 17:50| 0.53 [210.95/20.85| 0.05 [18.25{ 0.094] 0.087 [83.3| 0.0 |7.410.000 0.035 |i 4/14/2003 13:00 | 133 0.31 [111.12] 227

11/2/2000 0:05 | 2.26 (213.21|21.02]| 0.17 |18.42{ 0.075| 0.086 | 89.1| 0.2 | 7.6 |0.088 | 0.036 || 4/14/2003 20:00 | 134 0.29 [111.42] 227

11/2/2000 22:25 | 0.93 [214.14|21.10| 0.08 [18.50) 0.086 | 0.086 | 89.1| 0.0 | 7.6 | 0.000 | 0.035 4/15/2008 5:00 1356 0.38 [111.79] 229

11/4/2000 8:55 | 1.44 [215.58/21.30| 0.20 118.70]/ 0.139 | 0.087 [89.0( 0.1 |7.7]0.070] 0.036 || 4/15/2003 11:30 136 0.27 1112.06] 22.7

11/4/2000 21:28 | 0.52 |216.10}21.33| 0.03 {18.73[ 0.057 | 0.087 {89.0| 0.0 | 7.7 ] 0.000] 0.036 || 4/15/2003 18:10 137 0.28 |112.34] 226

11/5/2000 11:20 | 0.58 [216.68|21.40f 0.07 |18.80] 0.121 ] 0.087 | 89.0} 0.0 | 7.7 } 0.000| 0.036 4/16/2003 7:30 138 0.56 |112.90| 23.0

11/6/2000 23:16 | 0.50 |217.17]21.45] 0.05 [18.85| 0.101 | 0.087 | 89.0] 0.0 |7.710.000| 0.035 i| 4/16/2003 13:30 139 025 |113.15] 23.0

11/7/2000 13:35 | 1.60 1218.77121.66] 0.21 [19.06] 0.131] 0.087 | 889] 01 | 7.8{0.063 | 0.036 || 4/16/2003 21.00 140 0.31 |113.46| 229

11/8/20009:05 | 0.81 1219.58[21.75| 0.09 119.15{ 0.4114 0.087 [889]| 0.0 ! 7.8 0.000| 0.036 4/17/2003 7:00 141 0.42 |1113.87} 229

11/9/2000 9:47 | 1.03 |220.61[/21.87| 0.12 {19.27]{ 0.117 ]| 0.087 | 88.8| 0.1 | 7.9 0.097 | 0.036 || 4/47/2003 12:00 142 0.21 1114.08) 22.9

11/10/2000 2:18 | 0.69 [221.30|121.94] 0.07 [19.34]{ 0.102 | 0.087 | 888 0.0 | 7.9 0.000 | 0.036 || 4/17/200321:00 | 143 | 0.38 |11446] 22.7

11/11/2000 9:40 | 1.31 |222.61[22.08] 0.14 [19.48| 0.107 [ 0.088 | 887 0.1 | 800077} 0.036 || 4/18/2003 6:00 144 | 0.38 |114.83] 228

11/12/2000 7:45 | 0.92 |223.563122.20] 0.12 [19.60| 0130} 0.088 | 88.7| 0.0 |8.0}0.000] 0.036 ;| 4/18/2003 14:00 | 145 0.33 {115.17] 227

11/12/2000 16:25| 0.36 1223.89]22.22] 0.02 |19.62( 0.055} 0.088 { 88.7{ 0.0 | 8.0 0.000| 0.036 || 4/18/200322:30 | 146 0.35 1115.52| 227

11/15/2000 10:15{ 2.74 1226.63[22.57| 0.35 |19.97/0.128| 0.088 | 885]| 0.2 |8.2]0073| 0.036 4/19/2003 6:00 147 0.31 [115.83] 227

11/16/2000 9:20 | 0.96 |227.59|22.68| 0.11 |20.08} 0.114] 0.088 | 884 | 0.1 | 8.3]0.104 | 0.036 || 4/19/2003 12:30 148 0.27 }116.10] 22.9

B.2
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11/17/2000 8:57 | 0.98 1228.58|22.80| 0.12 120.20| 0.122 | 0.088 | 88.4| 0.0 | 8.3 [0.000| 0.036 || 4/19/200323:59 | 149 | 0.48 |116.58] 23.0

11/17/2000 16:53 | 0.33 ]228.91]22.83] 0.03 [20.23| 0.091 | 0.088 | 88.4{ 0.0 [ 8.3]0.000| 0.036 j| 4/20/2003 7:00 150 | 0.29 [116.87] 23.0

11/18/2000 8:35 | 0.65 [229.56122.92| 0.09 {20.32] 0.138 | 0.089 | 88.3] 0.1 8.4 | 0.153 | 0.037 || 4/20/2003 13:00 151 0.25 1117.12] 22.8

11/19/2000 8:05 | 0.98 |230.54]123.00; 0.08 120.40(0.082 ] 0.088 ;883| 0.0 | 84 |0.000| 0.036 || 4/20/2003 20:00 152 0.29 [117.42] 228

11/20/2000 21:55| 1.58 {232.12{23.20§ 0.20 |20.60| 0.127 [ 0.089 1882 0.1 | 8.5)0.063 [ 0.037 }} 4/21/2003 7.00 153 0.46 {117.87] 22.9

11/21/2000 8:00 | 0.42 {232.54|23.24] 0.04 [20.64]| 0.095 | 0.089 | 882] 0.0 | 85]0.000( 0.037 i| 4/21/2003 15:50 | 154 0.37 |118.24] 22.7

11/22/2000 8:00 | 1.00 [233.54|23.35| 0.11 |20.75/0.110) 0.089 | 881| 01 | 860100} 0.037 || 4/21/2003 21:00 1565 0.22 |1118.46] 226

11/23/2000 9:38 | 1.07 [234.61|23.50| 0.15 [20.90] 0.140] 0.088 [88.0( 01 |8.7)0.094| 0.037 || 4/22/2003 6:40 156 | 0.40 [118.86] 22.8

11/25/2000 22:45{ 2.55 [237.15|23.78| 0.28 [21.18| 0.110) 0.089 [87.8| 0.1 |8.8)0.039 [ 0.037 |} 4/22/2003 16:00 | 157 0.39 1119.25] 22,6

11/27/2000 21:10] 1.93 [239.09|23.99| 0.21 [21.39| 0.108| 0.089 [87.8| 0.1 | 8.9]0.052 [ 0.037 {| 4/22/2003 23:30 158 0.31 |119.56] 22.7

11/28/2000 12:15]| 0.63 [239.72|124.04| 0.05 [21.44]| 0.080] 0.080 [87.8] 0.0 | 8.9]0.000( 0.037 I 4/23/2003 5.00 159 0.23 |119.79] 22.7

11/28/2000 19:10} 0.29 [240.00{124.07| 0.03 121.4710.104) 0.089 [87.8]1 0.0 | 8.9]0.000; 0.037 |} 4/23/2003 12:00 160 0.2 1120.08} 22.7

11/29/2000 8:15 | 0.55 [240.55124.12] 0.05 |21.52{ 0.092 | 0.089 | 87.8| 0.0 18.9]0.000| 0.037 || 4/23/2003 20:30 | 181 0.35 [120.44} 229

12/1/2000 4:10 | 1.83 |242.38(24.33| 0.21 |21.73|/0.115| 0.090 | 87.7]| 01 |9.0[0.055] 0.037 4/24/2003 6:00 162 0.40 [120.83] 23.0

12/2/2000 14:30 | 1.43 |243.81|124.49| 0.16 |21.89)0.112| 0.090 | 876| 01 | 9.1]0.070| 0.037 [| 4/24/2003 13:30 163 0.31 [121.15] 228

12/3/2000 8:35 | 0.75 [244.56|24.60] 0.11 [22.00]{ 0.146 [ 0.090 | 87.5]| 0.1 |} 9.2 ) 0.133 | 0.038 || 4/24/2003 21:30 164 0.33 [121.48] 22.7

12/3/2000 16:05 | 0.31 [244.88|24.62| 0.02 |22.02| 0.064 ] 0.090 | 87.5| 0.0 19.210.000| 0.038 4/25/2003 5:20 165 0.33 [121.81] 22.8

12/4/2000 19:45 | 1.15 1246.03|24.76] 0.14 [22.16]0.121] 0.090 {874} 0.1 | 9.3]0.087 | 0.038 || 4/25/2003 13:30 166 0.34 {122.15] 22.7

12/5/2000 9:15 | 0.56 |246.59]24.81) 0.05 |22.21|0.089| 0.090 {87.4| 0.0 [93]0.000] 0.038 || 4/25/2003 21:30 | 167 0.33 [122.48] 22.6

12/6/2000 1:42 | 0.69 }247.28124.90f 0.09 122.30{ 0.131 ] 0.090 {873| 01 |94 (0.146] 0.038 4/26/2003 3.00 168 0.23 [122.71} 22.7

12/7/2000 8:40 | 1.29 1248.57}125.01] 0.11 {22.41] 0.085| 0.090 | 87.2| 0.1 |9.5)0.078} 0.038 || 4/26/2003 16:00 169 0.54 1123.25] 226

12/7/2000 14:05 | 0.23 }248.79125.03] 0.02 122.43[0.089 | 0.090 {87.2| 0.0 | 9.5 0.000} 0.038 || 4/26/2003 23.00 170 0.29 1123.54| 228

12/8/2000 10:48 | 0.86 }249.65125.11f 0.08 [22.51| 0.093 ) 0.090 18721 0.0 | 9.5)0.000] 0.038 i} 4/27/2003 5:00 171 0.25 §123.79] 229

12/9/2000 9:25 | 0.94 [250.60({25.20| 0.09 [22.60|0.096) 0.090 {87.1]| 01 |9.6]0.106 | 0.038 || 4/27/200314:00 | 172 | 0.38 |124.17| 226

12/10/2000 14:38| 1.22 1251.81]25.34]| 0.14 [22.74{/0.115] 0.090 |87.0| 01 }9.7|0.082 | 0.039 || 4/27/200322:30 | 173 | 0.35 |124.52( 22.7

12/10/2000 21:05| 0.27 |252.08[25.39| 0.05 |22.79;0.186 0.090 | 87.0] 0.0 | 9.7 |0.000| 0.038 || 4/28/2003 6:50 174 0.35 1124.87| 227

12/11/2000 8:42 | 0.48 [252.57|25.43]| 0.04 [22.83] 0.083) 0.090 [86.9( 0.1 |9.8]0.207 [ 0.039 I} 4/28/2003 13:00 | 175 0.26 1125.12] 227

12/11/2000 12:28| 0.16 [252.72|25.45| 0.02 |22.85] 0.127 { 0.090 | 86.9| 0.0 | 9.8 0.000 | 0.039 1| 4/28/2003 23:30 176 0.44 |1125.56| 22.5

12/13/2000 11:20| 1.95 1254.68|25.67| 0.22 |23.07| 0.113 | 0.091 ;869 0.0 |9.8]0.000] 0.038 4/29/2003 6.00 177 0.27 1125.83| 22.6

12/14/2000 8:55 | 0.90 }255.58|26.79| 0.12 [23.19/0.133 | 0.091 | 868| 01 | 9.9]0.111} 0.039 || 4/29/2003 13:00 178 0.29 [126.12] 22.5

12/15/2000 7:50 | 0.95 {256.63[25.90) 0.11 |23.30(0.115] 0.091 [86.8]| 0.0 | 9.9]0.000| 0.039 || 4/29/2003 21:00 | 179 0.33 [126.46] 22.6

12/15/2000 22:32| 0.61 [257.14|25.97] 0.07 |23.37| 0.114]| 0.091 [ 86.8( 0.0 | 9.9]0.000f 0.038 4/30/2003 6:00 180 0.38 [126.83} 22.7

12/16/2000 22:45) 1.01 [258.15|26.07| 0.10 {23.47| 0.099 | 0.091 | 86.7| 0.1 [10.0| 0.099 | 0.039 |{ 4/30/2003 13:00 181 0.29 |127.12} 226

12/18/2000 13:10{ 1.60 1259.75|26.23| 0.16 {23.63| 0.100 | 0.091 | 866 0.1 [10.1]0.062| 0.039 || 4/30/2003 21:30 182 0.35 1127.48) 22.7

12/18/2000 21:25| 0.34 {260.10]26.30{ 0.07 [23.70| 0.204 | 0.091 | 86.6] 0.0 [10.1} 0.000 | 0.039 5/1/2003 6:00 183 0.35 |127.83] 229

12/20/2000 17:07 [ 1.82 {261.92]26.50{ 0.20 |23.90| 0.110) 0.091 | 865§ 0.1 |[10.2] 0.055] 0.039 5/1/2003 13.00 184 0.29 |128.12| 22.6

12/21/2000 0:20 | 0.30 |262.22{26.52§ 0.02 |23.92| 0.067 [ 0.091 | 86.5] 0.0 [10.2} 0.000 | 0.03¢ 5/1/2003 22.30 185 0.40 |128.52]| 22.8

12/22/2000 9:00 | 1.36 |263.58{26.67) 0.15 |24.07| 0.110 [ 0.091 {864} 0.1 [10.3[ 0.073| 0.039 5/2/2003 7.00 186 0.35 |128.87} 228

12/22/2000 13:52| 0.20 1263.78{26.70f 0.03 [24.10| 0.148 | 0.091 {86.4] 0.0 [10.3| 0.000| 0.039 5/2/2003 13:00 187 0.256 1129.12] 22.7

12/23/2000 17:15( 1.14 1264.92|126.82| 0.12 [24.22; 0.105] 0.091 [86.4| 0.0 §10.3| 0.000| 0.039 5/2/12003 20:30 188 0.31 [129.44| 22.6

12/24/2000 14.00} 0.86 |265.79(/26.90| 0.08 {24.30} 0.093{ 0.081 [86.4]| 0.0 }10.3| 0.000| 0.039 5/3/2003 6:30 189 0.42 {129.85] 228

12/25/2000 15:52{ 1.08 |266.87]27.02| 0.12 [24.42§ 0.111] 0.092 |86.3| 0.1 110.4] 0.093 | 0.039 || 5/3/2003 13:30 180 | 0.29 1130.15] 226

12/26/2000 9:31 | 0.74 [267.60|27.10| 0.08 [24.50| 0.109 ] 0.092 [86.3| 0.0 |10.4|0.000 0.039 jj 5/3/2003 21:30 191 0.33 {130.48] 227

12/26/2000 13:16| 0.16 [267.76|27.12| 0.02 [24.52| 01281 0.092 [86.3| 0.0 [10.4] 0.000 [ 0.038 5/4/2003 5:50 192 0.35 1130.83| 22.9

12/28/2000 14:.00{ 2.03 [269.79|27.31] 0.19 124.71] 0.094] 0.092 [86.2| 0.1 }10.5| 0.049 | 0.039 5/4/2003 13:30 193 0.32 }131.15) 22.7

12/28/2000 18:20( 0.18 [269.97127.34] 0.03 |24.74| 0.166 | 0.092 [ 86.2| 0.0 |10.5]| 0.000  0.038 5/4/2003 21:30 194 0.33 113148} 22.7

12/29/2000 9:20 | 0.63 [270.59127.40] 0.06 [24.80/0.096 | 0.092 | 86.1| 0.1 |10.6]0.160 | 0.038 5/5/2003 7:00 195 0.40 }131.87} 229

12/30/2000 12:00| 111 [271.70§27.51]| 0.11 |24.91( 0.099 | 0.092 [ 86.0 0.1 [10.7)| 0.090 } 0.039 || 5/5/2003 13:00 196 0.25 [132.12] 22.8

12/31/2000 17:26| 1.23 [272.93}27.68 0.17 {25.08(/ 0.139 | 0.092 [ 86.0| 0.0 [10.7]| 0.000 | 0.039 || 5/5/2003 21:30 197 | 0.35 [132.48] 229

1/1/2001 10:36 | 0.72 [273.656[27.72| 0.04 ]25.12| 0.056 | 0.092 [ 859 0.1 [10.8]| 0.140| 0.039 5/6/2003 6.00 198 | 0.35 [132.83] 231

1/2/2001 19:35 | 1.38 |275.02]27.89] 0.17 |25.29]|0.124| 0.092 1859] 0.0 (10.8]0.000| 0.039 || 5/6/2003 13:00 199 | 0.29 {133.12] 227

1/3/2001 9:25 | 0.58 |275.60)27.95] 0.06 |125.35[ 0.104 | 0.092 1859{ 0.0 |10.8]0.000 | 0.039 5/6/12003 21:00 200 0.33 1133.46] 22.7

1/3/2001 18:50 [ 0.39 1275.99(28.00 0.05 |125.40] 0.127 | 0.092 | 85.9] 0.0 [10.8{ 0.000 | 0.039 5/7/2003 7:50 201 0.45 1133.91] 22.8

1/5/2001 14:10 | 1.81 1277.80/28.18| 0.18 |25.58] 0.100 | 0.092 | 85.9] 0.0 [10.8{ 0.000| 0.039 5/7/2003 14:30 202 0.28 |134.19{ 22.7

1/6/2001 22:25 | 0.34 1278.14]28.20{ 0.02 |25.60| 0.058 | 0.092 {859 0.0 (10.8] 0.000| 0.039 {| 5/7/2003 22:30 203 0.33 1134.52] 227

1/6/2001 19:55 | 0.90 1279.03{28.30{ 0.10 |25.70{ 0.112] 0.092 {858] 0.1 110.8] 0.412] 0.039 5/8/2003 6:30 204 0.33 {134.85] 228

1/7/2001 18:55 | 0.96 1279.99128.40( 0.10 {25.80]| 0.104 | 0.092 | 858 | 0.0 [10.9] 0.000| 0.039 5/8/2003 12:30 205 0.25 1135.10f 226

1/8/2001 11:06 | 0.67 |280.6728.49| 0.09 |25.89( 0.133 | 0.092 [858| 0.0 |10.9| 0.000} 0.039 5/8/2003 22:30 206 0.42 1135.62) 22.7

1/9/2001 1:45 | 1.36 |282.03128.62} 0.13 |26.02| 0.096 | 0.092 | 85.7| 0.1 [11.0{ 0.074} 0.039 5/9/2003 7:30 207 0.38 }135.90| 22.7

1/10/2001 18:15 | 0.94 1282.97]128.73} 0.11 |26.13| 0.117 [ 0.092 | 85.7| 0.0 [11.0{ 0.000 | 0.039 5/9/2003 13:00 208 0.23 ]136.12] 228

1/11/2001 8:15 | 0.58 [283.55)28.80} 0.07 |26.20{ 0.120| 0.092 [856| 01 [11.1] 0.171] 0.038 5/9/2003 21:40 209 0.36 |136.49| 22.7

1/11/2001 21:47 | 0.56 |284.11|28.88| 0.08 126.28]0.142] 0.092 | 856| 0.0 |11.1]0.000| 0.039 5/10/2003 8:30 210 | 0.45 [136.94] 23.0

1/12/2001 14:27 | 0.69 [284.81)|28.95| 0.07 }126.35{0.101] 0.093 | 856 | 0.0 |11.1]0.000| 0.039 || 5/10/2003 14:00 | 211 0.23 |137.17] 23.0

1/13/2001 7:35 ;| 0.71 |285.52(29.02| 0.07 |26.42]0.098 | 0.093 | 855]| 0.1 |11.2 0.140] 0.03¢ || 5/10/2003 22:00 | 212 0.33 |137.50f 23.0

1/13/2001 21:35 | 0.58 |286.10|29.06| 0.04 }126.46) 0.069 | 0.092 | 85.5| 0.0 {11.2] 0.000 | 0.039 5/11/2003 7.00 213 0.38 |137.87| 23.0

1/14/2001 10:20 | 0.53 [286.64|29.10| 0.04 }26.50] 0.075] 0.092 | 854| 0.1 111.3| 0.188 | 0.03¢ || 5/11/2003 13:30 214 0.27 |138.15) 22.7

1/156/2001 7:57 | 0.90 {287.54129.22| 0.12 {26.62] 0.133 | 0.093 [854( 0.0 111.3] 0.000 0.038 |1 5/11/200322:30 | 215 | 0.38 |138.52| 227

1/15/2001 21:52 | 0.58 §288.12{29.30 0.08 |26.70)| 0.138 | 0.093 | 85.3] 0.1 |11.4] 0.172{ 0.040 5/12/2003 6:00 216 | 0.31 |138.83{ 229

1/17/2001 8:20 1.44 }1289.55|29.43| 0.13 |26.83] 0.091 | 0.093 | 853] 0.0 |11.4] 0.000 | 0.039 5/12/2003 12:30 217 0.27_{139.10{ 22.7

1/17/2001 21:59 | 0.57 1290.12{29.50| 0.07 [26.90( 0.123 | 0.093 [852] 0.1 |11.5[0.176] 0.040 || 5/12/200322:00 | 218 0.40 [139.50| 228

1/18/2001 8:08 | 0.42 1290.54{29.55| 0.05 [26.95| 0.118] 0.083 | 8521 0.0 [11.5f 0.000 0.040 5/13/2003 2:30 219 0.19 [139.69] 22.8

1/19/2001 19:43 | 1.48 |292.03|129.70| 0.15 |27.10| 0.101} 0.083 | 851| 0.1 |11.6]0.067 | 0.040 5/13/2003 6:30 220 0.17 {139.85] 22.7

1/20/2001 5110 | 0.39 1292.42120.77} 0.07 127.17]0.178| 0.093 | 851] 0.0 j11.6] 0.000| 0.040 || 5/13/2003 14:30 } 221 0.33 1140.18} 226

1/20/2001 19:35 | 0.60 [293.02|129.82| 0.05 |27.22(0.083 | 0.093 {851 0.0 |11.6]|0.000 { 0.040 || 5/13/2003 22:30 | 222 0.33 [140.52] 22.6

1/21/2001 17:58 | 0.93 [293.95|29.92} 0.10 [27.32( 0.107 | 0.093 {850| 0.1 |11.7]0.107 | 0.04C 5/14/2003 7.00 223 0.35 [140.87] 22.8

1/22/2001 8:38 | 061 1294.56]30.00] 0.08 |27.40| 0.131| 0.093 | 850| 0.0 [11.7/0.000] 0.040 || 5/14/2003 13:00 | 224 0.25 |141.12] 22.7

1/23/2001 17:00 | 1.35 }1295.91130.13] 0.13 |27.53|( 0.096 | 0.093 | 85.0| 0.0 |11.7| 0.000 | 0.040 || 5/14/2003 22:00 225 0.38 |141.50( 226
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1/24/2001 13:49 | 0.87 }296.78130.22} 0.09 |27.62]| 0.104 | 0.093 | 849 0.1 |11.8] 0.115| 0.040 5/16/2003 7:00 226 0.38 |141.87] 227
1/25/2001 17:25 | 1.15 ]297.93)30.34] 0.12 |27.74| 0.104 | 0.093 [84.9| 0.0 |11.8] 0.000 [ 0.040 |} 5/15/2003 14.30 | 227 0.31 |142.19} 227
1/26/2001 8:34 | 0.63 [298.56|30.40| 0.06 {27.80] 0.095 | 0.093 | 84.8| 0.1 {11.9)| 0.158 | 0.040 || 5/15/2003 21:30 | 228 0.29 [142.48| 225
1/26/2001 18:25 | 0.41 }298.97130.45}] 0.05 |27.85[ 0.122 | 0.093 {84.8| 0.0 111.9/0.000} 0.040 5/16/2003 6:00 229 0.35 1142.83] 225
1/27/2001 17:40 | 0.97 1209.94130.57] 0.12 [27.97| 0.124 | 0.093 | 84.7| 0.1 |12.0]| 0.103 | 0.040 || 5/16/2003 14.20 | 230 0.35 |143.18] 22.5
1/28/2001 18:23 | 1.03 ]300.97]30.67} 0.10 |28.07[ 0.097 | 0.083 | 84.7| 0.0 |12.0{ 0.000| 0.040 || 5/16/2003 21:30 | 231 0.30 1143.48]| 225
1/29/2001 8:50 | 0.60 1301.57]30.73] 0.06 |28.13| 0.100} 0.093 {8464 0.1 [12.1] 0.166] 0.040 5/17/2003 5:30 232 0.33 |143.81] 22.7
1/29/2001 21:40 | 0.53 [302.11]30.79 0.06 [28.19| 0.112] 0.093 84.6| 0.0 |12.1] 0.000| 0.040 {f 5/17/2003 13:00 | 233 0.31 |144.12] 226
1/31/2001 21:29 | 1.99 |304.10131.001 0.21 |128.40{ 0.105| 0.093 | 84.5| 0.1 ]12.2} 0.050] 0.040 {| 5/17/2003 21:00 | 234 0.33 |144.46| 226
2/2/2001 8:30 1.46 [305.56{31.15| 0.15 |28.55] 0.103 { 0.093 | 84.4] 0.1 [123] 0.069 | 0.04C 5/18/2003 6:00 235 0.38 {144.83] 22.7
2/2/2001 21:10 | 0.63 [306.09131.20| 0.05 |28.60] 0.095{ 0.093 | 84.4]| 0.0 |123]0.000 | 0.04C | 5/168/2003 14.00 | 236 0.33 {145.17] 225
2/3/2001 9:00 | 0.49 |306.58]31.27| 0.07 |128.67| 0.142{ 0.094 | 844| 0.0 112.3]10.000 | 0.040 || 5/18/2003 23.00 | 237 0.38 [145.54] 226
2/4/2001 21:36 | 1.53 |308.10|31.41] 0.14 |28.81}0.092] 0.094 | 84.3| 0.1 (12.4] 0.066 | 0.040 5/19/2003 6.00 238 0.29 [145.83] 228
2/5/2001 22;15 | 1.03 |309.13|31.52| 0.11 |28.92] 0.107 | 0.094 | 84.3| 0.0 [12.4]| 0.000 | 0.040 || 5/19/2003 13:30 | 239 0.31 [146.15] 228
2/7/12001 5:40 1.31 |310.44[31.66( 014 [29.06/0.107 | 0.094 | 842| 0.1 {12.5[/0.076 | 0.040 || 56/19/2003 21:30 | 240 0.33 [146.48] 228
2/7/200121:56 | 0.68 |311.12]31.72| 0.06 |29.12] 0.089 | 0.094 | 84.1| 0.1 {12.6]| 0.148 | 0.040 5/20/2003 6:30 241 0.38 [146.85] 23.0
2/8/2001 11:25 | 0.56 |311.68|31.79| 0.07 }29.19{ 0.125| 0.094 | 84.1| 0.0 |12.6]| 0.000| 0.040 || 5/20/2003 12:30 | 242 0.25 [147.10] 23.0
2/9/200120:46 | 1.39 |313.07131.96] 0.17 [29.36] 0.122| 0.094 | 84.0| 0.1 12.7]| 0.072| 0.041 || 5/20/2003 22:00 | 243 0.40 [147.50] 228
2/11/2001 5:15 | 1.35 |314.42|32.10]| 0.14 }29.50| 0.103 | 0.094 | 840| 0.0 |12.7]| 0.000| 0.040 5/21/2003 5:00 244 0.29 [147.79] 229
2/11/200121:03 | 0.66 |315.08]/32.15| 0.05 129.56|0.076 | 0.094 | 83.9| 0.1 [12.8]0.152] 0.041 [{ 5/21/2003 13:00 | 245 0.33 [148.12] 227
2/13/2001 19:51 | 1.95 1317.03132.38} 0.23 129.78|0.118| 0.094 183.9]| 0.0 [12.8] 0.000| 0.040 || 6/21/2003 21:30 | 246 0.35 [148.48] 227
2/15/2001 18:00 | 1.92 |318.95132.60] 0.22 130.00| 0.114] 0.094 i 83.8| 0.1 [12.9] 0.052 ] 0.040 5/22/2003 5:30 247 0.33 [148.81] 228
2/16/2001 12:03 | 0.75 |319.71]32.66] 0.06 |130.06| 0.080 | 0.094 {83.7] 0.1 [13.0f 0.133 | 0.041 || 6/22/2003 13:00 | 248 0.31 1149.12| 226
2/17/2001 20:07 | 1.34 |321.04|32.80] 0.14 [30.20]| 0.105| 0.094 | 83.7] 0.0 |13.0} 0.000 | 0.040 || 5/22/2003 23:00 | 249 0.42 1149.54| 22.7
2/18/2001 21:07 | 1.04 {322.08132.90] 0.10 |30.30| 0.096 | 0.084 {836] 01 ([13.1} 0.096] 0.041 5/23/2003 7.00 250 0.33 |149.87| 225
2/19/2001 23:20 | 1.09 |323.18|33.00| 0.10 {30.40| 0.092 | 0.094 | 83.6] 0.0 |13.1| 0.000] 0.041 || 5/23/2003 14:30 | 251 0.31 |150.19] 224
2/21/2001 8:05 | 1.36 [324.54|33.13| 0.13 [30.53| 0.095} 0.094 [ 8361 0.1 13.2] 0.073 | 0.041 || 5/23/2003 23:00 | 252 0.35 |150.54] 22.6
2/21/2001 21:28 | 0.56 |325.10|33.20] 0.07 |130.60| 0.126 ] 0.094 | 83.5] 0.0 [13.2{ 0.000 | 0.041 5/24/2003 5:30 253 0.27 1150.81] 23.0
2/23/2001 22:00 | 2.02 1327.12|33.39| 0.19 |30.79| 0.094] 0.094 | 834 | 0.1 [13.3]0.049 | 0.041 ;| 5/24/2003 13.:00 | 254 0.31 ]151.12]| 235
2/24/2001 17:08 | 0.80 |327.92|33.48| 0.09 |30.88|0.113§ 0.094 | 83.3| 0.1 [13.4] 0.125| 0.041 {| 5/24/2003 21:00 | 255 0.33 [151.46| 23.4
2/25/2001 22:06 | 1.21 |329.13|33.60| 0.12 |31.0010.099| 0.094 | 83.2| 0.1 }13.5/0.083 | 0.041 5/25/2003 6:30 256 0.40 [151.85] 23.4
2/27/2001 10:10 | 1.50 1330.63|33.77| 0.17 |31.17} 0.113 | 0.094 | 83.1| 0.1 ]13.6| 0.067 | 0.041 || 5/25/2003 12:00 | 257 0.23 |152.08| 23.5
2/27/2001 23:05 § 0.54 |331.17(33.80| 0.03 131.20} 0.056 | 0.094 | 83.1| 0.0 113.6| 0.000 [ 0.041 || 5/25/2003 22:30 [ 258 0.44 |152.52| 23.4
3/1/2001 23:13 | 2.01 |333.17]34.02 0.22 131.42]0.110| 0.094 [ 83.0| 0.1 {13.7] 0.050 | 0.041 5/26/2003 8.00 259 0.40 |152.92] 23.5
3/3/2001 0:27 1.05 [334.22|34.12]| 0.10 |31.52{0.095( 0.094 | 82.9| 0.1 {13.8| 0.095| 0.041 || 5/26/2003 12:00 | 260 0.17 [153.08] 23.8
3/3/2001 9:63 | 0.39 [334.62|34.17| 0.05 }131.57|0.127 | 0.094 | 82.9| 0.0 [13.8]| 0.000 | 0.041 |] 5/26/2003 21:30 | 261 0.40 }1153.48] 234
3/3/2001 23:07 | 0.55 |335.17)|34.23| 0.06 |31.63| 0.109| 0.094 1828 0.1 |13.9] 0.181| 0.041 5/27/2003 7:00 262 0.40 [153.87) 23.5
3/4/2001 10:50 | 0.49 |335.66]|34.30{ 0.07 {31.70| 0.143 | 0.094 | 828| 0.0 |13.9] 0.000| 0.041 || 5/27/2003 13:30 | 263 0.27 }154.15] 23.5
3/6/2001 22:40 | 1.49 |337.15|34.43| 0.13 |31.83]|0.087 | 0.094 1827 0.1 |14.0{ 0.067 | 0.042 || 5/27/2003 22:00 | 264 0.35 1154.50| 23.3
3/6/2001 22:22 | 0.99 |338.14}34.55] 0.12 |31.95| 0122 ]| 0.094 1827 0.0 [14.0] 0.000| 0.041 5/28/2003 4.00 265 0.25 1154.75] 23.3
3/7/2001 19:50 | 0.8¢ |339.03134.62] 0.07 [32.02| 0.078 | 0.094 826} 0.1 |14.1]0.112] 0.042 | 5/28/2003 15:00 | 266 0.46 |155.21 234
3/9/2001 9:23 1.56 1340.60{34.77] 0.15 [32.17] 0096 | 0.084 | 82.5| 0.1 [14.2] 0.064 | 0.042 }| 5/28/2003 22:00 | 267 0.29 1155.50] 23.3
3/9/2001 19:13 | 0.41 |341.01|34.81] 0.04 |32.21| 0.098 0.094 | 825| 0.0 [14.2] 0.000| 0.042 5/29/2003 9:30 268 0.48 115598 233
3/11/2001 6:45 | 1.48 |342.49|34.96] 0.15 |32.36| 0101 0.094 | 824 0.1 14.3] 0.068 | 0.042 || 5/29/2003 15.00 | 269 0.23 [156.21] 23.5
3/11/2001 19:53 | 0.55 |343.03[35.01| 0.05 [32.41;0.091] 0094 | 824]| 0.0 |14.3] 0.000| 0.042 (| 5/28/2003 22:00 { 270 0.29 [156.50] 23.4
3/12/2001 23:23 | 1.15 [344.18(35.12| 0.11 [32.52/0.096] 0.094 [ 82.3] 0.1 |14.4]| 0.087 [ 0.042 5/30/2003 6.00 271 0.33 [156.83] 23.4
3/13/2001 17:24 | 0.75 |344.93[(3520| 0.08 [32.60] 0.107 | 0.095 | 82.2| 0.1 1145/ 0.133 | 0.042 || 5/30/2003 14:00 | 272 0.33 [157.17] 233
3/14/2001 9:50 | 0.68 |345.61)|35.26| 0.06 |32.66] 0.088 ]| 0.094 | 82.1 0.1 {14.6]| 0.146 | 0.042 (| 5/30/2003 21:00 | 273 0.29 |157.46| 23.3
3/14/2001 17:00 | 0.30 |345.91(35.30| 0.04 §32.70] 0.134 | 0.095 | 82.1| 0.0 [14.6] 0.000 | 0.042 5/31/2003 3:00 274 0.25 1157.71] 23.3
3/15/2001 17:35 | 1.02 |346.94(35.40| 0.10 §32.80]0.098| 0.095 | 82.0| 0.1 {14.7]/0.098 | 0.042 || 5/31/2003 13:00 | 275 0.42 [158.12] 23.3
3/16/20018:10 | 0.61 |347.55/35.48| 0.08 132.88| 0.132 | 0.095 | 82.0| 0.0 |14.7]| 0.000| 0.042 |{ 5/31/200320:30 | 276 0.31 |158.44} 233
3/17/2001 6:33 | 0.93 |348.48|35.56| 0.08 |32.96] 0.086 | 0.095 | 841.9| 0.1 |14.8]| 0.107 | 0.042 6/1/2003 6:30 277 0.42 }1158.85} 23.3
3/17/2001 18:48 | 0.51 |348.99135.60| 0.04 {33.00| 0.078 | 0.095 | 81.9| 0.0 [14.8| 0.000 | 0.042 6/1/2003 13.00 278 0.27 }1159.12) 23.4
3/18/2001 7:26 | 0.53 |349.51}35.67} 0.07 |33.07]| 0.133 | 0.095 | 81.9| 0.0 |14.8] 0.000 | 0.042 6/1/2003 20:30 279 0.31 }1159.44| 233
3/18/2001 18:00 | 0.44 }349.95]35.70] 0.03 |33.10| 0.068 | 0.085 | 81.8] 0.1 [14.9]| 0.227 | 0.043 6/2/2003 2:30 280 0.25 1159.69| 23.3
3/19/2001 17:45 | 0.99 {350.94135.80{ 0.10 |33.20]| 0.101) 0.095 {818} 00 [14.9] 0.000| 0.042 6/2/2003 8:00 281 0.23 |159.92| 23.5
3/20/2001 8:15 | 0.60 {351.55{35.86] 0.08 |33.26]| 0.099 | 0.095 | 81.7] 0.1 [15.0{0.166] 0.043 6/2/2003 12:30 282 0.19 [160.10] 23.4
3/21/2001 18:00 | 1.41 {352.95/36.00 0.14 |33.40| 0.100} 0.085 | 8161 01 [15.1] 0.071] 0.043 6/3/2003 0:30 283 0.50 |160.60] 23.4
3/22/20017:22 | 0.56 |353.51|36.06| 0.05 |33.45} 0.090) 0.095 [ 81.6{ 0.0 [15.1]0.000] 0.043 6/3/2003 7:00 284 0.27 |160.87] 23.4
3/23/2001 8:53 | 1.06 |354.57|36.14] 0.09 133.54] 0.085] 0.095 1815 0.1 |15.2]{ 0.094 | 0.043 6/3/2003 14:00 285 029 {161.17| 23.2
3/23/2001 19:10 | 0.43 [355.00(36.19| 0.05 [33.59]0.117] 0.095 181.5| 0.0 }15.2{ 0.000( 0.043 6/3/2003 21:30 286 0.31 [161.48] 223
3/24/2001 8:31 | 0.56 |355.56)|36.23]| 0.04 [33.63| 0.072 | 0.095 | 81.5| 0.0 {15.2]|0.000| 0.043 6/4/2003 7:00 287 0.40 [161.87| 23.0
3/24/2001 18:40 | 0.42 [355.98(36.28| 0.05 §33.68]0.118 ) 0.095 [81.5] 0.0 |15.2] 0.000 [ 0.043 6/4/2003 13:00 288 0.25 |162.12] 23.0
3/25/2001 18:15 | 0.98 [356.97(36.38| 0.10 |33.78]0.102 | 0.095 [81.4| 0.1 [15.3]| 0.102 | 0.043 6/4/2003 20:00 289 0.29 1162.42| 23.0
3/26/2001 9:25 | 0.63 |357.60)|36.43| 0.05 |33.83]| 0.079| 0.095 1814f 0.0 |15.3] 0.000| 0.043 6/5/2003 6:30 290 0.44 |162.85] 23.2
3/27/2001 10:19 | 1.04 [358.63]136.52| 0.09 |33.92]| 0.087 | 0.095 [ 81.3| 0.1 [15.4} 0.096] 0.043 6/5/2003 12:00 291 0.23 |163.08] 23.0
3/27/2001 19:26 | 0.38 {359.01136.56] 0.04 133.96]| 0.105] 0.095 | 81.3} 0.0 [15.4] 0.000] 0.043 6/5/2003 22:30 292 0.44 1163.52{ 23.0
3/28/2001 8:35 | 0.55 }1359.56136.61} 0.05 [34.01]/ 0.091] 0.095 [ 813} 0.0 |15.4| 0.000[ 0.043 6/6/2003 7:00 293 0.35 1163.87] 23.2
3/29/2001 18:38 | 1.42 1360.98]36.76| 0.15 |34.16} 0,106 | 0.095 [ 81.2] 0.1 [15.6] 0.070 | 0.043 6/6/2003 13:30 294 0.27 |164.15| 23.0
3/30/2001 10:10 | 0.65 |361.63]|36.80| 0.04 134.2010.062 ] 0.095 [81.2| 0.0 j15.5( 0.000| 0.043 6/6/2003 2330 295 0.42 |164.56] 23.0
3/31/2001 18:51 | 1.36 |362.99/36.94| 0.14 {34.34| 0.103 [ 0.095 | 81.1| 0.1 ]156| 0.073 | 0.043 6/7/2003 17:00 296 0.73 165.29] 23.1
4/1/2001 10:52 | 0.63 [363.62|37.00f 0.06 [34.40| 0.096 [ 0.095 {81.0| 0.1 [15.7]| 0.160} 0.043 6/7/2003 20.00 297 0.13 |165.42] 23.2
4/2/2001 20:53 | 1.42 {365.03]37.13] 0.13 |34.63| 0.092| 0.095 | 80.8}| 01 [15.8] 0.071] 0.043 6/7/2003 22:00 208 0.08 1165.50| 23.2
4/3/2001 10:59 | 0.59 |365.62|37.19| 0.06 |34.59] 0.102} 0.095 | 80.9] 0.0 |15.8]| 0.000 | 0.043 6/8/2003 7:00 298 0.38 [165.87] 23.2
4/3/2001 22:00 | 0.46 [366.08|37.24| 0.05 |34.64| 0.109 | 0.095 | 80.9| 0.0 [15.8] 0.000 [ 0.043 6/8/2003 12:00 300 0.21 [166.08] 23.1
4/4/2001 20:28 | 0.94 [367.02(37.30| 0.06 {34.70]{0.064 | 0.095 [80.8| 0.1 |15.9| 0.107 [ 0.043 6/8/2003 22:30 301 0.44 1166.52] 23.2
4/5/2001 12:23 | 0.66 [367.68|37.37| 0.07 34.77| 0.106 | 0.095 | 80.8| 0.0 {15.9]| 0.000 | 0.043 6/9/2003 10:00 302 0.48 |167.00] 235
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4/6/2001 9:40 | 0.89 |368.57|37.44{ 0.07 |34.84]| 0.079 | 0.095 |{80.7| 0.1 {16.0] 0.113| 0.043 || 6/9/2003 15:30 303 0.23 1167.23| 23.1
4/6/2001 20:30 | 0.45 |369.02|37.48| 0.04 }34.88( 0.089 | 0.095 {80.7| 0.0 [16.0] 0.000 | 0.043 6/9/2003 20:30 304 0.21 {167.44] 232
4/7/2001 10:40 0.59 {369.61] 1.15] 0.08 |34.96| 0.136 | 0.095 | 80.7| 0.0 [16.0} 0.000 | 0.043 6/10/2003 9:00 305 0.52 |167.96[ 23.1
4/8/2001 20:40 | 1.42 |371.02| 1.36 ] 0.21 |35.17]| 0.148 | 0.095 | 806} 0.1 |16.1]0.071 | 0.043 }| 6/10/2003 13:00 | 306 0.17 [168.12] 23.2

4/9/20019:05 | 0.52 {371.54]| 1.43] 0.07 |3524|0.135} 0.095 | 80.6] 0.0 [16.1} 0.000] 0.043 }| 6/10/2003 22:00 | 307 0.38 |168.50] 23.2
4/9/2001 20:16 | 0.47 {372.01] 1.50 | 0.07 [35.31/0.150] 0.095 | 80.5f 0.1 |16.2} 0.215] 0.044 1| 6/11/2003 9:30 308 0.48 |168.98]| 23.0

4/10/2001 20:32 | 1.01 |373.02| 160 | 0.10 |3541]|0.099 | 0.095 | 80.5| 0.0 {16.2] 0.000| 0.043 || 6/11/2003 13:00 | 309 0.15 ]169.12] 23.2
4/11/2001 11:06 | 061 |373.63|1.70 | 0.10 13551} 0.165[ 0.095 | 80.4| 0.1 [16.3]0.165| 0.044 || 6/11/2003 23:30 { 310 0.44 1169.56| 23.2
4/12/200120:30 | 1.39 |375.02]| 1.86 | 0.16 |3567]0.115| 0.095 | 80.3| 0.1 [16.4]0.072 | 0.044 || 6/12/2003 9:00 311 0.40 1169.96] 23.0
4/13/2001 20:43 | 1.01 |376.03| 1.99| 0.13 |3580]| 0.129] 0.095 | 80.2] 0.1 [16.5] 0.099 | 0.044 {| 6/12/2003 13:00 | 312 0.17 |170.12{ 231
4/14/2001 20:62 | 1.01 |377.03| 2.10| 0.11 |3591| 0.109} 0.095 | 80.1] 0.1 (16.6] 0.099| 0.044 || 6/12/2003 22:00 | 313 0.38 |170.50] 23.2
4/16/20019:05 | 1.51 [378.54] 2.30 | 0.20 §36.11] 0.133] 0.095 | 80.0] 01 116.7| 0.066} 0.044 || 6/13/2003 9:00 314 0.46 1170.96] 23.0
4/17/2001 6:45 | 0.90 [379.44} 2.39 | 0.09 36.20] 0.100 | 0.095 [ 80.0 0.0 {16.7] 0.000 | 0.044 || 6/13/2003 14:.00 | 315 0.21 {171.17] 23.0
4/18/2001 20:56 | 1.59 1381.04| 2.58 | 0.19 136.39/0.119 | 0.086 [ 79.9| 01 {16.8/ 0.063 | 0.044 [| 6/13/2003 20:30 | 316 0.27 [171.44] 23.0
4/19/2001 8:15 | 0.51 [381.55)2.63 | 0.05 136.44)0.097 | 0.096 | 79.9| 0.0 {16.8|0.000| 0.044 || 6/14/2003 7:00 317 0.44 1171.87] 23.0
4/20/2001 13:45 | 1.19 |382.74]| 2.80 [ 0.17 |36.6110.143 | 0.096 [ 79.8| 0.1 |16.9] 0.084 | 0.044 (| 6/14/2003 19:00 | 318 0.50 |172.37| 23.0
4/20/2001 21:10 | 0.31 |383,05| 2.83 | 0.03 [36.64} 0.097 | 0.096 [ 79.8| 0.0 |16.9] 0.000 | 0.044 (| 6/14/2003 23.00 | 318 0.17 |172.54| 23.0
4/21/2001 8:55 | 0.49 {383.53]2.891 0.06 136.70]/0.123 | 0.096 | 79.8| 0.0 [16.9] 0.000{ 0.044 || 6/15/2003 8:00 320 0.38 |172.92| 229
4/22/20019:35 [ 1.03 1384.56) 3.00 | 0.11 |36.81]0.107 | 0.096 | 79.7| 0.1 |[17.0] 0.097 | 0.044 || 6/15/2003 12:.00 | 321 0.17 1173.08] 23.0
4/23/2001 8:40 | 0.96 1385521 3.10 | 0.10 |36.91]0.104 | 0.096 | 79.7| 0.0 |17.0] 0.000] 0.044 || 6/15/2003 23:00 | 322 046 1173.54] 23.0
4/23/2001 21:56 | 0.55 |386.08f 3.19| 0.09 137.00| 0.163 | 0.096 {79.6]| 0.1 [17.1]/0.181] 0.044 || 6/16/2003 13:00 | 323 0.58 [174.12} 23.0
4/25/2001 10:43 | 1.63 |387.61] 3.34| 0.15 |37.15/0.088| 0.096 |79.5] 0.1 [17.2]/0.065] 0.044 || 6/16/200317:30 | 324 0.19 {174.31] 23.0
4/26/20019:00 | 0.93 1388.54}| 3461 012 {37.27|0.129| 0.096 1 79.561 0.0 |17.2] 0.000} 0.044 || 6/16/2003 21:00 | 325 0.15 1174.46] 23.0
4/27/2001 8:53 | 1.00 {389.563| 3.57 | 0.11 |37.38/ 0.111] 0.096 }79.4]| 0.1 [17.3]0.100 | 0.044 || 6/17/2003 9.00 326 0.50 {174.96] 23.0
4/27/2001 21:05 | 0.51 |390.04] 3.60 | 0.03 |37.41|0.059} 0.096 | 79.4| 0.0 [17.3] 0.000 | 0.044 {| 6/17/200317:00 | 327 0.33 1175.29] 23.0
4/28/200121:07 | 1.00 {391.04]|3.72 | 0.12 |37.63|1 0120 0.096 | 79.3] 0.1 [17.4]0.100] 0.044 || 6/17/2003 23:00 | 328 0.25 1175.64] 23.0
4/29/2001 6:53 | 0.41 1391.45]3.77 | 0.05 [37.58( 0.123] 0.096 | 79.31 0.0 |17.4]| 0.000{ 0.044 || 6/18/2003 9:00 329 0.42 1175.96] 23.0
4/29/2001 21:05 | 0.59 1392.04]| 3.81 | 0.04 |37.62| 0.068} 0.096 ) 79.3{ 00 |17.4| 0.000] 0.044 || 6/18/2003 14:00 | 330 0.21 1176.17] 229
4/30/2001 21:32 | 1.02 |393.06| 3.92 | 0.11 {37.7310.108 | 0.096 [ 79.2| 0.1 ]17.5(/0.098 | 0.045 |{ 6/18/2003 23:00 | 331 0.38 |176.54} 229

5/1/2001 7:32 | 0.42 |393.48| 3.99 | 0.07 |37.80/0.168 | 0.096 | 79.2| 0.0 {17.5| 0.000 | 0.044 || 6/19/2003 6:30 332 0.31 [176.85] 22.8
5/1/2001 19:35 | 0.50 |393.98)| 4.03 | 0.04 |37.84|0.080| 0.096 | 79.2| 0.0 {17.5|0.000 | 0.044 || 6/19/2003 16:30 | 333 0.42 [177.27] 22.8

5/3/2001 9:50 1.59 |395.57( 4.20 [ 0.17 |38.01)0.107 | 0.096 | 79.1| 0.1 {17.6(0.063 | 0.044 (| 6/19/2003 23:00 | 334 0.27 [177.54] 22.9
5/3/200122:26 | 0.53 |396.10| 4.27 | 0.07 |38.08{ 0.133| 0.096 | 79.1| 0.0 ]17.6]| 0.000 | 0.044 || 6/20/2003 10:00 | 335 0.46 | 178.00f 22.8
5/4/2001 11:28 | 0.54 1396.64]| 431 ] 0.04 138.12} 0.074| 0.096 | 79.1| 0.0 {17.6] 0.000| 0.044 || 6/20/2003 15.00 | 336 0.21 [178.21] 229
5/5/2001 8:056 | 0.86 1397.50] 4.40} 0.09 |38.21|/ 0.105[ 0.096 [ 79.0| 0.1 [17.7] 0.116] 0.045 || 6/21/2003 0:00 337 0.38 |178.58| 22.9
5/5/2001 22:27 | 0.60 [398.10} 449 | 0.09 [38.30/ 0.160] 0.096 { 79.0] 0.0 |17.7]| 0.000 | 0.044 6/21/2003 7.00 338 0.29 [178.87] 22.8
5/7/2001 9:.01 144 [399.54]| 461 | 012 |3842|0.083| 0096 {789| 0.1 [17.8] 0.069 | 0.045 || 6/21/2003 14:00 | 339 0.29 1179.17] 23.0
5/7/2001 21:30 | 0.52 |400.06| 4.69 | 0.08 |38.50]| 0.154 | 0.096 | 78.9| 0.0 |17.8] 0.000 | 0.044 || 6/21/2003 22:00 | 340 0.33 }179.50} 22.9

5/9/2001 9:45 151 1401571483 | 0.14 |3864|0.093| 0.096 | 78.8| 01 [17.9] 0.066} 0.045 || 6/22/2003 6:00 341 0.33 1179.83} 229
5/9/2001 23:00 | 0.55 |402.12| 4.89 | 0.06 |38.70| 0.109 | 0.096 {78.8] 0.0 [17.9]| 0.000 | 0.045 || 6/22/2003 156:00 | 342 0.38 |180.21] 23.0
5/11/20019:01 | 1.42 [403.54| 5.02 | 0.13 |38.83]| 0.092 | 0.096 | 78.7] 0.1 |18.0 0.071 | 0.045 i| 6/22/2003 23:00 | 343 0.33 1180.54] 23.0

5/11/2001 21:43 | 0.53 |404.07] 5.09 | 0.07 |38.90| 0.132} 0.096 | 78.7{ 0.0 [18.0]{ 0.000 | 0.045 {| 6/23/2003 6:00 344 0.29 1180.83] 23.0
5/12/2001 8:03 | 0.43 |404.50| 5.11 ] 0.02 [38.92| 0.046} 0.096 | 78.7| 0.0 [18.0] 0.000] 0.044 [| 6/23/2003 14.00 | 345 0.33 |181.17] 23.0
5/12/2001 21:46 | 0.57 1405.07| 5.16 | 0.05 |38.97( 0.087 | 0.096 | 786| 0.1 [18.1] 0.1756| 0.045 || 6/23/2003 22:00 | 346 0.33 |181.50] 228
5/13/2001 16:35 | 0.78 1405.85{ 521 | 0.05 [39.02{0.064| 0.096 | 7851 0.1 118.2| 0.128] 0.045 || 6/24/2003 7:50 347 0.41 1181.91] 23.0
5/14/2001 12:57 | 0.85 |406.70({ 532 | 0.11 }39.13]0.130| 0.096 | 78.5]| 0.0 {18.2 0.000 | 0.045 (| 6/24/2003 13:30 | 348 0.24 [182.15] 23.0
5/15/2001 16:05 | 1.13 |407.83[ 541 | 0.09 [39.2210.080 | 0.096 | 78.5]| 0.0 {18.2( 0.000 | 0.045 || 6/24/2003 22:00 | 349 0.35 |182.50{ 23.2
5/16/2001 21:28 | 1.22 |409.06[ 5.62 | 0.11 [39.33]0.000]| 0.096 | 78.4| 0.1 |18.3|0.082 | 0.045 || 6/25/2003 7:00 350 0.38 |182.87] 23.1
5/17/2001 21:50 | 1.02 |410.07[ 5.61 | 0.09 |39.42/0.080| 0.096 | 784 | 0.0 {18.3]0.000| 0.045 (| 6/25/2003 14:00 [ 351 0.29 1183.17]| 23.0
5/18/20019:48 | 0.50 [410.57| 5.67 | 0.06 |39.48{ 0.120 | 0.096 | 78.3| 0.1 118.4] 0.201 | 0.045 || 6/25/2003 22:00 [ 352 0.33 [183.50] 23.0
5/18/2001 21:51 | 0.50 1411.07] 5.70| 0.03 |39.51]| 0.060| 0.096 | 78.3| 0.0 [18.4] 0.000{ 0.045 || 6/26/2003 5:30 353 0.31 |183.81] 23.2
5/20/20017:52 | 1.42 412491 581 ] 0.11 |39.62]| 0.078 | 0.096 [ 78.2| 0.1 |18.5] 0.071 | 0.045 || 6/26/2003 17:00 | 354 0.48 |184.29| 23.0
5/21/2001 7:05 | 0.97 }1413.46{ 5901 0.09 |39.71|0.093 | 0.096 | 78.2| 0.0 |18.5] 0.000{ 0.045 || 6/27/2003 10:00 | 355 0.71 ]185.00] 23.1
5/22/2001 18:20 | 1.47 |414.93/ 6.10 | 0.20 |39.91/0.136 | 0.096 [ 78.2] 0.0 |18.5] 0.000] 0.045 || 6/27/2003 22:00 | 356 0.50 |185.50f 23.1
5/23/20017:25 | 0.55 [41547{6.16 | 0.06 [39.97(0.110] 0.096 [ 781 0.1 |186]0.183] 0.045 || 6/28/2003 9:00 357 0.46 |185.96] 231
5/24/2001 8:38 | 1.05 1416.52} 6.26 | 0.10 [40.07| 0.095| 0.096 { 78.1| 0.0 |18.6] 0.000| 0.045 || 6/28/2003 23:00 | 358 0.58 {186.54| 228
5/24/2001 18:20 | 0.40 |416.93]|6.30 | 0.04 140.11) 0.099 | 0.096 | 78.1| 0.0 {18.6]0.000| 0.045 || 6/29/2003 12:00 | 359 0.54 [187.08] 23.0
5/25/2001 8:30 | 0.59 |417.62|6.37 | 0.07 |40.18{0.119| 0.096 | 78.0| 0.1 |18.7] 0.169 | 0.045 (| 6/29/2003 22:00 360 0.42 |187.50| 22.8
5/27/2001 9:00 | 2.02 [419.54| 6.56 | 0.19 }40.37]0.094 | 0.096 | 77.9| 0.1 [18.8]| 0.049 | 0.045 || 6/30/2003 11:00 | 361 0.54 [188.04]| 228
5/27/2001 18:39 | 0.40 1419.94 6.59 | 0.03 140.40{ 0.075] 0.096 | 77.8| 0.1 118.9| 0.249 [ 0.045 || 6/30/2003 16:00 [ 362 0.21 [188.25] 22.7
5/28/2001 8:33 | 0.58 |420.52)| 6.62 | 0.03 |40.43| 0.052 | 0.096 | 77.8| 0.0 {18.9]| 0.000 | 0.045 || 6/30/2003 23:00 | 363 0.29 [188.54] 22.8
5/28/2001 18:34 | 0.42 1420.9416.64 | 0.02 14045/ 0.048 )| 0.096 | 77.81 0.0 [18.9] 0.000 | 0.045 7/1/2003 10:00 364 0.46 1189.00] 229
5/29/2001 19:30 | 1.04 1421.98]6.70 | 0.06 |40.51|0.058 | 0.096 | 77.8] 00 [18.9} 0.000 | 0.045 7/1/2003 20:00 365 0.42 1189.42] 229
5/31/2001 18:46 | 1.97 142395)6.87 { 0.17 |40.68]|0.086| 0096 | 77.7] 0.1 [19.0{ 0.051 | 0.045 7/2/2003 5:30 366 0.40 1189.81] 23.0

6/1/2001 9:10 | 0.60 {424.55) 6.93 ] 0.06 |40.74] 0.100| 0.096 | 77.7| 0.0 {19.0] 0.000 | 0.045 7/2/2003 14.00 367 0.35 {190.17| 23.0
6/2/2001 10:15 | 1.05 1425.59| 6.99 | 0.06 |40.80] 0.057 | 0.096 | 77.7] 0.0 |19.0] 0.000 | 0.045 7/2/2003 22.00 368 0.33 {190.50( 23.0
6/3/20019:50 | 0.98 1426.57] 7111 0.12 140.92} 0122} 0.096 | 77.7| 0.0 {19.0]| 0.000| 0.045 7/3/2003 10:00 369 0.50 |191.00| 23.0
6/3/2001 19:05 | 0.39 [426.96| 7.13 | 0.02 ]40.94]| 0.052 | 0.096 | 77.7| 0.0 [19.0] 0.000| 0.045 7/3/2003 20:00 370 0.42 1191.42| 23.0
6/4/2001 8.05 0.54 1427.50} 7.19| 0.06 |41.00/0.111] 0.096 | 776| 0.1 |19.1]| 0.185} 0.045 7/4/2003 8:30 371 0.52 |191.84] 23.0
6/4/2001 19:.02 | 0.46 [427.9617.20| 0.01 |41.01]/0.022| 0.096 {776} 0.0 [19.1] 0.000} 0.045 7/4/2003 21:00 372 0.62 |192.46] 23.0
6/5/2001 19:05 | 1.00 |428.96} 7.29 | 0.09 [41.10(/ 0.090| 0.096 | 77.56| 0.1 |19.2] 0.100| 0.045 7/5/2003 5:30 373 0.35 |192.81) 23.0
6/6/2001 7:10 | 0.50 [429.46]7.30 } 0.01 [41.11] 0.020 | 0.096 | 77.5] 0.0 [19.2] 0.000 | 0.045 7/5/2003 18:00 374 0.52 1183.33| 22.9
6/6/2001 19:15 | 0.50 1429.97| 7.37 | 0.07 141.1870.1392) 0.096 | 77.5] 0.0 }19.2) 0.000] 0.045 7/5/12003 2300 375 0.21 1193.54] 23.0
6/7/2001 5:40 | 0.43 1430.40| 7.40 | 0.03 141.21{0.069] 0.086 (77.5| 0.0 ]19.2| 0.000 | 0.045 7/6/2003 7.00 376 0.33 [193.87] 23.0
6/7/2001 19:05 { 0.56 [430.96| 7.42 | 0.02 {41.23| 0.036 | 0.096 | 77.6| 0.0 |19.2]| 0.000 [ 0.045 7/6/2003 12:00 377 0.21 [194.08] 23.0
6/8/20017:45 | 0.53 |43149]|7.45| 0.03 {41.26/0.057 | 0.096 | 77.5| 0.0 119.2] 0.000 | 0.044 7/6/2003 18:00 378 0.25 |194.33} 23.1
6/8/2001 19:25 | 0.49 [43197| 7.49 | 0.04 {44.30| 0.082 | 0.096 | 77.4| 0.1 {19.3]| 0.206 | 0.045 7/7/2003 8:40 37¢ 0.61 |194.94] 23.0
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6/10/2001 9:50 [ 1.60 |433.57|7.62 | 0.13 141.43] 00814 0006 {772} 02 [19.5]0.125} 0.045 7/7/2003 15:00 380 0.26 |195.21| 22.8
6/10/2001 19:15 | 0.39 |433.97| 7.64 | 0.02 141.45] 0.051{ 0.096 | 77.2] 0.0 |19.5} 0.000 | 0.045 71712003 22:00 381 0.29 ]196.50| 22.8
6/11/2001 9:05 | 0.68 1434.54| 7.70 ) 0.06 |41.51] 0.104] 0.096 | 77.2| 0.0 |19.5] 0.000 | 0.045 7/8/2003 9:00 382 0.46 |195.96| 22.9
6/12/2001 9:50 | 1.03 1435.57| 7.80 | 0.10 {41.6110.097) 0.096 [ 77.2| 0.0 |19.5] 0.000 [ 0.045 7/8/2003 15.00 383 0.25 {196.21| 22.8
6/12/2001 17:30 | 0.32 |435.89| 7.82 | 0.02 141.63| 0.063 | 0.096 [77.1| 0.1 ]19.6( 0.313 | 0.045 7/8/2003 22:00 384 0.29 1196.50| 22.8
6/13/2001 9:40 | 0.67 [436.57| 7.89 | 0.07 {41.70| 0.104 [ 0.096 | 77.1| 0.0 [19.6]| 0.000 | 0.045 7/9/2003 2:30 385 0.19 [196.69] 23.0
6/13/2001 20:30 | 0.45 |437.02| 7.90 | 0.01 }141.71]/0.022] 0.095 | 77.1| 0.0 119.6]|0.000| 0.045 7/9/2003 10.00 386 0.31 1197.00] 23.0
6/14/2001 19:37 | 0.96 |437.98)|8.00 | 0.10 |41.81/ 0104 | 0.085 | 77.1| 0.0 |19.6] 0.000 | 0.045 7/9/2003 16:00 387 0.25 1197.25]| 228
6/15/2001 19:40 | 1.00 1438.98|8.10 | 0.10 |41.91|/0100] 0.095 | 77.0| 0.1 [19.7] 0.100 | 0.045 7/8/2003 23:00 388 0.29 1197.564| 22.9
6/16/2001 12:45 | 0.71 |439.60| 818 | 0.08 |141.99|0.112] 0.095 | 77.0| 0.0 {19.7] 0.000| 0.045 7/10/2003 8:00 389 0.38 [197.92] 23.0
6/16/2001 20:00 | 0.30 |440.00]| 8.20 | 0.02 [42.01] 0.066 | 0.095 | 77.0| 0.0 119.7]| 0.000 | 0.045 || 7/10/2003 16:00 | 390 0.33 [198.25] 23.0
6/17/2001 11:50 | 0.66 |440.66] 8.24 | 0.04 |42.05} 0.061) 0.095 [77.0| 0.0 {18.7( 0.000 | 0.045 || 7/10/2003 22:00 { 391 0.25 |198.50] 22.9
6/18/2001 9:25 | 0.90 1441.56] 8.35| 0.11 ]42.16| 0.122 | 0.095 [ 76.9] 0.1 [19.8] 0.111} 0.045 || 7/11/2003 8:30 392 0.44 |1198.94] 23.0
6/19/20019:40 | 1.01 1442.57]8.43 ) 008 (4224|0079 )| 0095 | 76.9{ 0.0 |19.8} 0.000] 0.045 || 7/11/2003 17:00 | 393 0.35 1199.29]| 22.7
6/20/2001 7:30 | 0.91 1443.48{ 8511 0.08 {4232/ 0.088| 0.095 | 76.9| 0.0 |19.8]0.000{ 0.045 || 7/11/2003 23.00 | 394 0.25 1199.54| 22.7
6/20/2001 20:00 | 0.52 [444.00§ 8.57 | 0.06 142,38/ 0.115] 0.095 {76.8| 0.1 ]19.910.182 | 0.045 7/12/2003 56:30 395 0.27 1199.81] 22.7
6/22/2001 8:26 | 1.52 1445.51| 8.67 | 0.10 |42.48] 0.066 | 0.095 | 76.7 | 0.1 |20.0] 0.086 ] 0.045 |1 7/12/2003 11:00 | 396 0.23 [200.04) 22.7
6/23/2001 8:10 | 0.99 [446.50} 8.73 | 0.06 142.54]| 0.061 | 0.095 | 76.7| 0.0 [20.0] 0.000 | 0.045 |] 7/12/2003 17:00 | 397 0.25 1200.29] 22.6
6/23/2001 20.35 | 0.52 1447.02 8.75| 0.02 |42.56) 0.039| 0.095 | 76.7| 0.0 [20.0f 0.000| 0.045 7/13/2003 8:00 398 0.63 [200.92] 22.8
6/24/2001 10.00 | 0.56 [447.58] 8.82 | 0.07 14263 0.125]| 0095 | 76.6| 0.1 {20.1]/ 0.179] 0.045 || 7/13/2003 17:.00 | 399 0.38 [201.29] 22.8
6/25/2001 1345 | 1.16 {448.74| 8.89 | 0.07 {4270/ 0.061]| 0.095 | 76.5| 0.1 {20.2]0.086 | 0.045 || 7/13/2003 23:00 | 40¢C 0.25 [201.84] 22.9
6/25/200121:45 | 0.33 1449.07|8.93 | 0.04 142.74| 0120 | 0.095 | 76.5| 0.0 [20.2] 0.000] 0.045 || 7/14/2003 7:00 401 0.33 ]201.87] 23.0
6/27/20019:45 | 1.50 |450.57] 9.02 | 0.09 |42.83]| 0.060 | 0.095 [ 76.5] 0.0 [20.2] 0.000 | 0.045 || 7/14/2003 13:00 | 402 0.25 1202.12] 23.0
6/28/2001 9:20 | 0.98 1451.556{ 9.10 | 0.08 142.91| 0.081| 0.095 [ 76.4] 0.1 [20.3} 0.102| 0.045 || 7/14/2003 22:00 | 403 0.38 1202.50| 22.9
6/30/2001 20:38 | 2.47 {454.021 9.20 ] 0.10 |43.01] 0.040 | 0.095 {764} 0.0 |20.3}1 0.000| 0.045 || 7/15/2003 8:00 404 0.42 1202.92]| 22.8
7/1/2001 9:17 | 0.53 {454.5519.29 ] 0.09 143.10|/ 0171 0.095 | 76.4| 0.0 [20.3}0.000| 0.045 || 7/15/2003 12:00 | 405 0.17 1203.08] 22.8
7/2/2001 10:07 | 1.03 1455.58| 9.35 | 0.06 [43.16] 0.058 | 0.095 { 76.3| 0.1 |20.4]| 0.097 | 0.045 || 7/15/2003 22:00 | 406 0.42 1203.50| 22.6
7/3/20019:33 | 0.98 1456.56{ 9.40 | 0.05 143.21[ 0.051) 0.095 | 76.3[ 0.0 |20.4] 0.000] 0.045 7/16/2003 7:00 407 0.38 1203.87] 22.8
71412001 9:25 | 0.99 1457.56] 8.49 ] 0.09 |43.30) 0.091 | 0.095 | 76.2f 0.1 |20.5/ 0.101 | 0.045 || 7/16/2003 14:00 | 408 0.29 1204.17] 22.8
7/5/200121:42 | 151 [469.07| 9.53 | 0.04 143.34]0.026 | 0.094 | 76.2| 0.0 ]20.5) 0.000 | 0.045 | 7/16/2003 22:00 | 409 0.33 |204.50] 22.8
7/7/2001 9:33 1.49 1460.56) 9.63 | 0.10 |43.44]0.067 | 0.094 | 76.2| 0.0 ]20.5]| 0.000 | 0.045 7/17/2003 7:00 410 0.38 [204.87| 228
7/7/200121:00 | 0.48 [461.04| 9.68 | 0.05 [43.49]0.105) 0.094 [76.1| 0.1 }20.6| 0.210 | 0.045 }{ 7/17/2003 15:00 | 411 0.33 1205.21] 22.7
7/8/20019:59 | 0.54 1461.58] 9.70 | 0.02 [43.561] 0.037 ) 0.084 (761 | 0.0 120.6/0.000 | 0.045 j} 7/17/2003 22:00 | 412 0.29 1205.50| 22.9
7/9/2001 9:31 0.98 1462.56| 9.78 | 0.08 143.59/0.082 | 0.094 | 76.1| 0.0 }20.6( 0.000| 0.045 7/18/2003 7:00 413 0.38 [205.87] 23.0
7/10/2001 10:15 | 1.03 |463.59]| 9.83 | 0.05 143.64} 0.049] 0.094 [76.1| 0.0 |20.6{ 0.000 | 0.044 {| 7/18/2003 21:00 | 414 0.58 [206.46] 23.4
7/10/2001 21:27 | 0.47 1464.06{ 9.87 | 0.04 [43.68] 0.0861 0.094 | 76.1| 00 }20.6] 0.000 [ 0.044 7/19/2003 6:30 415 0.40 [206.85| 22.4
7/12/2001 16:15 | 1.78 1465.84]| 9.99 | 0.12 143.80( 0.067 ] 0.094 | 76.0| 01 |20.7] 0.056 | 0.044 ;| 7/19/2003 12:30 | 416 0.25 1207.10| 22.4
7/13/2001 10:25 | 0.76 1466.60(10.02| 0.03 (43.83| 0.0401 0.094 | 76.0| 0.0 [20.7{ 0.000 [ 0.044 }| 7/19/2003 22:00 [ 417 0.40 |207.50| 22.4
7/14/2001 7:52 | 0.89 |467.49|10.09]| 0.07 {43.90(/0.078 | 0.094 | 76.0| 0.0 |20.7]| 0.000 ] 0.044 || 7/20/2003 4:30 418 0.27 }1207.77] 224
7/15/2001 7:38 | 0.99 [468.48/10.16] 0.07 |43.97| 0.071| 0.094 | 76.0( 0.0 [20.7] 0.000 | 0.044 || 7/20/2003 13:00 | 419 0.35 1208.12] 224
7/15/2001 20:22 | 0.53 |469.01{10.19} 0.03 14400/ 0.057 | 0.094 | 76.0| 0.0 [20.7[ 0.000 | 0.044 || 7/20/2003 21:00 | 420 0.33 1208.46] 22.5
7/16/2001 8:52 | 0.52 [469.53110.23] 0.04 [44.04]/0.077 ]| 0.094 | 759| 0.1 ]20.8]| 0.192 | 0.044 || 7/21/2003 8:30 421 0.48 [1208.94| 226
7/17/2001 8:40 | 0.99 }1470.52110.30] 0.07 [44.11]/0.071] 0.094 | 759| 0.0 |20.8]|0.000 | 0.044 || 7/21/2003 23:30 | 422 0.63 {209.56] 22.5
7/18/2001 9:30 | 1.03 }471.56}10.39] 0.09 (44.20|0.087 | 0.094 | 75.9| 0.0 |20.8]| 0.000 | 0.044 || 7/22/2003 10:00 | 423 0.44 1210.00]| 22.6
7/18/200118:26 | 0.37 [471.93110.40) 0.01 144.2110.027| 0.094 [ 759]| 0.0 (20.8] 0.000| 0.044 || 7/22/2003 23:00 | 424 0.54 1210.54| 22.5
7/19/20019:50 | 0.64 1472.57[10.46] 0.06 [44.27|0.094 | 0.094 | 758| 0.1 |20.9| 0.156} 0.044 7/23/2003 9:00 425 0.42 1210.96] 22.7
7/20/2001 8:56 | 0.96 1473.53]10.51] 0.05 |44.32] 0.052 | 0.094 ] 75.8] 0.0 [20.9) 0.000 | 0.044 }| 7/23/2003 21:30 | 426 0.52 1211.48] 22.6
7/20/2001 18:15 | 0.39 |473.92|10.53| 0.02 [44.34]| 0.051 ] 0.094 | 758 0.0 |20.9{ 0.000 | 0.044 7/24/2003 9:00 427 0.48 1211.96] 22.7
7/21/20018:40 | 0.60 [474.52|10.58| 0.05 [44.39| 0.083 ¢ 0.094 [ 758 | 0.0 |20.9]0.000 [ 0.044 || 7/24/2003 23:00 | 428 0.58 1212.64| 22.6
7/21/200122:23 | 0.57 |475.10|10.61| 0.03 14442/ 0.052} 0.093 | 75.7| 0.1 [21.0]0.175| 0.044 7/25/2003 7:30 429 0.35 1212.90] 227
7/22/20019:03 | 0.44 [475.54|10.66] 0.05 144471 0.112}| 0.094 | 75.7| 0.0 |21.0] 0.000 | 0.044 || 7/256/2003 16:40 | 430 0.38 {213.28] 22.7
7/23/20018:00 | 0.96 {476.50(10.71] 0.05 [44.52( 0.052 | 0.093 | 767 | 0.0 |21.0{0.000| 0.044 || 7/26/2003 1:00 431 0.35 1213.62]| 226
7/24/2001 9:17 | 1.05 [477.55|10.80| 0.09 |4461]|0.085] 0.093 | 757 0.0 |21.0] 0.000| 0.044 || 7/26/2003 9:00 432 0.33 |213.96] 22.7
7/24/2001 16:40 | 0.31 |477.86{10.81| 0.01 [4462(0033] 0.093 [ 757] 0.0 |21.0| 0.000] 0.044 || 7/26/2003 23:00 | 433 0.58 |214.54{ 22.7
7/25/20018:42 | 0.67 |478.53|10.86] 0.05 |44.67| 0.075| 0.093 [ 756 0.1 [21.110.150 | 0.044 7/27/2003 7:00 434 0.33 |21487{ 22.7
7/26/2001 8:25 | 0.99 [479.51|10.92]| 0.06 [44.73]| 0.061 [ 0.093 | 756 | 0.0 [21.1]| 0.000 | 0.044 || 7/27/2003 23:00 | 435 0.67 [215.54] 227
7/27/2001 8:53 | 1.02 |480.53|10.97| 0.05 {44.78)0.049 | 0.093 | 756| 0.0 121.1] 0.000 | 0.044 7/28/2003 8:00 436 0.38 |215.92| 22.7
7/27/2001 15:17 | 0.27 1480.80|11.00| 0.03 {44.81]0.112[ 0.093 | 756| 0.0 {21.1] 0.000 | 0.044 || 7/28/2003 23:30 | 437 0.65 |216.56] 22.5
7/28/20018:50 | 0.73 [481.53[11.03| 0.03 144.84]10.041 ) 0.093 [7566| 0.0 {21.1] 0.000( 0.044 7/29/2003 9:30 438 042 |216.98( 22.7
7/28/2001 22:15 | 0.56 1482.09|11.06 0.03 144.87]0.054 | 0.083 [ 755 0.1 |21.2] 0.179| 0.044 [{ 7/29/2003 20:00 | 439 0.44 [217.42] 226
7/30/2001 8:22 | 1.42 |483.51|11.18] 0.12 [44.99/0.084 | 0.083 | 755| 0.0 |21.2]| 0.000 | 0.044 7/30/2003 9:00 440 0.54 |217.96f 22.7
7/30/2001 17.03 | 0.36 |483.87[11.20( 0.02 145.01| 0.055]| 0.093 | 755| 0.0 [21.2]/ 0.000 | 0.044 (| 7/30/2003 20:00 | 441 0.46 1218.42] 22.6
7/31/2001 10:38 | 0.73 |484.61(11.26] 0.06 145.07|0.082 | 0.093 [ 75.4| 0.1 [21.3| 0.136} 0.044 7/31/2003 9:00 442 0.54 1218.96] 22.9
7/31/2001 17:32 | 0.29 1484.89111.27] 0.01 [45.08| 0.035) 0.093 | 76.4] 0.0 }21.3} 0.000 | 0.044 ;| 7/31/200322:00 | 443 0.54 1219.50] 22.8
8/2/2001 8:17 161 1486.51|11.38]| 0.11 14519/ 0.068] 0.093 | 75.3| 0.1 }121.4]0.062 | 0.044 8/1/2003 8:30 444 0.44 1219.94| 22.9
8/2/2001 17.05 | 0.37 [486.88|11.40| 0.02 [45.21) 0.055 | 0.093 [ 753 | 0.0 }21.4]0.000 [ 0.044 8/1/2003 22:30 445 0.58 |220.52| 226
8/3/2001 7:52 062 [487.49|11.44| 0.04 [4525]0.065) 0.093 [7563[ 0.0 [21.4]|0.000 [ 0.044 8/2/2003 8:30 446 0.42 1220.94] 22.8
8/3/2001 15:18 | 0.31 [487.80(11.46| 0.02 {45271 0.065] 0.093 [753| 0.0 |21.4]|0.000[ 0.044 8/2/2003 2200 447 0.56 [221.50] 227
8/5/2001 17:50 | 2.11 [489.91[/11.53| 0.07 [45.34|0.033 | 0.093 [ 75.2]| 0.1 ]21.5]0.047 | 0.044 8/3/2003 10.00 448 0.50 |222.00} 22.7
8/6/2001 16:50 | 0.92 [490.82|11.60| 0.07 145.41|0.076 [ 0.093 | 752 | 0.0 }21.5]| 0.000 [ 0.044 8/3/2003 22.00 449 0.50 1222.50| 22.7
8/7/20019:42 | 0.74 1491.57(11.66[ 0.06 14547)0.081| 0.093 | 75.2| 0.0 {21.5[ 0.000 | 0.044 8/4/2003 9:00 450 0.46 1222.96] 22.7
8/8/2001 9:07 | 0.98 1492.54{11.70[ 0.04 |4551)| 0.041]| 0.092 | 751| 0.1 {21.6] 0.102| 0.044 8/4/2003 23.00 451 0.58 122354 227
8/8/2001 17:44 | 0.36 [492.90|11.73| 0.03 (45541 0.084 | 0.092 | 751] 0.0 |21.6]0.000| 0.044 8/5/2003 6.00 452 0.29 |223.83| 23.0
8/9/2001 18:17 | 1.02 [493.93|11.80| 0.07 [45.61]0.068 | 0.082 | 75.1| 0.0 |21.6] 0.000 | 0.044 8/6/2003 23:30 453 0.73 |224.56) 22.8
8/10/200121:30 | 1.13 |495.06]|11.88] 0.08 145.69]{0.071 | 0.092 | 75.0| 01 }21.7]0.088| 0.044 8/6/2003 9:00 454 0.40 [224.96] 22.9
8/11/2001 10:02 | 0.52 1495.58|11.90] 0.02 |45.71{0.038 | 0.092 | 75.0| 0.0 |21.7[ 0.000 | 0.044 8/6/2003 23.00 455 0.58 1225.54| 22.8
8/11/2001 22:40 | 0.53 1496.11]11.93| 0.03 |45.74{ 0.057 | 0.082 | 75.0| 0.0 {21.7][ 0.000| 0.044 8/7/2003 7.00 456 0.33 {22587] 228
B.6




8/12/2001 22:33 | 1.00 {497.10{12.00] 0.07 145.81]|0.070 ] 0.092 1 75.0| 0.0 121.7]0.000| 0.044 8/7/2003 23:30 457 0.69 1226.56] 22.7
8/13/2001 8:10 | 0.40 [497.50{12.02] 0.02 [45.83}0.050| 0.092 | 75.0| 0.0 |21.7]| 0.000 | 0.044 8/8/2003 3.00 458 0.15 [226.71] 22.7
8/13/2001 21:25 | 0.55 |498.06|12.06| 0.04 |45.87]|0.072| 0092 |749| 01 |21.8)|0.181] 0.044 8/8/2003 18:00 459 0.63 |227.33] 22.7
8/14/2001 11:25 | 0.58 |498.64[12.10| 0.04 |4591| 0.069 [ 0.092 | 74.9| 0.0 [21.8]| 0.000) 0.044 8/9/2003 7:00 460 0.54 22787} 22.7
8/15/2001 8:556 | 0.90 |499.63|12.16f 0.06 |45.97]| 0.067 | 0.092 [ 749 0.0 121.8] 0.000| 0.044 [{ 8/9/2003 23:00 461 067 |228.54| 22.7
8/15/2001 22:25 | 0.56 [500.10{12.20] 0.04 146.01|0.071] 0.092 | 749| 0.0 {21.8] 0.000| 0.044 || 8/10/2003 9:00 462 0.42 [228.96]| 22.7
8/16/2001 8:05 | 0.40 |500.50]12.24] 0.04 [46.05]0.099] 0.092 | 748]| 0.1 21.9]|0.248{ 0.044 || 8/10/2003 23:30 | 463 0.60 |229.56| 22.7
8/16/2001 21:45 | 0.57 {501.07)12.27] 0.03 [46.08} 0.053 | 0.092 | 74.8| 0.0 |21.9] 0.000 | 0.044 || 8/11/2003 7:30 464 0.33 1229.90] 22.7
8/17/20018:09 | 0.43 }501.50{12.30] 0.03 [46.11| 0.069| 0.092 | 748| 0.0 121.9]0.000 | 0.044 |{ 8/11/2003 21:30 | 465 0.58 [230.48] 226
8/18/2001 8:33 | 1.02 }1502.52112.38] 0.08 {46.19[ 0.079 | 0.092 | 74.7| 0.1 |22.0] 0.098} 0.044 || 8/12/2003 8:00 466 0.48 1230.96] 22.7
8/18/2001 16:34 | 0.33 |502.85]12.39]| 0.01 146.20] 0.030 | 0.092 | 74.7| 0.0 |22.0| 0.000 | 0.044 || 8/12/2003 23:30 | 467 0.60 |231.56] 22.7
8/19/20016:30 | 0.58 |503.43)12.46] 0.07 146.27|0.121] 0.092 {747 0.0 {22.0| 0.000| 0.044 || 8/13/2003 8:30 468 0.38 1231.94] 226
8/20/20017:38 | 1.056 |504.48[12.53]| 0.07 |46.34]| 0.067 | 0.092 | 74.7] 0.0 [22.0]| 0.000 [ 0.044 || 8/13/2003 22:00 | 469 0.56 |232.50| 22.7
8/20/2001 16:10 | 0.36 {504.84112.55] 0.02 146.36]| 0.056 | 0.092 | 747} 0.0 [22.0] 0.000| 0.044 8/14/2003 9:30 470 0.48 1232.98| 22.8
8/21/20019:35 | 0.73 |505.56]12.61] 0.06 [46.42|0.083 | 0.092 [ 746} 0.1 |22.1]0.138 | 0.044 || 8/14/2003 23.30 | 471 0.58 1233.56| 22.8
8/22/2001 6:17 | 0.99 1506.55)12.69{ 0.08 146.50( 0.081 | 0.082 (746 0.0 |22.1] 0.000| 0.044 8/15/2003 9:00 472 0.40 }233.96] 23.0
8/23/2001 9:30 | 1.01 |507.56]12.76] 0.07 |46.57( 0.069 | 0.092 | 746| 0.0 |22.1} 0.000] 0.044 || 8/15/2003 23:00 | 473 0.58 1234.54| 229
8/24/2001 17:.07 | 1.32 |508.88]|12.81| 0.05 |46.62| 0.038] 0.092 | 745]| 0.1 ]22.2]|0.076 | 0.044 8/16/2003 9:00 474 0.42 |234.96| 22.8
8/25/2001 21:19 | 1.18 |510.05|12.93| 0.12 |146.74] 0.102{ 0.092 | 74.5| 0.0 j22.2]| 0.000 | 0.044 || 8/16/200323:30 | 475 0.60 1235.56| 22.8
8/26/2001 9:50 { 0.52 [510.57|12.99| 0.06 |46.80| 0.1156] 0.092 | 744 | 0.1 }22.3|0.192 | 0.044 8/17/2003 8:00 476 0.40 {235.96| 22.7
8/27/2001 21:58 | 1.61 |512.08(13.07| 0.08 [46.88| 0.0531 0.092 | 74.4]| 0.0 [22.3]| 0.000 | 0.044 || 8/17/2003 23:00 { 477 0.58 {236.54| 22.7
8/28/2001 8:39 | 0.45 |512.52|13.11| 0.04 146.92( 0.090 | 0.092 | 74.4| 0.0 22.3]0.000 | 0.044 8/18/2003 9:00 478 0.42 {236.96] 22.8
8/29/20017:40 | 0.96 |513.48|13.19| 0.08 147.00| 0.0831 0.092 | 74.3| 0.1 §22.410.104 | 0.044 il 8/18/2003 22:00 | 479 0.54 1237.50] 22.8
8/29/2001 17:38 | 0.42 [513.90113.20]| 0.01 47.01]0.024 | 0.091 | 743| 0.0 |22.4]| 0.000 | 0.044 8/19/2003 9:00 480 0.46 1237.96]| 22.8
8/30/2001 17:00 | 0.97 |514.87713.29| 0.09 147.10|0.092 | 0.091 | 742 ]| 0.1 [22.5]0.103 | 0.044 [{ 8/19/2003 22:00 | 481 0.54 1238.50] 22.8
8/31/2001 7:39 | 0.61 |5165.48113.33] 0.04 {47.14|0.066 | 0.091 | 742| 0.0 ]22.5| 0.000 ] 0.044 8/20/2003 9:00 482 0.46 }1238.96] 22.8
9/1/12001 11:00 | 1.14 |516.62)13.39| 0.06 |47.20]) 0.053 | 0.091 [74.1| 0.1 122.6] 0.088 | 0.044 [{ 8/20/2003 23:.00 | 483 0.58 |1239.54] 22.9
9/1/2001 21:56 | 0.46 |517.08[13.41] 0.02 |47.22]) 0.044| 0.091 | 741| 0.0 122.6] 0.000 | 0.044 8/21/2003 9:00 484 0.42 }1239.96] 23.0
9/2/2001 10:10 | 0.51 |517.69]13.46] 0.05 |47.27]| 0.098 | 0.091 | 74.1] 0.0 [22.6] 0.000 | 0.044 }| 8/21/2003 23:30 | 485 0.60 |240.56| 22.8
9/3/2001 18:40 | 1.35 |518.94]13.53| 0.07 |47.34| 0.052 | 0.091 | 740] 0.1 [22.7]0.074 | 0.044 8/22/2003 ¢:00 486 0.40 |240.96] 229
9/4/2001 18:57 | 1.01 [519.95/13.60| 0.07 [47.41| 0.069| 0.091 [ 740] 0.0 |22.7] 0.000 { 0.044 || 8/22/2003 23:30 | 487 0.60 1241.56] 22.9
9/5/20017:38 | 0.53 |520.48[13.65| 0.05 |47.46/0.095] 0.091 | 7404 0.0 [22.7] 0.000] 0.044 8/23/2003 9:00 488 0.40 |241.986| 22.8
9/5/2001 22:20 | 0.61 |521.09]13.69] 0.04 |47.50( 0.065| 0.081 [ 73.9} 01 |22.8| 0.163] 0.044 || 8/23/2003 23:30 | 489 0.60 |242.56| 22.8
9/6/12001 8.569 | 0.44 {521.64{13.73] 0.04 |47.54]0.0901 0.091 | 73.91 0.0 |22.8{0.000| 0.044 8/24/2003 8:00 490 0.35 1242.92) 22.9
9/7/20017:50 | 0.95 |522.49|13.78| 0.05 |47.5910.053 | 0.091 | 73.9]| 0.0 22.8]0.000| 0.044 || 8/24/2003 23:30 | 491 0.65 1243.56| 22.7
9/7/2001 20:40 | 0.53 [523.02|13.82| 0.04 |47.63]0.075] 0.091 | 73.9| 0.0 [22.8]| 0.000 | 0.044 8/25/2003 9:00 492 0.40 1243.96] 22.8
9/8/2001 20:04 | 0.97 [524.00/13.90| 0.08 {47.71] 0.082§ 0.091 [ 73.8| 0.1 122.9]0.103 [ 0.044 ;| 8/25/2003 22:00 { 493 0.54 124450| 228
9/9/2001 20:36 | 1.02 |525.02|113.99( 0.09 147.80] 0.088¢ 0.091 738 0.0 |22.9]10.000| 0.044 8/26/2003 9:00 494 0.46 {244.96| 22.8
9/10/2001 15:00 | 0.77 |525.79(14.05| 0.06 [47.86)| 0.078} 0.091 | 73.8| 0.0 [22.9{ 0.000 [ 0.044 || 8/26/2003 22:30 | 495 0.56 |245.52| 22.9
9/10/2001 22:19 | 0.30 |526.09|14.08| 0.03 {47.89{ 0.098 | 0.081 | 73.8] 0.0 |22.9] 0.000 | 0.044 8/27/2003 9:00 496 0.44 |245.96] 23.0
9/12/2001 11:32 | 1.56 |527.64(14.20| 0.12 J48.01{0.077 [ 0.091 | 73.7| 0.1 [23.0| 0.064 | 0.044 || 8/27/2003 22:00 | 497 0.54 [246.50] 22.9
9/14/2001 7:37 | 1.84 |529.48|14.34| 0.14 {48.15{0.076 | 0.091 | 736 0.1 ]23.1]|0.054| 0.044 8/28/2003 9:00 498 0.46 [246.96] 22.9
9/15/2001 8:50 | 1.05 [530.563|14.39| 0.05 {48.20{ 0.048 | 0.091 | 73.6( 0.0 {23.1] 0.000 | 0.044 || 8/28/2003 22:00 | 499 0.54 1247.50| 23.0
9/16/20018:34 | 0.99 |531.52|14.46 0.07 148.2710.071 | 0.091 [ 73.5| 0.1 {23.2] 0.101| 0.044 (| 8/29/2003 9:00 500 0.46 [247.96] 23.0
9/17/2001 11:33 | 1.12 1532.64[14.53| 0.07 148.34{ 0.062 | 0.091 | 73.5| 0.0 {23.2 0.000 | 0.044 (| 8/29/2003 22:30 [ 501 0.56 [248.62| 22.8
9/17/2001 20:55 | 0.39 {533.03114.56{ 0.03 |48.37|0.077 | 0.091 {735} 0.0 [23.2] 0.000| 0.044 || 8/30/2003 9:00 502 0.44 1248.96] 23.0
9/18/2001 19:25 | 0.94 {533.97]14.60] 0.04 148.41|0.043| 0.091 173.4] 0.1 [23.3]0.107 | 0.044 || 8/30/2003 21:00 | 503 0.50 |249.46| 22.9
9/19/2001 21:50 | 1.10 {535.07]14.66] 0.06 148.47]|0.065| 0.091 {73.4} 0.0 [23.3}0.000] 0.044 8/31/2003 8:00 504 0.50 |249.96] 22.9
9/20/2001 9:26 | 0.48 |535.56/14.70] 0.04 [48.51| 0.083 | 0.091 { 73.4| 0.0 |23.3| 0.000] 0.044 || 8/31/2003 22:00 | 505 0.54 1250.50| 23.0
9/20/2001 22:32 | 0.55 }536.10]14.73] 0.03 |148.54| 0.055]| 0.091 {734 0.0 [23.3]0.000] 0.043 9/1/2003 9:00 506 0.46 ]250.96] 23.0
9/22/200121:20 | 1.95 |1538.05|14.89] 0.16 |48.70| 0.082{ 0.091 | 73.3| 0.1 23.4|0.051] 0.043 9/1/2003 22:00 507 0.54 1251.50| 23.0
9/23/2001 8:35 | 0.47 [538.52|14.92| 0.03 |48.73]| 0.064{ 0.090 | 73.3| 0.0 }23.4| 0.000 | 0.043 9/2/2003 9:.00 508 0.46 [251.96] 23.0
9/23/2001 19:00 | 0.43 |538.95|14.96| 0.04 |148.7710.092{ 0.090 | 73.3| 0.0 123.4]|0.000| 0.043 9/2/2003 23.00 509 0.58 1252.54| 23.0
9/24/20017:42 | 0.53 |539.48)|15.00]| 0.04 |48.81| 0.076] 0.090 | 73.3| 0.0 123.4]|0.000| 0.043 9/3/2003 9:00 510 042 |252.96| 23.0
9/25/2001 9:36 | 1.08 |540.56)|15.08]| 0.08 |48.89]| 0.074§ 0.090 | 73.2| 0.1 123.5|0.0893 | 0.043 9/3/2003 22:30 511 0.56 [253.52| 22.9
9/26/2001 15:40 | 1.25 [541.82(16.16] 0.08 (48.97(0.064} 0.090 [ 73.2| 0.0 |23.5| 0.000 | 0.043 9/4/2003 9:00 512 0.44 [253.96| 23.0
9/27/2001 13:30 | 0.91 |542.7315.24] 0.08 |49.05| 0.088 | 0.090 {731| 01 [23.6]0.110] 0.043 9/4/2003 23:00 513 0.58 |254.54| 22.9
9/27/2001 22:52 | 0.39 |543.12115.27] 0.03 [49.08]| 0.077 | 0.090 | 73.1| 0.0 |23.6| 0.000 | 0.043 9/5/2003 9:00 514 0.42 1254.96| 23.0
9/29/2001 14:20 | 1.64 |544.76)15.38§ 0.11 |49.19| 0.067 [ 0.090 { 73.1} 0.0 [23.6] 0.000 | 0.043 9/5/2003 22:00 515 0.54 |255.50| 22.9
9/30/20017:50 | 0.73 |545.49|15.41 0.03 [49.22| 0.041| 0.090 { 73.0} 0.1 |23.7]0.137| 0.043 9/6/2003 9:30 516 0.48 |255.98] 23.0
9/30/2001 21:50 | 0.58 }546.07]15.46] 0.05 |49.27| 0.086| 0.090 { 73.0f 0.0 [23.7] 0.000| 0.043 9/6/2003 22:00 517 0.52 1256.50] 22.9
10/1/2001 11:16 | 0.56 |546.63|15.50| 0.04 149.31{0.071] 0.090 | 73.0| 0.0 |23.7|0.000| 0.043 9/7/2003 9.00 518 0.46 |256.96] 23.0
10/2/2001 24:47 | 1.44 |548.07|15.60| 0.10 |49.41) 0.070 | 0.090 | 73.0| 0.0 |23.7]| 0.000 | 0.043 9/7/2003 23:00 519 0.58 |257.54] 23.0
10/3/2001 22:00 | 1.01 [549.08|15.68| 0.08 }49.49] 0.079 ] 0.090 | 72.9| 0.1 {23.8]|0.099 | 0.043 9/8/2003 9.00 520 0.42 |257.96] 23.0
10/4/2001 9:26 | 0.48 |549.56[15.72| 0.04 |49.5310.084 | 0.090 | 72.9| 0.0 {23.8{ 0.000| 0.043 9/8/2003 22:00 521 0.54 [258.60] 22.9
10/6/2001 9:25 | 1.00 |550.56|15.80| 0.08 }49.61{0.080 | 0.090 | 72.9]| 0.0 {23.8| 0.000 | 0.043 9/9/2003 9:00 522 0.46 |258.96] 23.0
10/5/2001 22:59 | 0.57 [551.12(15.85| 0.05 149.661 0.088 | 0.090 | 72.9( 0.0 {23.8| 0.000| 0.043 9/9/2003 23:00 523 0.58 |259.564| 22.8
10/7/2001 11:30 | 1.52 [552.64{16.00} 0.15 |49.81)| 0.099 | 0.090 | 72.8] 0.1 |23.9] 0.066 | 0.043 9/10/2003 9:00 524 0.42 1259.96] 23.0
10/7/2001 22:00 | 0.44 1553.08]116.03| 0.03 [49.84] 0.069 | 0.090 [ 72.8] 0.0 [23.9} 0.000] 0.043 9/10/2003 23:30 525 0.60 {260.56| 23.2
10/9/2001 9:13 | 1.47 |554.55[16.14| 0.11 [49.95] 0.075] 0.090 } 72.7] 0.1 [24.0} 0.068 | 0.043 9/11/2003 9:00 526 0.40 1260.96]| 23.2
10/10/2001 9:25 | 1.01 {555.56|16.22| 0.08 [50.03| 0.079) 0.090 [72.7{ 0.0 |24.0| 0.000{ 0.043 || 9/11/2003 23:30 | 527 0.60 [261.56] 23.0
10/10/2001 20:22| 0.46 ]556.02(16.27( 0.05 |50.08/ 0.108 | 0.090 | 72.7] 0.0 |24.0| 0.000] 0.043 9/12/2003 9:00 528 0.40 1261.96( 23.2
10/11/2001 9:33 | 0.54 {556.56|16.32| 0.05 150.13} 0.092] 0.090 | 726 | 0.1 ]24.1]0.184 | 0.043 |] 9/12/2003 22:00 | 529 0.54 {262.50} 23.0
10/12/2001 11:13} 1.07 |557.63[16.41} 0.09 |50.22| 0.084 | 0.090 | 72.6| 0.0 [24.1] 0.000 | 0.043 9/13/2003 9:00 530 0.46 |262.96] 23.2
10/12/2001 22:03| 0.45 |558.08{16.46] 0.05 |50.27|0.111| 0.090 | 72.6| 0.0 [24.1]/0.000| 0.043 (| 9/13/2003 22:30 | 531 0.56 1263.52] 233
10/13/2001 9:20 | 0.47 |568.55116.50] 0.04 [50.31/0.085] 0.0901726| 0.0 |24.1] 0.000| 0.043 9/14/2003 9:00 532 0.44 }263.96] 23.3
10/14/2001 6:12 | 0.87 |559.42)16.58] 0.08 |50.39]| 0.092 | 0.090 | 72.5] 0.1 |24.2]| 0.115] 0.043 || 9/14/2003 23:30 | 533 0.60 |264.56| 23.2
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10/14/2001 20:16| 0.59 |560.01[16.63| 0.05 |50.44]0.085] 0.090 {7251 0.0 [24.2] 0.000] 0.043 9/16/2003 9:00 534 0.40 |264.961 23.3

10/15/2001 12:15]| 0.67 [560.67|16.69| 0.06 150.50{ 0.090) 0.090 | 72.56} 0.0 [24.2] 0.000| 0.043 || 9/15/2003 22:00 | 535 | 0.54 |265.50] 23.1

10/16/2001 8:35 | 0.85 [561.52|16.76] 0.07 [50.57} 0.083{ 0.090 | 72.4| 0.1 |24.3| 0.118 ] 0.043 9/16/2003 9.00 536 0.46 |265.96] 23.2

10/17/2001 17:35| 1.38 1562.90{16.89] 0.13 |50.70{0.095] 0.090 | 72.4| 0.0 [24.3] 0.000 | 0.043 || 9/16/2003 23:30 | 537 0.60 1266.56] 23.0

10/17/2001 22:171 0.20 |563.09(16.90| 0.01 {50.71|0.051| 0.090 | 724 | 0.0 {24.3|0.000| 0.043 || 9/17/2003 9:00 538 | 040 |266.96] 23.2

10/18/2001 13:05] 0.62 |563.71]16.97| 0.07 [50.78]| 0.114 | 0.090 | 72.3| 0.1 24.4| 0.162 | 0.043 || 9/17/200322:00 | 539 | 0.54 |267.50{ 23.2

10/20/2001 9:10 | 1.84 [565.565|17.11] 0.14 [50.92(0.076 | 0.090 [ 722 0.1 [24.5]| 0.054 | 0.043 || 9/18/2003 9:00 540 | 0.46 |267.96| 23.3

10/21/2001 9:46 | 1.03 |566.57|17.20| 0.09 [51.01/0.088 | 0.090 | 72.2| 0.0 ]24.5]| 0.000 | 0.043 || 9/18/2003 22:00 | 541 0.54 1268.50| 23.2

10/21/2001 21:37{ 0.49 |567.06[17.26| 0.06 |51.0710.122 | 0.090 | 72.2| 0.0 }24.5{0.000 | 0.043 9/19/2003 9:00 542 0.46 {268.96] 23.3

10/22/2001 21:48] 1.01 [568.07|17.33]| 0.07 |51.14| 0.069 | 0.090 | 72.2| 0.0 |24.5| 0.000 | 0.043 ]| 9/19/2003 22:00 | 543 0.54 1269.50| 23.1

10/23/2001 8:25 | 0.44 [568.561|17.39] 0.06 |51.20| 0.136] 0.090 | 721 0.1 |24.6)0.226 | 0.043 j| 9/20/2003 9:00 544 0.46 1269.96| 23.3

10/24/2001 11:21] 1.12 [569.64|17.48| 0.09 [51.29] 0.080 | 0.090 | 721| 0.0 }24.6] 0.000 [ 0.043 || 9/20/2003 22:00 | 545 0.54 {270.50{ 231

10/25/2001 9:28 | 0.92 [570.56117.58| 0.10 151.39] 0.109] 0.080 1 72.0| 0.1 |24.7]| 0.109 | 0.043 9/21/2003 9:00 546 0.46 [270.96] 23.3

10/26/2001 7:41 | 0.93 |571.48[17.67| 0.09 j51.48) 0.097 | 0.090 | 72.0| 0.0 |24.7]| 0.000 | 0.043 || 9/21/2003 22:00 | 547 0.54 [271.50] 231

10/27/2001 21:25! 1.57 [573.06117.81| 0.14 151.62{ 0.089 | 0.090 [71.9| 0.1 124.8| 0.064 | 0.043 |1 9/22/2003 9:00 548 0.46 [271.96] 23.3

10/28/2001 8:25 | 0.50 [573.56[17.87| 0.06 §51.68[ 0.120] 0.090 [ 71.9( 0.0 [24.8]| 0.000 | 0.043 || 9/22/2003 22:00 | 549 0.54 [272.50] 231

10/28/2001 21:01] 0.53 [574.08}17.91| 0.04 |51.72| 0.076 [ 0.080 | 71.8| 0.1 [24.9]| 0.190 | 0.043 9/23/2003 9:00 550 0.46 |272.96| 23.3

10/29/2001 13:15] 0.68 [574.76{17.97| 0.06 151.78] 0.089 ) 0.090 [71.8| 0.0 {24.9| 0.000 | 0.043 || 9/23/2003 22:00 | 551 0.54 1273.60] 231

10/30/2001 13:20} 1.00 [576.76(18.06 0.09 }51.87] 0.080 | 0.090 [71.8| 0.0 |24.9]| 0.000 [ 0.043 || 9/24/2003 9:00 552 0.46 [273.96] 23.2

10/30/2001 22:05] 0.36 [576.13}18.10| 0.04 §51.9110.110) 0.090 [ 74.7[ 0.1 |25.0| 0.274 | 0.043 || 9/24/2003 22:00 | 553 | 0.54 1274.50| 23.1

10/31/2001 11:33! 0.56 [576.69|18.12| 0.02 (51.93] 0.036 1 0.090 {71.7| 0.0 |25.0| 0.000 [ 0.043 |} 9/25/2003 9:00 554 0.46 |274.96] 23.3

11/1/20017:43 | 0.84 1577.53{18.20{ 0.08 |52.01]{ 0.095)| 0.090 {716 0.1 [25.1] 0.119] 0.043 || 9/25/2003 22:00 | 555 0.54 1275.50] 23.1

11/1/2001 22:31 | 0.62 1578.14{18.26] 0.06 [52.07{0.097 | 0.090 {716 0.0 [25.1)0.000} 0.043 || 9/26/2003 8:00 556 0.46 127596} 233

11/2/2001 20:58 | 0.94 |579.08118.34] 0.08 [52.15)| 0.086 | 0.090 [ 71.5| 0.1 ]25.2) 0.107 | 0.044 || 9/26/2003 22:00 | 557 | 0.54 |276.50] 23.1

11/3/2001 8:55 | 0.50 1579.68|18.40| 0.06 [52.21]0.121 | 0.090 | 71.56]| 0.0 [25.2]| 0.000 } 0.043 9/27/2003 9:00 558 0.46 [276.961 23.2

11/3/2001 20:10 | 0.47 1580.05]18.43] 0.03 152.24]0.064 | 0.090 | 71.5( 0.0 |25.2]| 0.000 | 0.043 || 9/27/2003 22:00 | 559 0.54 [277.50] 23.0

11/4/20019:34 | 0.56 1580.60118.48] 0.05 152.29/0.090 | 0090 (714 0.1 |25.3|0.179 | 0.044 9/28/2003 9:00 560 046 127796} 23.3

11/4/2001 20:25 | 0.45 |581.06]18.53] 0.05 }152.34]| 0.111| 0.090 | 71.4| 0.0 [25.3] 0.000| 0.044 || 9/28/2003 22:00 [ 561 0.54 }278.50] 23.0

11/6/2001 8:45 | 1.51 [582.657|18.66| 0.13 152.47]0.086| 0.090 { 74.3| 0.1 [25.4] 0.066| 0.044 || 9/29/2003 8:00 562 0.46 1278.96] 23.3

11/6/2001 22:50 | 0.59 |583.16)|18.70| 0.04 [52.51]| 0.068{ 0.090 } 71.3| 0.0 [25.4]0.000 | 0.044 | 9/29/2003 22:00 | 563 0.54 1279.50] 23.1

11/7/2001 12:23 | 0.56 |583.72|18.75| 0.05 |52.56] 0.089 1 0.090 | 71.3| 0.0 |25.4] 0.000 | 0.044 9/30/2003 9:00 564 0.46 {279.96] 23.3

11/7/2001 22:47 | 0.43 |584.15|18.79] 0.04 152.60( 0.082 | 0.090 {71.3| 0.0 }25.4]0.000 | 0.043 {| 9/30/2003 22:00 | 565 0.54 1280.50] 23.1

11/8/2001 9:17 [ 0.44 |584.59(18.83| 0.04 |52.64]/0.091] 0.090 | 71.2| 0.1 [256.5{0.229 | 0.044 10/1/2003 8:00 566 0.46 1280.96]| 23.3

11/9/2001 15:40 | 1.27 |585.86|18.94| 0.11 [52.75| 0.087 | 0.090 |71.2 | 0.0 |25.5] 0.000 [ 0.044 il 10/1/2003 22:00 | 567 0.54 1281.50| 23.2

11/10/2001 20:22| 1.20 1587.05[119.06| 0.12 [52.87]| 0.100 i 0.090 | 71.1| 0.1 [256] 0.084 | 0.044 10/2/2003 9:00 568 0.46 1281.96] 23.3

11/11/2001 23:30| 1.13 {588.18|19.16]| 0.10 [52.97| 0.088 ] 0.090 [ 71.1| 0.0 |256] 0.000 [ 0.044 {| 10/2/2003 22:00 | 569 0.54 {28250 23.1

11/12/2001 7:40 | 0.34 {588.52|119.19] 0.03 |53.00| 0.088} 0.090 | 71.1| 0.0 [25.6] 0.000] 0.043 10/3/2003 9:00 570 0.46 {28296| 23.3

11/12/2001 21:591 0.60 {589.12|19.23] 0.04 53.041 0.067 | 0.090 | 71.0] 0.1 |25.7| 0.168 | 0.044 | 10/3/2003 22:00 | 571 0.54 1283.50] 23.2

11/14/2001 11:49] 1.58 1590.70[{19.40{ 0.17 {53.21]0.108 | 0.090 | 70.9| 0.1 [25.8] 0.063 | 0.044 10/4/2003 9:00 572 0.46 [283.96} 23.3

11/14/2001 22:481 0.46 [591.15|19.42| 0.02 153.23]1 0.044 | 0.090 (709 0.0 [25.8]| 0.000 | 0.044 || 10/4/2003 22:00 | 573 0.54 1284.50] 23.1

11/15/2001 9:47 | 0.46 [591.61|19.47] 0.05 {53.28]0.108 ] 0.080 | 70.9| 0.0 |25.8]| 0.000| 0.044 10/6/2003 9:00 574 0.46 [284.96] 23.2

11/16/2001 21:58| 0.51 |592.12[19.51| 0.04 {53.32] 0.079| 0.090 | 70.9| 0.0 {25.8[0.000| 0.044

11/16/20017:38 | 0.40 [592.562|119.556| 0.04 |53.36] 0.099 | 0.080 | 70.8| 0.1 {25.9]| 0.248| 0.044

11/16/2001 17:30} 0.41 [592.93|19.58| 0.03 153.39{ 0.073 [ 0.090 | 70.8| 0.0 [25.9]| 0.000 | 0.044

11/17/2001 10:55] 0.73 [593.66|19.65| 0.07 {53.46| 0.096 | 0.090 | 70.8| 0.0 [25.9]| 0.000 | 0.044

11/17/2001 20:38} 0.40 [594.06|19.68| 0.03 {53.49| 0.074 | 0.090 | 70.7| 0.1 [26.0]| 0.247 | 0.044

11/18/2001 22:35| 1.08 |595.156]19.77] 0.09 |53.58] 0.083 | 0.090 | 70.7{ 0.0 |26.0} 0.000{ 0.044

11/18/2001 20:43 | 0.92 1596.07[19.86| 0.09 |53.67| 0.098 | 0.090 | 70.6] 0.1 |26.1} 0.108 ] 0.044

11/20/2001 13:05| 0.68 1596.75(19.92| 0.06 |53.73] 0.088 | 0.090 | 70.6§ 0.0 |26.1} 0.000| 0.044

11/21/2001 10:40| 0.90 1597.65(20.00| 0.08 [53.81| 0.089 | 0.090 | 70.5! 0.1 (26.2] 0.111{ 0.044

11/22/2001 10:15| 0.98 1598.63[20.10] 0.10 [53.91]| 0.102 [ 0.090 | 70.5| 0.0 [26.2} 0.000 | 0.044

11/23/2001 10:45| 1.02 |599.65(20.19{ 0.09 [54.00| 0.088 | 0.090 | 70.4} 0.1 [26.3] 0.098 | 0.044

11/24/2001 11:10{ 1.02 1600.67{20.30{ 0.11 |54.11/ 0.108 | 0.090 | 70.3] 0.1 |26.4] 0.098] 0.044

11/25/2001 10:10{ 0.96 |601.63{20.40{ 0.10 |54.21/ 0.104| 0.090 | 70.3] 0.0 |26.4] 0.000] 0.044

11/27/2001 13:10| 2.13 1603.75{20.67] 0.27 |54.48] 0.127 | 0.090 { 70.2¢ 0.1 |26.5]| 0.047 | 0.044

11/28/20017:28 | 0.76 [604.52(20.76( 0.09 |154.57]| 0.118 ] 0.090 [70.1] 0.1 }26.6] 0.131 [ 0.044

11/29/2001 13:30{ 1.25 |605.77[20.90| 0.14 |54.71/ 0112 0.090 | 70.1| 0.0 |26.6{ 0.000 | 0.044

11/30/20017:30 | 0.75 |606.562|120.98]| 0.08 |54.79| 0.107 | 0.090 | 70.0| 0.1 }26.7]| 0.133 | 0.044

12/2/2001 12:55 | 2.23 [608.74|21.20| 0.22 |55.01] 0.099} 0.090 | 69.9| 0.1 }26.8] 0.045| 0.044

12/3/20017:47 | 0.79 [609.53(21.29| 0.09 [55.10 0.114: 0.090 [69.9] 0.0 |26.8] 0.000 [ 0.044

12/4/2001 20:41 | 1.64 {611.07(21.40{ 0.11 |55.21} 0.072 ] 0.090 [69.8]| 0.1 ]26.9]| 0.065 [ 0.044

12/6/2001 7:35 | 0.45 1611.62[21.50| 0.10 }155.31] 0.220{ 0.090 | 69.8| 0.0 }26.9| 0.000 | 0.044

12/6/2001 11:48 | 1.18 |612.70|21.60] 0.10 {55.41] 0.085| 0.090 | 69.7 | 0.1 |27.0]| 0.085 | 0.044

12/7/20017:30 | 0.82 1613.52121.71} 0.11 |55.52| 0.134 | 0.090 [ 69.7} 0.0 ]27.0] 0.000 ] 0.044

12/8/2001 10:02 | 1.11 [614.62121.80] 0.09 [55.61[ 0.081 ] 0.090 [69.6] 0.1 |27.1] 0.090{ 0.044

12/9/2001 11:40 | 1.07 1615.69{21.91] 0.11 |55.72)| 0.103 | 0.090 | 69.6] 0.0 |27.1] 0.000 | 0.044

12/10/2001 7:30 | 0.83 [616.562122.00] 0.09 [55.81[0.109] 0.091 [696| 0.0 |27.1] 0.000 | 0.044

12/10/2001 20:45| 0.55 1617.07122.08| 0.09 [55.90| 0.163 | 0.091 [69.5| 0.1 [27.2] 0.181 | 0.044

12/11/2001 9:50 | 0.55 |617.61]22.15| 0.06 |55.96} 0.110] 0.091 [69.4] 0.1 [27.3] 0.183 | 0.044

12/13/2001 9:50 | 2.00 [619.61]|22.35]| 0.20 |56.161 0.100| 0.091 | 69.3 | 0.1 }27.4] 0.050 | 0.044

12/14/2001 12:22| 1.11 [620.72|22.52| 0.17 }56.33]| 0.154 | 0.091 | 69.1| 0.2 |27.6]| 0.181 | 0.044

12/16/2001 9:40 | 0.89 |621.61|22.62| 0.10 }156.43[ 0.113 | 0.091 | 69.0| 0.1 {27.7]| 0.113 | 0.045

12/16/2001 9:13 | 0.98 1622.59{22.72| 0.10 [56.53| 0.102 ] 0.091 {69.0] 0.0 |27.7] 0.000 | 0.044

12/17/2001 7:00 | 0.91 1623.50{22.80| 0.08 [56.61] 0.088 | 0.091 | 68.9{ 0.1 |27.8{0.110 [ 0.045

12/18/2001 6:45 | 0.99 1624.49]22.90] 0.10 |56.71[ 0.101 | 0.091 {68.9]| 0.0 [27.8] 0.000 | 0.045

12/18/2001 22:35| 0.66 |625.15]23.02| 0.12 |56.83| 0.182 | 0.091 | 68.8] 0.1 [27.9]0.152 | 0.045

12/19/2001 8:00 | 0.43 625.58/23.07| 0.05 [56.88f 0.115] 0.091 [68.8| 0.0 [27.9/0.000( 0.045
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12/20/2001 9:00 | 1.00 {626.58|23.16] 0.09 |56.97] 0.090] 0.091 | 688]| 0.0 [27.9]0.000| 0.045

12/20/2001 19:12| 0.43 |627.00|23.21| 0.05 |57.02) 0.118{ 0.091 | 68.7] 0.1 [28.0{0.235| 0.045

12/21/2001 9:27 | 0.59 1627.60{23.28] 0.07 [57.09]| 0.118} 0.091 [ 68.7 | 0.0 ]28.0] 0.000| 0.045

12/21/2001 20:20| 0.45 {628.05123.31| 0.03 [57.12| 0.066 ) 0.091 [686]| 0.1 128.1| 0.221} 0.045

12/22/2001 18:12| 0.91 [628.96/23.42| 0.11 |57.23| 0121 0.091 | 68.6| 0.0 {28.1]| 0.000 | 0.045

12/23/2001 9:28 | 0.64 [629.60|23.50| 0.08 |57.31| 0.126} 0.091 | 68.5| 0.1 128.2]| 0.157 | 0.045

12/23/2001 20:23| 0.45 |630.05[(23.54| 0.04 |57.35| 0.088 | 0.091 | 68.5] 0.0 |28.2| 0.000 | 0.045

12/24/2001 6:50 | 0.44 |630.49|23.60| 0.06 |57.41§ 0.138 0.091 | 68.4| 0.1 |28.3]| 0.230 | 0.045

12/24/2001 19:50| 0.54 [631.03|23.65| 0.05 [57.46} 0.092 | 0.091 [ 68.4] 0.0 {28.3]| 0.000 { 0.045

12/25/2001 2027} 1.03 [632.06|23.77| 0.12 [57.58] 0.117 ) 0.091 [ 68.3| 0.1 {28.4) 0.097 [ 0.04§

12/26/2001 8:00 | 0.48 1632.54123.82| 0.05 [57.63] 0.104 | 0.091 |1 68.3| 0.0 1284( 0.000| 0.045

12/26/2001 20:02| 0.50 [633.04}23.88| 0.06 157.69] 0.120)| 0.091 {683 0.0 |284] 0.000 | 0.045

12/27/2001 7:55 | 0.50 1633.63123.93[ 0.056 |57.74] 0.101 [ 0.091 | 68.2]| 0.1 [28.5[ 0.202 | 0.045

12/27/2001 21:12| 0.55 [634.09124.00| 0.07 [57.81§0.126) 0.091 [68.2| 0.0 {28.5| 0.000 | 0.045

12/28/2001 7:50 | 0.44 |634.53|24.05] 0.05 {57.86] 0.113 [ 0.091 | 68.2| 0.0 |28.5[ 0.000} 0.045

12/28/2001 20:30| 0.53 [635.06]124.10; 0.05 |57.91{0.0895| 0.091 [68.2]| 0.0 {28.5| 0.000 | 0.045

12/29/2001 8:50 | 0.51 |1635.57124.16] 0.06 }567.97] 0.117 [ 0.091 | 681| 0.1 1286[ 0.195| 0.045

12/29/2001 20:11| 0.47 1636.05{24.20] 0.04 158.01] 0.085)| 0.091 [68.1| 0.0 |28.6| 0.000] 0.045

12/30/2001 7:52 | 0.49 1636.53]124.27} 0.07 |58.08| 0.144 [ 0.091 |1 68.1| 0.0 [28.6[ 0.000| 0.045

12/30/2001 21:02| 0.55 1637.08{24.32| 0.05 |58.13] 0.091 | 0.091 | 68.1| 0.0 |28.6| 0.000] 0.045

12/31/2001 8:50 | 0.49 1637.57124.38} 0.06 |58.19| 0.122  0.081 168.0| 0.1 [28.7] 0.203 | 0.045

1/1/2002 8:14 | 0.97 1638.55|24.50] 0.12 158.31] 0.123 | 0.091 1 68.0] 0.0 |28.7]| 0.000 | 0.045

1/1/2002 21:58 | 0.57 1639.12124.57] 0.07 |58.38] 0.122 | 0.091 {68.0( 0.0 [28.7| 0.000] 0.045

1/2/2002 9:25 | 0.48 |1639.60124.61} 0.04 {58.42| 0.084 | 0.091 1678} 0.1 |28.8| 0.210) 0.045

1/2/2002 21:27 | 0.50 1640.10]/24.65| 0.04 {58.46]| 0.080 [ 0.091 {679 0.0 [28.8f 0.000 0.045

1/3/2002 9:25 0.50 |640.60|24.71] 0.06 |58.52| 0.120 | 0.091 [ 67.9} 0.0 |28.8} 0.000] 0.045

113/2002 22:08 | 0.53 1641.13/24.78| 0.07 [58.59]| 0.132| 0.081 | 67.8] 0.1 [28.9]| 0.189 ] 0.045

11412002 9:26 0.47 1641.60|24.82] 0.04 |58.63| 0.085] 0.081 1 67.8| 0.0 |28.9]0.000| 0.045

1/4/2002 22:02 | 0.53 1642.12|24.89] 0.07 |58.70{ 0.133 | 0.091 | 67.8] 0.0 [28.9] 0.000| 0.045

1/5/2002 9:03 0.46 {642.58|24.93{ 0.04 [58.74| 0.087 | 0.091 | 67.7] 01 |29.0] 0.218 [ 0.045

1/5/2002 20:47 | 0.49 1643.07[24.99| 0.06 |58.80] 0.123} 0.091 | 67.7| 0.0 [29.0{ 0.000 | 0.045

1/6/2002 8:58 | 0.51 [643.58|25.05| 0.06 [58.86} 01181 0.091 [67.7 0.0 }29.0] 0.000 [ 0.045

1/6/2002 21:18 | 0.51 1644.09/25.10| 0.05 |58.91§0.097 | 0.091 | 67.6]| 0.1 }29.1| 0.195| 0.045

1/7/2002 8:35 | 0.47 |644.56[25.15] 0.05 |58.96} 0.106 | 0.091 [67.6| 0.0 }29.1] 0.000 [ 0.045

1/7/2002 20:56 | 0.51 |645.08(25.20| 0.05 |59.01] 0.097 | 0.091 [67.5]| 0.1 }29.2] 0.194 [ 0.045

1/8/2002 9:18 | 0.52 |645.69)125.25| 0.05 |59.06} 0.097 | 0.091 | 67.56| 0.0 129.2] 0.000| 0.045

1/9/2002 9:30 | 1.01 [646.60|25.36| 0.11 [59.17] 0.109] 0.092 [67.4| 0.1 ]29.3]| 0.099 [ 0.045

1/9/2002 21:55 | 0.52 [647.12|25.41| 0.05 |59.22} 0.097 | 0.092 | 67.4| 0.0 }29.3| 0.000 | 0.045

1/10/2002 9:40 | 0.49 [647.61|25.47| 0.06 |59.28] 0.1231 0.092 | 67.4| 0.0 }29.3| 0.000 | 0.045

1/10/2002 21:52 | 0.51 |648.12]125.51| 0.04 [59.32] 0.079] 0.092 [67.3| 0.1 129.4| 0.197 | 0.045

1/11/2002 9:16 | 047 [64859|25 56| 0.05 [59.37! 0.105] 0.092 [ 67.3 0.0 [29.4| 0.000 [ 0.045

1/41/2002 21:43 | 0.52 1649.11]|25.61] 0.05 [59.42{ 0.096 | 0.092 | 67.3| 0.0 |29.4{ 0.000 | 0.045

1/12/2002 9:40 | 0.50 [649.61|25.67| 0.06 159.4810.121) 0.092 [67.2| 0.1 ]29.5| 0.201 [ 0.045

1/13/2002 9:35 | 1.00 [650.60|25.77| 0.10 }159.58] 0.100 | 0.092 | 67.2| 0.0 {29.5]| 0.000 | 0.045

1/13/2002 21:12 | 0.48 |1651.08]|25.81| 0.04 |59.621 0.083 | 0.092 [67.2| 0.0 ]29.5| 0.000| 0.045

1/14/2002 20:15 | 0.96 |1652.05125.92| 0.11 {59.73[ 0.115] 0.092 [67.1| 0.1 {29.6|0.104 | 0.045

1/15/2002 8:35 | 0.51 [652.56[26.00] 0.08 159.81| 0.156 | 0.092 [ 67.1| 0.0 {29.6| 0.000 [ 0.045

1/15/2002 20:25 | 0.49 |653.06|26.05] 0.05 |59.86]| 0.101 [ 0.092 | 67.1| 0.0 |29.6] 0.000 | 0.045

1/16/2002 9.25 | 0.54 [653.60}26.10] 0.05 {59.91]| 0.092 | 0.092 | 67.0| 0.1 [29.7]| 0.185 | 0.045

1/16/2002 23:15 | 0.58 [654.17126.17| 0.07 |159.98] 0.121] 0.092 [ 67.0| 0.0 |29.7| 0.000 | 0.045

1/17/2002 19:50 | 0.86 [655.03126.27} 0.10 160.08] 0.117 | 0.092 1 67.0| 0.0 129.7| 0.000 | 0.045

1/18/2002 9:18 | 0.56 1655.59]26.34| 0.07 [60.15] 0.125 | 0.082 | 66.9| 0.1 [29.8]| 0.178 ] 0.045

1/18/2002 19:35 | 0.43 |656.02126.39] 0.05 |60.20]| 0.117 ( 0.082 | 66.9| 0.0 [29.8} 0.000 | 0.045

1/19/2002 9:50 | 0.59 1656.61]126.46{ 0.07 |60.27]0.118| 0.092 1 66.9| 00 [29.8} 0.000] 0.045

1/19/2002 22:27 | 0.53 {657.14]26.61] 0.05 |60.32| 0.095 [ 0.092 | 66.8] 01 [29.9]0.190{ 0.046

1/20/2002 21:05 | 0.94 1658.08]26.62] 0.11 |160.43| 0.117 | 0.092 | 66.8] 0.0 |29.9] 0.000 | 0.045

1/21/2002 10:01 | 0.54 {658.62126.69]| 0.07 |60.50| 0.130 [ 0.092 | 66.7] 0.1 [30.0]0.186] 0.046

1/21/2002 21:45 | 049 [659.11|26.74| 0.05 |60.55[ 0.102 | 0.092 | 66.7{ 0.0 [30.0] 0.000 | 0.046

1/22/2002 23:07 | 1.06 {660.17|26.86| 0.12 |60.67| 0.114} 0.092 | 66.7 | 0.0 }30.0{0.000| 0.045

1/23/2002 22:15 | 0.96 [661.13|126.97| 0.11 |60.78] 0.114] 0.092 | 66.6| 0.1 30.1] 0.104 | 0.046

1/24/2002 18:53 | 0.86 [661.99|27.07]| 0.10 |60.88) 0.116 ] 0.092 | 66.5| 0.1 {30.2]| 0.116 | 0.046

1/25/2002 9:10 | 0.60 |662.69(27.13| 0.06 }160.94]| 0.101 | 0.092 | 66.5| 0.0 130.2| 0.000 | 0.046

1/25/2002 23:35 | 0.60 |663.19]27.19[ 0.06 |61.00| 0.100 [ 0.092 | 66.4| 0.1 [30.3][ 0.166 | 0.046

1/26/2002 10.08 | 0.44 |1663.63127.27} 0.08 |161.08] 0.182 | 0.092 {66.4} 0.0 |30.3| 0.000| 0.046

1/26/2002 21:08 | 0.46 1664.09127.30] 0.03 |61.11] 0.065| 0.092 | 66.4| 0.0 [30.3f 0.000] 0.046

1/27/2002 8:50 | 0.49 {664.57]27.36| 0.06 [61.17] 0.123 | 0.082 [66.3| 0.1 [30.4| 0.205| 0.046

1/27/2002 22:23 | 0.56 |665.14]27.41] 0.05 |61.22] 0.089] 0.092 | 66.3| 0.0 [30.4] 0.000| 0.046

1/28/2002 23:45 | 1.06 |666.19|27.53]| 0.12 161.34]| 0.114] 0.092 | 66.2 | 0.1 [30.5] 0.095 | 0.046

1/29/2002 11:57 | 0.51 1666.70|27.60| 0.07 161.41]0.138 | 0.092 | 66.2]| 0.0 |30.5| 0.000 | 0.046

1/29/2002 23:15 | 0.47 |667.17|27.65| 0.05 161.46)| 0.106 | 0.092 | 66.1| 0.1 |30.6] 0.212 | 0.046

1/30/2002 19:53 | 0.86 |668.03|27.74| 0.09 161.55[ 0.105] 0.092 | 66.1| 0.0 |30.6| 0.000 | 0.046

1/31/2002 8:36 | 0.53 [668.56]27.81} 0.07 [61.62]| 0.132 | 0.092 | 66.0]| 0.1 [30.7]| 0.189 | 0.046

1/31/2002 22:35 | 0.58 |669.15{27.88] 0.07 |161.69] 0.120| 0.092 | 66.0| 0.0 |30.7f 0.000 | 0.046

2/1/2002 17:27 | 0.79 }1669.93|27.97| 0.09 |61.78| 0.114] 0.092 | 66.0f 0.0 |30.7} 0.000 | 0.046

2/1/2002 23:35 | 0.26 {670.19/28.00| 0.03 [61.81] 0.117 | 0.092 | 66.0] 0.0 |30.7| 0.000 [ 0.046

2/2/2002 22:19 | 0.95 {671.13/28.10| 0.10 [61.91] 0.106} 0.092 [65.9| 0.1 }30.8] 0.106 | 0.046

2/3/20029:25 | 0.46 |671.60]|28.16] 0.06 161.97} 0130} 0.092 | 659| 0.0 §30.8]| 0.000| 0.046
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2/3/2002 19:20 | 0.41 1672.01{28.20| 0.04 162.01}0.097 { 0.092 {6591 0.0 {30.8} 0.000} 0.046

214120029116 | 0.58 |672.58)28.28| 0.08 |62.09] 0.138 | 0.092 |65.8{ 0.1 |30.9]0.172] 0.046

2/4/2002 22:26 | 0.55 1673.14128.32} 0.04 |62.13]| 0.073 | 0.092 {65.8] 0.0 }30.9|0.000| 0.046

2/5/200223:10 | 1.03 1674.17128.45} 0.13 [62.26/0.126 | 0.092 [ 6571 0.1 }31.0/ 0.097 [ 0.046

2/6/2002 23:28 | 1.01 1675.18|28.57| 0.12 [62.38] 0.119| 0.092 | 65.7§ 0.0 }31.0] 0.000 [ 0.046

2/7/2002 23:50 | 1.02 {676.20{28.67] 0.10 |62.48]| 0.098 | 0.092 {656 0.1 |31.1] 0.098 | 0.046

2/8/2002 8,55 0.38 [676.58|28.71| 0.04 [62.52} 0.106] 0.092 |656| 0.0 |31.1]0.000( 0.046

2/9/2002 0:33 0.65 [677.23|128.80| 0.09 [62.61]0.138] 0.092 [655| 0.1 |31.2|0.154 [ 0.046

2/9/2002 17:15 | 0.70 [677.92|28.88| 0.08 |62.69]| 0.115] 0.092 | 655| 0.0 [31.2] 0.000 | 0.046

2/10/200222:12 | 1.21 |679.13|129.01| 0.13 |62.82| 0.108 | 0.093 | 654 0.1 131.3] 0.083 | 0.046

2/11/2002 8:59 | 0.45 [679.58/29.08| 0.07 [62.89] 0.156 | 0.093 | 654 | 0.0 [31.3|0.000{ 0.046

2/11/2002 20:32 | 0.48 |1680.06129.12| 0.04 |62.93|0.083 | 0.093 | 653| 0.1 {31.4]0.208| 0.046

2/12/2002 8:24 | 0.49 [680.55(29.19| 0.07 [63.00] 0.142 ) 0.093 [65.3| 0.0 |31.4| 0.000 [ 0.046

2/12/2002 22:10 | 0.57 |681.13|29.24| 0.05 |63.05|0.087 | 0.093 | 652| 0.1 131.5|0.174| 0.046

2/13/2002 910 | 0.46 |681.69]129.30| 0.06 [63.11]0.131] 0.093 |65.2| 0.0 (31.5| 0.000 | 0.046

2/13/200222:32 | 0.56 |682.14(29.36| 0.06 {63.17] 0.108] 0.093 [65.1| 0.1 {31.6| 0.180 [ 0.046

2/14/2002 16:39 | 0.75 1682.90129.45| 0.09 [63.26| 0.119] 0.093 | 65.1]| 0.0 |31.6]| 0.000| 0.046

2/15/2002 8:52 | 0.68 |683.57]129.52] 0.07 |63.33|0.104 | 0.093 | 651 0.0 [31.6] 0.000| 0.046

2/17/2002 1:40 | 1.70 |685.27{29.70f 0.18 [63.51| 0.106 | 0.093 {650} 0.1 |31.7] 0.059| 0.046

2/17/2002 12:05 | 0.43 1685.71129.75] 0.05 |163.56]| 0.115) 0.093 ;1 65.0f 0.0 [31.7}0.000| 0.046

2/18/2002 9:14 | 0.88 {686.59|29.84] 0.09 |63.65| 0.102| 0.093 | 649[ 0.1 |31.8]0.113] 0.046

2/18/2002 22:45 | 0.56 {687.15]29.90| 0.06 [63.71] 0.107 | 0.093 | 64.9| 0.0 |31.8| 0.000 | 0.046

2/19/2002 8:42 | 0.41 {687.57{20.95| 0.05 [63.76] 0.121] 0.093 {64.9] 0.0 |31.8{0.000} 0.046

2/20/20029:.05 | 1.02 [688.58/30.06| 0.11 [63.87| 0.108 | 0.093 [64.8| 0.1 |31.9| 0.098 [ 0.046

2/21/2002 0:22 | 0.64 [689.22|130.12| 0.06 [63.93| 0.094 | 0.093 [648] 0.0 |31.9{0.000[ 0.046

2/21/2002 12:40 | 0.51.1689.73]130.17| 0.05 |63.98| 0.088 [ 0.093 |64.7| 0.1 [32.0{0.195 | 0.046

2/21/2002 22:10 | 0.40 1690.13|30.21| 0.04 |64.02| 0.101 | 0.093 }64.7| 0.0 [32.0| 0.000| 0.046

2/22/2002 12:13 | 0.59 1690.71]30.29| 0.08 |164.10]| 0.137 | 0.083 | 64.7] 0.0 [32.0} 0.000| 0.046

2/22/2002 22:33 | 0.43 |691.14]30.32| 0.03 {64.13{0.070| 0.093 | 646 01 {32.1]/0.232] 0.046

2/23/2002 8:50 | 0.43 [691.57|30.38| 0.06 164.19]0.1401 0.093 [646| 00 {32.1] 0.000 | 0.046

2/23/2002 18:30 | 0.40 |1691.98]30.41| 0.03 [64.22] 0.074{ 0.083 | 64.6| 0.0 [32.1]/0.000| 0.046

2/24/2002 20:03 | 1.06 |693.04(30.54| 0.13 [64.35} 0.122] 0.093 [64.5| 0.1 |32.2] 0.094 [ 0.046

2/25/2002 6:54 | 0.45 |693.49|30.60| 0.06 |64.41}10.133] 0.093 | 64.5| 0.0 |32.2]|0.000| 0.046

2/25/2002 14:37 | 0.32 |1693.81]30.63| 0.03 |64.44] 0.093} 0.093 | 64.5| 0.0 §32.2 0.000| 0.046

2/25/2002 23:52 | 0.39 |1694.20130.69| 0.06 {64.50| 0.156 | 0.093 | 64.5| 0.0 132.2f 0.000| 0.046

2/26/2002 9:01 | 0.38 [694.58130.73| 0.04 {64.54]|0.105| 0.093 [644| 01 [32.3|0.262| 0.047

2/26/2002 15:30 | 0.27 |694.85130.75| 0.02 164.56]| 0.074 | 0.093 [64.4| 0.0 |32.3(0.000| 0.046

2/27/2002 0:50 | 0.39 |695.24}30.79| 0.04 {64.60| 0.103 | 0.093 | 64.4| 0.0 |32.3]| 0.000} 0.046

2/28/20022:45 | 1.08 |696.32130.92| 0.13 {64.73[/ 0.120| 0.093 | 64.3| 0.1 |32.4]|0.093} 0.047

2/28/2002 11:.05 | 0.35 |696.67]30.96] 0.04 164.77]|0.115]| 0.093 | 643 0.0 (32.4]0.000| 0.047

3/1/2002 5:03 | 0.75 1697.42|31.05| 0.09 [64.86| 0.120 | 0.093 |64.2] 0.1 [32.5]0.134 | 0.047

3/2/20022:48 | 0.91 1698.32]31.15]| 0.10 |64.96| 0.110| 0.093 | 642] 0.0 [32.5] 0.000 | 0.047

3/2/20027:08 [ 0.18 1698.50131.17) 0.02 [64.98[ 0.111] 0.083 | 64.2| 0.0 [32.5] 0.000 | 0.047

3/2/2002 14:05 | 0.29 |698.79{31.20] 0.03 |65.01| 0.104 | 0.093 | 641} 0.1 [32.6]0.345] 0.047

3/3/2002 13:42 | 0.98 1699.78|31.39] 0.19 [65.20( 0.193| 0.093 {641} 0.0 |32.6} 0.000| 0.047

3/4/120026:40 | 0.71 |700.48|31.44| 0.05 [66.25/0.071 | 0.093 |64.1| 0.0 {32.6| 0.000 | 0.047

3/4/2002 22:55 | 0.68 |701.16|31.50| 0.06 |65.31{0.089 | 0.093 | 640| 0.1 {32.7]|0.148| 0.047

3/5/2002 17:50 | 0.79¢ |701.95|31.58] 0.08 [65.39{ 0.101 | 0.093 | 64.0| 0.0 {32.7] 0.000 | 0.047

3/6/2002 8:55 | 0.63 |702.58[31.66( 0.08 |65.4710.127 | 0.093 | 63.9| 0.1 {32.8f0.159 | 0.047

3/6/2002 23:00 | 0.59 |703.16]31.71| 0.05 |165.52]0.085| 0.093 | 63.9( 0.0 |32.8] 0.000| 0.047

3/7/20028:40 | 0.40 1703.57131.76] 0.05 |165.57)|0.124 | 0.093 | 63.9] 0.0 [32.8] 0.000 | 0.047

3/7/2002 22:10 | 0.56 {704.13/31.80| 0.04 [65.61|0.071] 0.093 [63.8] 0.1 |32.9{0.178 | 0.047

3/8/20028:55 | 0.45 |704.58)31.86] 0.06 |6567]0.134| 0.093 | 63.8] 0.0 32.9]0.000 | 0.047

3/8/2002 19:33 | 0.44 |705.02|31.90| 0.04 165.71] 0.090 | 0.093 | 63.7] 0.1 |33.0] 0.226 | 0.047

3/9/2002 8:45 0.59 |705.61]|31.96| 0.06 {65.77| 0.101) 0.093 [63.7| 0.0 |33.0| 0.000| 0.047

3/9/2002 22:47 | 0.54 |706.15|31.99] 0.03 |65.80} 0.055| 0.093 | 63.6 0.1 33.1]| 0.184 | 0.047

3/10/2002 12:10 | 0.56 [706.71]32.10| 0.11 165.91]0.197 | 0.093 [ 63.6] 0.0 [33.1] 0.000 | 0.047

3/11/2002 10:15 | 0.92 |707.63132.13] 0.03 |65.94| 0.033 | 0.093 {63.5| 0.1 [33.2]| 0.109 | 0.047

3/11/2002 23:20 | 0.55 |708.18132.22| 0.09 [66.03]| 0.165 | 0.093 |163.5| 0.0 |33.2| 0.000 | 0.047

3/12/2002 10:23 | 0.46 |708.64132.30} 0.08 |166.11| 0.174 ] 0.093 {63.4| 0.1 (33.3] 0.217] 0.047

3/12/2002 23.55 | 0.56 [709.20132.35] 0.05 |166.16] 0.089 | 0.093 163.4| 0.0 [33.3] 0.000} 0.047

3/13/2002 11:57 | 0.50 |708.70]32.39] 0.04 |166.20| 0.080 0.093 | 63.3| 0.1 {33.4] 0.199| 0.047

3/14/2002 0:05 | 0.51 |710.21)|32.44| 0.05 166,251 0.099 | 0.083 | 63.2| 0.1 |33.5| 0.198 | 0.047

3/14/2002 9:35 | 0.40 |710.60|32.48| 0.04 {66.29/0.101] 0.093 | 63.2| 0.0 |33.5|0.000| 0.047

3/14/2002 23:15 | 0.57 |711.17[32.55| 0.07 {66.36]|0.123 ]| 0.093 [63.1| 0.1 [33.6] 0.176 [ 0.047

3/15/2002 9:16 | 0.42 |711.59|32.58| 0.04 {66.40( 0.096 | 0.093 | 63.1| 0.0 |33.6]| 0.000| 0.047

3/15/2002 20:33 | 0.47 |712.06(32.65| 0.06 |66.46| 0.128 | 0.093 | 63.1| 0.0 [33.6| 0.000) 0.047

3/16/2002 13:20 | 0.70 |712.76)|32.76| 0.11 {66.57] 0.1567 | 0.093 | 63.1| 0.0 |33.6(0.000| 0.047

3/16/2002 21:25 | 0.34 |713.10|32.83| 0.07 |66.64]0.208 | 0.093 | 63.1| 0.0 [33.6{ 0.000( 0.047

3/17/20029.06 | 0.49 [713.58/32.90| 0.07 {66.71] 0.144 | 0.093 [63.1| 0.0 }33.6/0.000[ 0.047

3/17/2002 21:10 | 0.50 |714.09(32.96| 0.06 166.77| 0.119| 0.094 | 63.1| 0.0 }33.6]| 0.000 | 0.047

3/18/2002 9:00 | 0.49 |714.58|33.00] 0.04 [66.81]0.081] 0.093 | 63.0| 0.1 {33.7]| 0.203 | 0.047

3/18/2002 19:42 | 0.45 1715.03133.03] 0.03 |66.84} 0.067 § 0.093 1 63.0] 0.0 [33.7) 0.000 ) 0.047

3/19/2002 8:22 | 0.53 {715.55|33.08| 0.05 |66.89}0.095 | 0.093 | 63.0] 0.0 |33.7] 0.000 | 0.047

3/19/2002 21:03 | 0.53 |716.08]33.12| 0.04 |66.93| 0.076 ] 0.093 | 63.0| 0.0 [33.7{ 0.000 | 0.047

3/20/2002 9:12 | 0.51 [716.59|33.18| 0.06 |66.99]| 0.119 0.093 | 63.0| 0.0 }33.7]| 0.000 [ 0.047

3/20/2002 23:52 | 0.61 |717.20]33.24| 0.06 |67.05| 0.098} 0.093 | 62.9| 0.1 133.8/ 0.164| 0.047

B.10
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3/21/2002 8:18 | 0.35 {717.565{33.29] 0.05 |67.10( 0.142 | 0.094 [62.9]| 0.0 |33.8] 0.000{ 0.047

3/21/2002 22:52 | 0.61 [718.16{33.36]| 0.07 j67.17]0.115( 0.094 {629} 0.0 |33.8( 0.000| 0.047

3/22/2002 8:30 | 0.40 {718.56|33.41| 0.05 [67.22] 0.125| 0.094 |62.9| 0.0 |33.8| 0.000| 0.047

3/22/2002 21:32 | 0.54 |719.10133.46{ 0.05 |67.27] 0.082 [ 0.094 | 62.8| 0.1 [33.9] 0.184 ] 0.047

3/23/2002 10:01 | 0.52 [719.62]33.51] 0.05 |167.32]| 0.096| 0.094 [62.8]| 0.0 [33.9} 0.000) 0.047

3/24/2002 12:05 | 1.08 [720.71(33.63| 0.12 167.44] 0.110) 0.094 [ 62.8| 0.0 [33.9] 0.000| 0.047

3/26/2002 0:03 | 0.50 |721.21]33.68| 0.05 |67.49| 0.100 | 0.094 {62.8] 0.0 [33.9] 0.000 | 0.047

3/25/2002 12:06 | 0.50 |721.71]33.72] 0.04 |167.53|0.080| 0.094 [62.7] 0.1 [34.0{0.199] 0.047

3/26/2002 8:41 | 0.86 [722,57/33.82] 0.10 [67.63| 0.117 | 0.094 [62.7; 0.0 |34.0)0.000 | 0.047

3/26/2002 22:30 | 0.58 1723.14/33.88| 0.06 [67.69( 0.104 ] 0.094 [62.7| 0.0 |34.0| 0.000| 0.047

3/27/2002 8:43 | 0.43 |723.57]33.921 0.04 167.73/ 0.094 | 0.094 {626]| 01 |34.1|0.235] 0.047

3/28/2002 8:55 | 1.01 {724.58134.03] 0.11 [67.84] 0.109| 0.094 {626| 0.0 |34.1|0.000} 0.047

3/29/2002 11:15 | 1.10 |725.67|34.12| 0.09 |67.93| 0.082 { 0.084 [62.5| 0.1 [34.2] 0.091 | 0.047

3/20/2002 23:50 | 0.52 |726.20|34.16| 0.04 |67.97| 0.076 4 0.094 [62.4| 0.1 {343 0.191 | 0.047

3/30/2002 11:28 | 0.48 |726.68)34.22| 0.06 |168.03]10.124] 0.094 | 62.4| 0.0 134.3]|0.000| 0.047

3/31/2002 11:35 | 1.00 |727.69(34.33| 0.11 |68.14} 0.109| 0.094 | 62.3| 0.1 }34.4]| 0.100 | 0.047

3/31/2002 21:35 | 0.42 |728.10(34.37| 0.04 [68.18] 0.096 ] 0.094 [62.3| 0.0 }34.4]| 0.000( 0.047

4/1/2002 9:02 | 0.48 |728.58|34.42| 0.05 {68.23] 0.105| 0.094 | 62.3| 0.0 |34.4]| 0.000 | 0.047

4/2/2002 12:55 | 1.16 1729.74)34.55| 0.13 168.36§ 0.112 | 0.094 [62.2| 0.1 [34.5| 0.086} 0.047

4/2/2002 19:30 [ 0.27 1730.02134.59] 0.04 168.40] 0.146 | 0.094 [62.1| 0.1 |34.6]| 0.365} 0.047

4/3/2002 8:55 | 0.56 |730.58[34.64| 0.05 168.45] 0.089| 0.094 | 62.1]| 0.0 {34.6] 0.000| 0.047

4/4/20028:45 | 0,99 |731.57[(34.75 0.11 |68.56] 0.111] 0.094 | 62.0| 0.1 {34.7] 0.101 | 0.047

4/4/200222:50 | 0.59 |732.16134.80| 0.05 168.61] 0.085| 0.094 | 62.0| 0.0 |34.7]| 0.000| 0.047

4/5/2002 20:00 | 0.88 |733.04]34.90] 0.10 |68.71[0.113 | 0.094 | 62.0] 0.0 [34.7] 0.000 | 0.047

4/7/20026:33 | 1.40 {734.44|35.01] 0.11 168.82|10.079| 0.094 [ 6191 0.1 [34.8]0.072 | 0.047

4/8/20029:00 | 1.10 {735.54]35.12] 0.11 |68.93|0.100| 0.094 | 618} 0.1 [34.9f0.091] 0.047

4/8/2002 21:43 | 0.53 {736.07|35.17] 0.05 [68.98] 0.094 | 0.094 [61.8] 0.0 |34.9| 0.000{ 0.047

4/9/2002 8:16 0.44 1736.51135.20f 0.03 |69.01(0.068 | 0.094 |61.7} 0.1 |35.0] 0.227 | 0.048

4/9/2002 15:35 | 0.30 |736.81|3522| 0.02 169.03} 0.066 | 0.094 | 61.7| 0.0 1350)0.000 | 0.048

4/10/2002 9:10 | 0.73 [737.55(35.30| 0.08 {69.11}10.109 ) 0.094 [61.7| 0.0 }35.0/ 0.000 [ 0.047

4/10/2002 23:05 | 0.58 |738.13|3534| 0.04 169.1510.069 | 0.094 | 61.7| 0.0 {35.0(0.000| 0.047

4/11/2002 23:45 | 1.03 |739.15[35.45| 0.11 [69.26} 0.107 ] 0.094 [61.6] 0.1 }35.1] 0.097 | 0.047

4/12/2002 20:28 | 0.86 |740.02(35.53| 0.08 [69.34}1 0.093 ] 0.094 [61.6] 0.0 |35.1| 0.000 [ 0.047

4/13/2002 8:45 | 0.51 [740.53|35.68| 0.05 169.39| 0.098 | 0.094 | 61.56] 0.1 |352] 0.195| 0.048

4/14/2002 9:30 | 1.03 §741.56135.68{ 0.10 [69.49| 0.097 [ 0.094 | 61.5| 0.0 [35.2]| 0.000 | 0.047

4/14/2002 22:30 | 0.54 |742.10|35.72] 0.04 [69.53| 0.074| 0.094 | 61.4] 0.1 |35.3]|0.185] 0.048

4/156/2002 22:50 | 1.01 }743.11|35.80] 0.08 {69.61| 0.079| 0.094 | 614 0.0 |35.3]0.000| 0.048

4/16/2002 8:30 | 0.40 [743.52|35.86f 0.06 |69.67]|0.149| 0.094 | 61.3| 0.1 |35.4]| 0.248 | 0.048

4/17/2002 23:45 | 1.64 |745.15]36.02| 0.16 169.83| 0.098 | 0.094 | 61.3| 0.0 [35.4| 0.000 | 0.048

4/18/2002 8:20 | 0.36 {745.51|36.06| 0.04 [69.87| 0.112} 0.094 | 61.21 0.1 [355]0.280 | 0.048

4/19/2002 8,46 | 1.02 {746.53(36.17| 0.11 [69.98| 0.108 | 0.094 [61.2] 0.0 }35.5]0.000 | 0.048

4/19/2002 19:30 | 0.45 |746.98|36.20| 0.03 |70.01| 0.067 | 0.094 | 61.2] 0.0 [35.5]0.000| 0.048

4/20/2002 12:08 | 0.69 |747.67)36.28| 0.08 |70.09| 0.115]| 0.094 | 61.1] 01 [356]0.144] 0.048

4/20/2002 18:51 | 0.28 {747.95|36.30] 0.02 {70.11]| 0.071| 0.094 | 61.0] 0.1 |357]0.357 | 0.048

4/22/2002 8:52 | 1.58 {740.53| 0.80 | 0.26 [70.37( 0.164| 0.094 [61.0] 0.0 |35.7{0.000 [ 0.048

4/22/2002 20:40 | 0.49 |750.02]| 0.89 | 0.09 70.46/0.183 | 0.094 | 61.0| 0.0 357]0.000| 0.048

4/23/2002 21.00 | 1.01 |751.04| 1.03 | 0.14 ;7060{0.138 | 0.094 | 61.0| 0.0 |35.7]|0.000| 0.048

4/24/2002 19:00 | 0.92 |751.95| 1.13 | 0.10 {70.70{0.109 | 0.094 | 60.9| 0.1 {358[0.109| 0.048

4/25/2002 8:20 | 0.56 |752.51] 1.20 | 0.07 |70.771 0.126 | 0.094 | 60.9| 0.0 {35.8]| 0.000 | 0.048

4/26/2002 16:06 | 1.32 |753.83]| 1.40 | 0.20 |70.97] 0.151| 0.094 | 60.8| 0.1 1359]|0.076 | 0.048

4/27/2002 1:13 | 0.38 1754.21] 1.43 ] 0.03 |71.00{ 0.079 | 0.094 1 60.8| 0.0 |35.9] 0.000) 0.048

4/28/2002 11:00 | 1.41 |75562] 1.58 | 0.15 [71.15] 0107 | 0.094 [60.7] 0.1 |36.0| 0.071{ 0.048

4/29/2002 8:50 | 0.91 1756.563] 1.68 | 0.10 [71.25| 0.110( 0.094 | 60.7] 0.0 [36.0| 0.000 ] 0.048

4/30/2002 0:10 | 0.64 }757.17] 1.75] 0.07 |71.32| 0.110| 0.094 1606| 0.1 |36.1] 0.157 { 0.048

4/30/2002 8:52 | 0.36 |757.63{ 1.80] 0.05 |71.37]| 0.138| 0.094 {606} 0.0 |36.1] 0.000| 0.048

4/30/2002 20:25 | 0.48 |758.011 1.85] 0.05 |71.42| 0.104| 0.094 | 60.5] 0.1 [36.2]0.208| 0.048

5/1/2002 11:13 | 0.62 [758.63| 1.90 | 0.05 }71.47|0.081{ 0.094 | 60.5| 0.0 |36.2]| 0.000 | 0.048

5/1/2002 16:20 { 0.17 [758.80| 1.92 | 0.02 |71.49] 0.117{ 0.094 | 60.5| 0.0 |36.2| 0.000 | 0.048
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APPENDIX C

PROPERTIES OF BENTONITES
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Table C.1 — Specific Gravity of Bentonites Taken from Two GCLs.
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Specific Gravity Measurements (ASTM D 854)
Lower Quality Bentonite (LQB)
Test Viyenometer | Mpyenometer | Mpycnometer+water Msoi Moycnometer+water+soil | Temperature| Specific Gravity
Number (mL) (9) 9 (9 (9 (°C) G,
1 1000 258.72 1255.15 30.52 1274.53 227 2.740
2 1000 252.32 1249.02 29.45 1267.72 22.7 2.740
3 1000 258.72 1255.15 24.15 1270.48 227 2.738
Avg: 2.74
Higher Quality Bentonite (HQB)
Test Vpyenometer | Mpyenometer] Mpycnometerswater Msoi Mpycnometerswaterssoil | Temperature| Specific Gravity
Number (mL) (9) (9) (9) (9) (°C) Gs
1 1000 252.32 1254.22 32.79 1275.20 227 2.776
2 1000 258.72 1255.15 31.99 1275.65 227 2.784
Avg: 2.78
C.1




Table C.2 — Sieve Analysis of Air-Dried Bentonites Taken from Two GCLs.

Sieve Analysis for Air-Dried Bentonite (ASTM D 422)
Lower Quality Bentonite (LQB)
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Test No. 1
Sample Mass: 315 g Dry Mass: 305.6 g
. Size of Mass of | Mass of Soil Mass of o . o .
Sieve Opening (mm)| Sieve (g) [ and Sieve () Soil (g) % retained | % passing
#10 2.00 386.50 386.50 0.00 0.0 100.0
#20 0.85 388.80 391.80 3.00 1.0 99.0
#40 0.425 346.30 397.40 51.10 17.7 82.3
#60 0.25 375.40 471.70 96.30 49.2 50.8
#100 0.15 351.60 424.80 73.20 73.2 26.8
#200 0.075 345.25 402.28 57.03 91.8 8.2
Pan 288.56 312.30 23.74 100.0
Sum 2482.41 2786.78 304.37
Test No. 2
Sample Mass: 300 g Dry Mass: 292.7 g
Sieve Size of Mass of Mass of Soil Mass of % retained | % passing
Opening (mm)| Sieve (g) | and Sieve (g) Soil (g)
#10 2.00 436.3 436.3 0.00 0.0 100.0
#20 0.85 388.80 392.35 3.55 1.2 98.8
#40 0.425 346.30 400.70 54.40 19.8 80.2
#60 0.25 375.40 465.20 89.80 50.5 49.5
#100 0.15 351.60 423.90 72.30 75.2 24.8
#200 0.075 345.25 395.28 50.03 92.3 7.7
Pan 301.56 324.10 22.54 100.0
Sum 2545.21 2837.83 292.62
Test No. 3
Sample Mass: 372.6 9 Dry Mass: 363.6 g
. Size of Mass of | Mass of Soil Mass of o . o .
Sieve Opening (mm)| Sieve (g) | and Sieve (g) Soil (9) % retained | % passing
#10 2.00 466.20 466.20 0.00 0.0 100.0
#20 0.85 372.70 375.50 2.80 0.8 99.2
#40 0.425 399.20 452.40 53.20 15.4 84.6
#60 0.25 320.60 433.60 113.00 46.5 53.5
#100 0.15 353.30 443.70 90.40 71.4 28.6
#200 0.075 344.50 416.90 72.40 91.3 8.7
Pan 283.70 315.40 31.70 100.0
Sum 2540.20 2903.70 363.50
Higher Quality Bentonite (HQB)
Test No. 1
Sample Mass: 346.75 g Dry Mass: 335.4 g
Sieve Size of Mass of | Mass of Soil Mass of % retained | % passing
Opening (mm)| Sieve (g) | and Sieve (g) Soil (g)
#10 2.00 466.2 468.3 2.10 0.6 99.4
#20 0.85 372.70 530.50 157.80 47.7 52.3
#40 0.425 399.10 518.60 119.50 83.3 16.7
#60 0.25 320.60 346.90 26.30 91.1 8.9
#100 0.15 353.30 364.20 10.90 94.4 5.6
#200 0.075 344.50 356.00 11.50 97.8 2.2
Pan 283.76 290.88 7.12 100.0
Sum 2540.16 2875.38 335.22
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Table C.3 — Hydrometer Analysis of Bentonites Taken from Two GCLs.

Hydrometer Test (ASTM D 422)
Hydrometer: 152H, ID #: 887246
Dispersing Agent: 5 g of Sodium Hexametaphosphate (NaPO3)s
Hydrometer Calibration: Reading for Deionized Water = 0.0 and 50 g/L of KCI = 50.0
Lower Quality Bentonite (LQB)
Test No. 1
El?psed Temperature Compo§ite Hydrometer Actual L UT K D % !finer
Time, t Correction Pre- Hydrometer in
{min.) °C) C. Reading Reading (cm) [ (cm/min) | (mm(min/cm)®®] | (mm) [ Dispersed
2 22.5 5.5 33.20 27.70 11.76 5.88 0.01265 0.03066 91.48
5 22.5 5.5 32.60 27.10 11.86 2.37 0.01265 0.01947 89.49
15 22.5 5.5 32.10 26.60 11.94 0.80 0.01265 0.01128 87.84
30 22.5 5.5 31.80 26.30 11.99 0.40 0.01265 0.00799 86.85
60 22.5 5.5 31.40 25.90 12.05 0.20 0.01265 0.00567 85.53
250 22.5 5.5 30.50 25.00 12.20 0.05 0.01265 0.00279 82.56
1440 22.5 5.5 28.00 22.50 12.61 0.01 0.01265 0.00118 74.30
2870 22.5 5.5 27.00 21.50 12.77 0.00 0.01265 0.00084 71.00
4293 22.5 5.5 26.10 20.60 12.92 0.00 0.01265 0.00069 68.03
Test No. 2
Elépsed Temperature Composite Hydrometer Actual L UT K D % I'=iner
Time, t Correction Pre- Hydrometer in
(min.) (°C) C. Reading Reading (cm) | (cm/min}| [mm(min/em)*®] | (mm) | Dispersed
2 22.5 5.1 33.00 27.90 11.72 5.86 0.01265 0.03062 92.14
5 22.5 5.1 32.20 27.10 11.86 2.37 0.01265 0.01947 89.49
15 22.5 5.1 32.00 26.90 11.89 0.79 0.01265 0.01126 88.83
30 22.5 5.1 31.20 26.10 12.02 0.40 0.01265 0.00800 86.19
60 22.5 5.1 30.80 25.70 12.09 0.20 0.01265 0.00568 84.87
250 22.5 5.1 29.70 24.60 12.27 0.05 0.01265 0.00280 81.24
1440 22.5 5.1 27.00 21.90 12.71 0.01 0.01265 0.00119 72.32
2932 22.5 5.1 25.80 20.70 12.91 0.00 0.01265 0.00084 68.36
4280 22.5 5.1 24.80 19.70 13.07 0.00 0.01265 0.00070 65.06
Test No. 3
Elellpsed Temperature Compo§ite Hydrometer Actual L UT K D % ffiner
Time, t Correction Pre- Hydrometer in
(min.) (°C) C. Reading Reading (cm) | (em/min}| fmm(miniem)®®] | (mm) | Dispersed
2 22.5 5.5 33.20 27.70 11.76 5.88 0.01265 0.03066 93.95
5 22.5 5.5 32.60 27.10 11.86 2.37 0.01265 0.01947 91.92
15 22.5 5.5 32.10 26.60 11.94 0.80 0.01265 0.01128 90.22
30 22.5 5.5 31.80 26.30 11.99 0.40 0.01265 0.00799 89.20
60 22.5 5.5 31.40 25.90 12.05 0.20 0.01265 0.00567 87.85
250 22.5 5.5 30.50 25.00 12.20 0.05 0.01265 0.00279 84.79
1440 22.5 5.5 28.00 22.50 12.61 0.01 0.01265 0.00118 76.31
2870 22.5 5.5 27.00 21.50 12.77 0.00 0.01265 0.00084 72.92
4293 22.5 5.5 26.10 20.60 12.92 0.00 0.01265 0.00069 69.87
Test No. 4
Eléllpsed Temperature Compo§ite Hydrometer Actual L UT K D % F'=iner
Time, t Correction Pre- Hydrometer in
(min.) (°C) C. Reading Reading (cm) | (em/min) | [mm(min/em)®®} | (mm) [ Dispersed
2 22.0 6.1 29.80 23.70 12.41 6.21 0.01272 0.03169 80.38
5 22.0 6.1 29.00 22.90 12.54 2.51 0.01272 0.02015 77.67
15 22.0 6.1 28.70 22.60 12.59 0.84 0.01272 0.01166 76.65
30 22.0 6.1 28.20 22.10 12.68 0.42 0.01272 0.00827 74.96
60 22.0 6.1 27.90 21.80 12.72 0.21 0.01272 0.00586 73.94
250 22.0 6.1 27.10 21.00 12.86 0.05 0.01272 0.00288 71.23
1440 21.0 6.1 25.70 19.60 13.09 0.01 0.01287 0.00123 66.48
2880 21.0 6.1 24.90 18.80 13.22 0.00 0.01287 0.00087 63.76
4320 22.0 6.1 23.20 17.10 13.50 0.00 0.01272 0.00071 58.00
C.3
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Test No. §
- o O
El;lxpsed Temperature Composlte Hydrometer Actual L UT K D % Flner
Time, t Correction Pre- Hydrometer in
(min.) (°C) Ce Reading Reading (cm) | (em/min)| [mm(min/em)**1 | (mm) [ Dispersed
2 22.7 5 33.30 28.30 11.66 5.83 0.01262 0.03046 93.43
5 22.7 5 33.10 28.10 11.69 2.34 0.01262 0.01929 92.77
15 22.7 5 33.00 28.00 11.71 0.78 0.01262 0.01115 92.44
30 22.7 5 32.80 27.80 11.74 0.39 0.01262 0.00789 91.78
60 22.7 5 32.00 27.00 11.87 0.20 0.01262 0.00561 89.14
250 22.7 5 31.00 26.00 12.04 0.05 0.01262 0.00277 85.84
1440 22.7 5 30.10 25.10 12.18 0.01 0.01262 0.00116 82.86
2880 22.7 5 29.70 24.70 12.25 0.00 0.01262 0.00082 81.54
4320 22.7 5 29.40 24.40 12.30 0.00 0.01262 0.00067 80.55
Test No. 6
- yar
Elaj\psed Temperature Compo§|te Hydrometer Actual L UT K D % Ifmer
Time, t Correction Pre- Hydrometer in
(min.) (°C) C, Reading Reading (cm) | (cm/min)| [mm(min/cm)*®] | (mm) | Dispersed
2 22.7 5 32.60 27.60 11.77 5.89 0.01262 0.03061 91.12
5 22.7 5 32.10 27.10 11.86 2.37 0.01262 0.01943 89.47
15 22.7 5 32.00 27.00 11.87 0.79 0.01262 0.01122 89.14
30 227 5 31.70 26.70 11.92 0.40 0.01262 0.00795 88.15
60 22.7 5 31.10 26.10 12.02 0.20 0.01262 0.00565 86.17
250 22.7 5 30.90 25.90 12.05 0.05 0.01262 0.00277 85.51
1440 22.7 5 29.70 24.70 12.25 0.01 0.01262 0.00116 81.54
2880 22.7 5 29.10 24.10 12.35 0.00 0.01262 0.00083 79.56
4320 22.7 5 28.40 23.40 12.46 0.00 0.01262 0.00068 77.25
Test No.7
- Y
Elzjlpsed Temperature Compo§|te Hydrometer Actual L UT K D % Elner
Time, t Correction Pre- Hydrometer in
(min.) (°C) C Reading Reading {(cm) | (cm/min) [mm(min/cm)“] (mm) Dispersed
2 227 5 32.60 27.60 11.77 5.89 0.01262 0.03061 91.12
5 22.7 5 32.00 27.00 11.87 2.37 0.01262 0.01944 89.14
15 22.7 5 31.90 26.90 11.89 0.79 0.01262 0.01123 88.81
30 22.7 5 31.10 26.10 12.02 0.40 0.01262 0.00799 86.17
60 22.7 5 30.80 25.80 12.07 0.20 0.01262 0.00566 85.18
250 22.7 5 30.50 25.50 12.12 0.05 0.01262 0.00278 84.19
1440 22.7 5 29.10 24.10 12.35 0.01 0.01262 0.00117 79.56
2880 22.7 5 28.30 23.30 12.48 0.00 0.01262 0.00083 76.92
4320 22.7 5 27.60 22.60 12.59 0.00 0.01262 0.00068 74.61
Higher Quality Bentonite (HQB)
Test No. 1
- YR
Elallpsed Temperature Compo§|te Hydrometer Actual L UT K D % Ifmer
Time, t Correction Pre- Hydrometer in
(min.) (°C) Cc Reading Reading (em) | em/min)| [mm(min/em)®%) (mm) Dispersed
2 23.0 5 33.80 28.80 11.58 5.79 0.01254 0.03016 94.92
5 23.0 5 33.30 28.30 11.66 2.33 0.01254 0.01914 93.27
15 23.0 5 32.70 27.70 11.76 0.78 0.01254 0.01110 91.30
30 23.0 5 32.10 27.10 11.86 0.40 0.01254 0.00788 89.32
60 23.0 5 31.90 26.90 11.89 0.20 0.01254 0.00558 88.66
250 23.0 5 31.50 26.50 11.95 0.05 0.01254 0.00274 87.34
1440 23.0 5 31.20 26.20 12.00 0.01 0.01254 0.00114 86.35
2880 23.0 5 30.40 25.40 12.13 0.00 0.01254 0.00081 83.72
4320 23.0 5 30.20 25.20 12.17 0.00 0.01254 0.00067 83.06
C4




Table C.4 — Atterberg limits of Bentonites Taken from Two GCLs.
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Atterberg Limit Test (ASTM D 4318}
1) Liquid Limit {LL) 2) Plastic Limit (PL) & Plasticity Index (PI)
Deionized Water
No of blows[ Mdish | Mdish+soln+soil[Mdish+scil| w [w corrected Mdish __[Mdish+soln+soil| Mdish+soil w_[PL| P
GCL Type GCL Type
e m © %) w @ %)
36 1575 20514 522 |4196] 4196 LaB 1.575 12,771 9.831 ECI 393
27 1.567 21.921 546 4228 4228 1.564 14.542 11.037 37.0 -
31 1.556 21.205 5308 |423.7| 4237 . 1.534 9.812 7.368 99 | 1 s
LB 20 1,562 21.182 5215 [437.1] 4371 1.661 13613 10112 40.9 :
20 156 24204 5785 |436.0] 438.0
22 1.558 21.695 5327 ]434.3] 4343 LQB = GCL with Lower Quality Bentonite
16 1.558 22.963 5497 [443.4] 4434 | HQB = GCL with Higher Quality Bentonite
17 155 17.674 4499 |4434] 4434
16 1.547 21.421 4351 |608.8] _608.8
14 1.542 21.454 4381 [601.4] 6014
17 1.553 21372 436 [606.1] 606.1
31 1.568 21.967 4575 |5784| 6784
Has 36 1.542 22.309 4618 |575.4] 5751
31 1,545 20.006 4261 |579.7] 579.7
28 1.543 22652 4609 |588.5| 5885
24 1.548 21.551 4431_|593.8] 5938
23 1.55 21.592 4443 |592.8] 5928
18 1.556 22.672 4571 |600.4| 6004
5 mM CaCl, 10 mM CaCl,
No of blows| Mdish [ Mdish+soin+soil [Mdish+scil]| w [ w corrected No of blows Mdish [mdish+soln+soil[Mdish+soil] w_[w corrected
GCL Type GCL Type
b T @ %) T © %)
30 [0.946 20.439 5136 |3652] 366.0 36 0.949 19.599 5183 [340.5] 3418
33 0.954 20.873 5249 |363.8| 3645 31 0.953 19.05 5024 |3445] 3459
LaB 29 0.947 20,51 5003 [3719] 3726 LB 26 0.948 19.219 502 |348.7] 3501
24 0.947 18.986 4694 |381.4] 3822 23 0.948 19,106 4991 |349.1] 3505
19 0.947 21619 521 |384.9] 3857 17 0.947 21.391 5423 |356.7] 3582
17 |0.945 20.526 4959 [387.8] 3887 17 0.947 19.259 495 |357.5] 3589
32 0.946 21.454 4104|5494 5511 40 0.957 22,442 4496 |507.1] 6100
28 |0.942 22,411 4206 |557.8| 5595 27 0.951 23.231 4551 15189 5219
HaB 19 |0.935 19.443 3735 [561.0] 5628 HaB 25 0.953 21625 4304 |5188] 619.9
22 0.941 22725 424 5603 6621 23 035 22,048 4351 |5203| 623.4
22 0.946 22.22 4169 |560.1] 561.8 21 0.943 20.467 4077 |523.0]  626.0
18 0.946 22.651 418 |571.2] 573.0 16 0.94 22.309 4323 |531.7] 5348
20'mM CaCl, 50 mM CaCl,
GCL Typs | NO.0f blows[ Mdish [Mdish+soin+soil[Mdish+soil] w [w corrected GCL Type | N0 blows Mdish [Mdish+soln+sail[Mdish+soil] _w_[w corrected
b ) © %) s M) @ %)
34 0.946 21611 6.258 |289.0] 2909 39 0.946 26101 9239 |1913] 1933
33 0.944 20.662 6.023_|288.2] 2901 33 0.941 23.872 8774 |192.7] 1948
LaB 28 0.945 20.879 6.016 |293.1] 2950 LB 24 0.94 22342 8172|1958 1981
27 0.948 18.137 5591 |291.8] 2937 23 0.941 23.422 8521 [1966] 198.8
20 0.953 21614 6128 |299.2] 3012 15 0.945 23.605 8475 [200.9] 2032
22 0.955 204 5842 [297.9] 299.9 17 0.947 19.936 7.291_|199.3] 2016
46 0.947 22.38 5006 |428.0] 4321 43 0.942 21.68 6753 |256.9] 2606
37 0.945 19.738 4457 (4351|4394 36 0.946 19.414 6081 [2596] 2634
Has 27 0.941 21.86 4786 4441|4485 HaB 29 0.947 20.291 6282 |2626| 2665
26 0.942 22.009 4809 4448 4492 32 0.945 18.633 5832 |2619] 2658
22 0.946 21.484 4659 |4531| 4577 26 0.947 19.684 6082 |264.9] 2688
14 0.949 22.03 4674 |465.9] 4708 21 0.947 20.103 6105 |271.4] 2755
100 mM CaCl, 500 mM CaCl,
No of blows[ Mdish] Mdish+soln+soil[Mdish+soil] _w_[w corrected No of blows Mdish | Mdish+soln+scil] Mdish+soil] w [ w corrected
GCLT GCL Type
L ) @ (%) P @ R2)
32 0.956 15.356 6.950  [139.9] 142.1 34 0.943 26.87 1406 |97.7] 1033
30 [0.957 13.32 6103 [140.2] 1425 35 0.951 28.239 14773 | 974 103.0
29 [0.959 12,693 5815 [141.6] 1439 29 0.951 26.048 13.462 [100.6] 1065
LQB 25 [0.959 13.076 5954 [142.6] 144.9 LaB 21 0.946 23.785 12.257_[101.9] 108.0
24 0.955 13.768 6227 1430 1453 20 0.942 26.091 13.413_[101.7] 107.7
22 0.96 13.399 6.075 |143.2] 1455 15 0.942 23534 11.958 [1051] _111.6
18 0.961 14.046 6291 1455 1480 17 0.942 26.911 137381029 1092
33 0.955 21.191 8.967 [1526] 1552 41 0.95 26,572 14268 |925| 975
30 0.96 20272 8.567 [1539] 1565 30 0,945 26258 13.406 {951 | 1004
HaB 27 0.956 20.102 8432 [1561| 1589 .. 22 0.944 23 444 12365 | 97.0| 1025
23 |0.957 19.596 8123 [1601] 163.0 22 0.946 26.112 1372 | 97.0] 1026
20 0.959 21122 8628 |162.9] 165.9 21 0.943 23272 12204 | 98.3| 104.0
17 0.955 20.538 836 |164.5] 1675 15 0.952 26.858 13.853 |100.8]  106.8




Table C.5 — Swell Index of Bentonites Taken from Two GCLs.

Swell Index Test (ASTM D 5890)
Testing Liquid: Deionized Water
Lower Quality Bentonite (LQB)

Test No. 1 2 3 4 5 6 7 8 9
Swell Index (mL/2 g) 29.5 26.0 27.8 28.0 25.5 276 27.0 273 27.0
Test No. 10 11 12 13 14 15 16 17
Swell Index (mL/2 g) 26.7 295 28.6 27.0 271 26.9 26.5 271
Higher Quality Bentonite (HQB)
Test No. 1 2
Swell Index (mL/2 g) 30.0 30.5
C.6
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Table C.6 — Bentonite Mass per Unit Area for Two GCLs.

Mass Per Unit Area of GCL (ASTM D 5993)

GCL with Lower Quality Bentonite (GCL-LQB)
Specimen Size: 5" x 5" (12.7 cm x 12.7 cm)
Specimen Area: 16129 cm?

No. of Specimens: 5

Nominal Mass Per Unit Area of GCL Synthetic Components:
2

1) Cap Nonwoven: 200 g/m
2) Woven Scrim: 105  g/m?
3) Total: 305  g/m?
Test No. Mdish Mdish+sample Mdish+dry sample Mdry sample MgeL mclay Wclay
(@) ) ) ) @m?) | @m® | (%)
1 28.37 119.03 116.28 87.91 5450.43 | 5145.43 3.31
2 28.31 111.1 108.67 80.36 4982.33 | 4677.33 3.22
3 29.07 119.07 116.37 87.3 5412.61 | 5107.61 3.28
4 29.04 122.49 119.68 90.64 5619.69 | 5314.69 3.28
5 29.01 122.8 119.92 90.91 5636.43 | 5331.43 3.35
Avg: 5420.30 | 5115.30 3.29

GCL with Higher Quality Bentonite (GCL-HQB)
Specimen Size: 5" x 5" (12.7 cm x 12.7 cm)
Specimen Area: 161.29 cm?

No. of Specimens: 5

Nominal Mass Per Unit Area of GCL Synthetic Components:
2

1) Cap Nonwoven: 200 g/m
2) Woven Scrim: 200 g/m?
3) Total: 400 g/m?
Test No. Mdish Mdish+sample IVldish+dry sample Iv'dry sample MgeL mclay Wclay
) ) ) (@) @m® | @m® | (%)
1 215.66 297.97 294.94 79.28 4915.37 | 4515.37 416
2 205.34 289.09 285.82 80.48 4989.77 | 4589.77 4.42
3 216.4 301.91 298.47 82.07 5088.35 | 4688.35 4.55
4 204.86 291.07 287.77 82.91 5140.43 | 4740.43 4.32
5 331.61 413.6 410.7 79.09 | 4903.59 { 4503.59 3.99
Avg: 5007.50 | 4607.50 4.29
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Table C.7 — Chemical Properties of Bentonites Taken from Two GCLs.

Soil Chemical Analysis

Lower Quality Bentonite (LQB)

Soil Paste CEC cl Exchangeable Bases
Sample # pH EC Ca Mg Na K Sum
(mS/cm) [(meq/100g)| (mg/kg) meq/100g)
1 8.90 3.10 73.5 116 12.0 4.0 56.1 0.58 72.7
2 8.90 2.90 65.2 162 15.7 4.8 40.0 0.78 61.3
3 8.82 3.15 53.1 2.7 6.9 2.2 41.3 0.80 51.2
Average 8.87 3.05 63.9 93.6 11.5 37 45.8 0.7 61.7
1N NH4OAc Extractables Water Extract
Sample#( Cca | Mg | Na | K Ca | Mg | Na [ K Sum
(meq/100g) (meg/100g)
1 14 45 62 0.84 2.0 0.48 5.9 0.26 8.6
2 16 4.8 64 0.90 0.4 0 24.0 0 244
3 7.8 2.3 55.3 0.90 0.9 0.1 14.0 0.11 15.1
Average 12.6 3.9 60.4 0.9 1.1 0.2 14.6 0.1 16.1
Soluble Salts
Sampe#| Ca | Mg Na K | sum
(mg/kg)
1 240.0 29.0 3430.0 50.0 3749.0
2 241.0 29.4 3444.0 51.6 3766.0
3 174.4 14.1 3220.0 425 3451.0
Average 218.5 24.2 3364.7 48.0 3655.3
|Higher Quality Bentonite (HQB)
Soil Paste CEC Exchangeable Bases
Sample # H EC Ca | Mg Na K | sum
P (mS/cm) |(meq/100g) (meq/100g
1 8.8 2.10 90.6 15.9 7.0 64.8 0.70 88.4
2 8.8 2.20 96.1 14.7 7.0 73.2 0.80 95.7
3 8.9 2.70
Average 8.8 2.33 93.4 15.3 7.0 69.0 0.75 92.1
1N NH,OAc Extractables Water Extract
Sample#] Ca | Mg | Na | K Ca Mg | Na | K Sum
(meq/100g) (meq/100g)
1 19.5 8.3 97.2 1.2 3.6 1.3 324 0.5 37.8
2 18.5 7.6 102.6 1.40 3.8 1.3 29.4 0.6 35.1
Average 19 8.0 100 1.30 3.7 1.3 30.9 0.6 36.5
Soluble Salts
Sample # Ca Mg Na | K
(mg/kg)
1 720.0 160 7452 200
2 754.0 160 6762 231
Average 737.0 160.0 7107.0 215.5
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Table C.8 — Mineralogical Compositions of Bentonites Taken from Two GCLs.

Results of X-Ray Diffraction (XRD) Analyses
Mineral Constituent Lower Quality Bentonite (LQB) Higher Quality Bentonite (HQB)
1 2 3 Avg 1 2 Avg
Quartz 4 3 3.3 3.4 4 3 3.5
Cristobalite 15 9 6.8 10.3 5 4 4.5
Tridymite 0 2 0 0.67 0 1 0.50
Plagioclase Feldspar 4 4 7.4 5.1 3 2 2.5
K-Feldspar 1 trace 0 0.33 trace trace 0.00
Calcite 1 1 0 0.67 1 1 1.0
Gypsum 0 1 0.7 0.57 0 trace 0.00
Heulandite 0 0 0.4 0.13 0 0 0.00
Pyrite 0 0 0 0.00 trace 0 0.00
Clinoptilolite 1 1 0 0.67 trace 1 0.50
Kaolinite trace trace 0 0.00 0 trace 0.00
Chlorite 0 trace 0 0.00 0 1 0.50
lllite/Mica 0 1 1.7 0.90 0 2 1.0
Montmorillonite 74 78 79.6 77.2 87 85 86.0
Total 100 100 100 100.0 100 100 100.0
1, 2: Based on X-ray diffraction analysis performed by Mineralogy Inc., Tulsa, OK.
3: Based on X-ray diffraction analysis performed by K/T GeoServices Inc., Argyle, TX.
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APPENDIX D

STATISTICAL ANALYSES ON HYDRAULIC CONDUCTIVITY TEST DATA
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Table D.1 — Statistical analyses on hydraulic conductivity versus pore volumes of flow.

Permeant Test Prehydration GCL Pore Volumes of Flow
Liquid No. Type @ Slope of k ~ 0
5 mM-1 No LQB 54.1
5 mM 5 mM-2 No LQB 77.7
CaCl, 5 mM-P Yes LQB 42.2
5 mM-HQB No HQB 68.0
10 mM-1 No LOQB 26.1
10 mM 10 mM-2 No LOQB 38.1
CaCl, 10 mM-P Yes LQB 20.1
10 mM-HQB No HQB 51.1
20 mM-1 No LQB 13.3
20 mM 20 mM-2 No LQB 18.1
CaCl, 20 mM-P Yes LQB 10.4
20 mM-HQB No HQB 19.2
50 mM-1 No LQB 6.97
50 mM-2 No LQB 4.76
Sga%r 50 mM-P Yes LOB 114
50 mM-HQB-1 No HQB 23.5
50 mM-HQB-2 No HQB 18.1
100 mM-1 No LQB 9.08
100 mM-2 No LQB 5.25
1%281112\4 100 mM-P Yes LQB 13.5
100 mM-HQB-1 No HQB 19.0
100 mM-HQB-2 No HQB 21.7
500 mM-1 No LOB 7.47
500 mM 500 mM-2 No LQB 6.34
CaCl, 500 mM-HQB-1 No HQB 17.7
500 mM-HQB-2 No HQB 492
D.1
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Fig. D.1 - Statistical analyses on the tests performed with 5 mM CaCl, solution.
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Fig. D.2 - Statistical analyses on the tests performed with 10 mM CaCl, solution.
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Fig. D.3 - Statistical analyses on the tests performed with 20 mM CaCl, solution.
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Fig. D.4 - Statistical analyses on the tests performed with 50 mM CaCl; solution.

D.5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



%. 20:,..,..r.,I,H.yr..l.,,,,..,..._20 % 20:,...HK...,,.,....,,,rﬁ....._20
£ 15 o 1oofr:M-c1) 11 £ 5L | sopeork-o 0™ 15
g £ o] I ope of k ~ 3 % E | E
B4 10 B o} O E > 0F PVF =525 E
pe E 0© “ (PVF 0 =908) 0 = ! E o ’/ o ) E 10
s S5p 0o0° o 15 S  5F° coog, 1s
e R R 05 A" E O i PR o oA
B 20 o o 4 0 B zo0 QO pnOoo o0 O
i Rl S e 2 I Ik B F ] O o0 T T ] ]
5 S | & 38 5o S | X ERS
g w0f [ 1-10 8 -10f ' 310
% -15 [ DataPoints : 5 % Significance 3 - % .15 L Data Points : 5 % Significance
5 [ Regressed: 5 | Level (+2.78) 5' S [ Regressed: 5 | Level (¢ 2.78)5
O 20 B vl SV VSRS T O 20t P N T,
0 5 10 15 0 5 10 15
Pore Volumes of Flow, PVF Pore Volumes of Flow, PVF
g20:""""'""|"""320
& 15 , Slope ofli~0 ,  100mMP 3.
g' w0k (PVFAk~n_13'5) | 3 10
= sf00 0 00%0 0 | E
° .0 .. Q00 Jgam o 3
2 %5 of o o4 7
= T YE — o5 oo 040
[ F--" T T T T s A= O f 3
@ S E | N 45
3 -0f ! 310
% 15 [ DataPoints :S%Signiﬁcance_f 15
& [ Regressed: 5 Level (+2.78)] ~
O 20FE. . 0Ly TN .20
0 5 10 15 20
Pore Volumes of Flow, PVF
. 20 .0 77— 20
5 : b 100 mM-HQB-1 ] < : 100 mM-HQB-2
& 15[ | 315 & 15E (SP"\’IP:°”§”2$7) M- 115
[ 3 co | Slopeofk~0 I [ F o Mo <N \: E
S 1wf o 310 £ 1wE o 3
T ko %ol V=190 1 = E % o 0% 1y
o 5E o0 [e] oo 45 o 5E oo 5
Q0 e O O _3 Eooomimeea2Y I PN olaYsYe e Yo NN TN
$ 5 o Do g O oo 0 000sh £ o0 ogoe 990000 b o T
F - £ O ) E = % E t
3 i Wl A o Ei = R LR b A EREEEEEE S E
@ S ’R | 4-5 @ S5 E X | 4-5
3 0f | 110 g 10 ! 1-10
ksl F 5 % Significance Data Points E s f Data Points 5 % Significance | 3
% S E Level @ 2.78) ! Regressed:5 115 % 15 E Regressed: 5 Level (£2.78) ! 71
O 20f. .1 .|..,|,|...|.,..3_20 O .t LLI.J_;LL....|....|.|.H|.‘..3_20
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Pore Volumes of Flow, PVF

Pore Volumes of Flow, PVF

Fig. D.5 - Statistical analyses on the tests performed with 100 mM CaCl, solution.

D.6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- V3 20 L‘_.20:...,..,,...’,,.,,.,:20
5 sk ! s00mM1 1 g sk | s0mm2 1
; F Slopeofk~0 : E Siope of k~0
2 E o O ! 3 4 E o] ! 3
z 10 ; o o WPVF,  =747) 710 z 10 3 o o ,/(PVFM=6.34)E 10
s S5 o ! 15 § 5f o ! 1s
N R Oy 3 N AP N E
g ior o o9 o]o 2fol o
kit U 5 A po-- - e JEPR &~ Y T F----- O--<__{.3
& 5E ’R/ , R o S5E | ’\/— 5
3 0F | 110 3 w0k ! 110
% 15 £ 5 % Significance : Data Points 3 15 % -45 . DataPoints : 5 % Significance 3 15
< E Level (+2.78) Regressed: 5 s = [ Regressed: 5 Level (£2.78) 5 ~
S oob v v ] 20 O bt NI NV R R 20
0 2 4 6 8 10 12 0 2 4 8 8 10
Pore Volumes of Flow, PVF Pore Volumes of Flow, PVF
I_I_.20,....<,H,..,,.,H‘H,....,zo _20,......,].,.,,,,,,,,:20
5 3 500 mM-HQB-1 ] 5 E ' 500 mM-HQB-2 ]
o 15 F 59 Significance | 415 o 15 £ ‘ Slope of k ~ 0 El
4 E Level (+ 2.78 I F @ E i ~ E
L s ¢ ) Slope of k~0 310 z 10 #(PVF =492) 310
£ - ! E Ak~0 3
5 5 l\\ PVF =177 15 & 5t ! 15
I bt S Fomm@-- - E Y w o Frroemeeeeeoeiieoe [ TR E
T zof b 10 2z op0 . R
B o2 F o oY VYo A e E v O a.0]d
= Fo---7-- (o Yauuiiiidvet 099 "oy ©--3 = ittt [ It N E
751 5o 00°0° ¢} ¢} SEN 1.5 & -5 E o o o N ERN
had E fe) o] 3 = E ]
3 10F o %00 : 3 10 3 -10f o : 3 -0
© E . 1 © E P E
5 £ Data Points 3 3 E Data Points 5 % Significance ]
-15 | - 15 £ J -
% £ 'Regressedzsg 15 %  Regressed: 5 ' Level (£2.78) 7 5
(&) 20 L T S R AN 320 o 20 b 1 1 R -20
¢} 5 10 15 20 25 0 2 4 6 8 10
Pore Volumes of Flow, PVF Pore Volumes of Flow, PVF

Fig. D.6 - Statistical analyses on the tests performed with 500 mM CacCl; solution.
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APPENDIX E

COMBINED CHEMICO-OSMOTIC/DIFFUSION TEST DATA
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Table E.1 - Combined Chemico-Osmotic/Diffusion Test Data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Flushing Stage

At It | Qout| =Qout | p\ oH EC pH | EC Kk

(days) | (days)| (cm3) | (cm3) {(mS/m) Ratio (cm/s)

0.0 0.0 0.0 0.0 0.0

8.8 8.8 | 22.7 22.7 15| 82 | 5940 | 14 | 2970.0 [5.3E-10

13.7 | 225 | 246 47.3 32| 85 (23401} 14 1170.0 {3.7E-10

144 | 36.9 | 21.8 69.1 46| 86 | 1274 14 637.0 {3.1E-10

151 | 52.0 | 224 91.5 6.1 88 | 89.0 1.5 445.0 {3.1E-10

164 | 68.5 | 235 115.0 77| 87 | 73.7 1.4 368.5 |[3.0E-10

11.1 | 79.6 | 16.0 131.0 87| 9.0 | 657 1.5 328.5 |3.0E-10
Chemico-Osmotic Test

EC Measured
! Cot AP (mS/m) | Caz+ (N)] Ck (N)|Caz+ (ppmy| 2F2Vd| W

(min) | (hr) [(days)|(M CaCi2)| (psi) [(kPa)| Top |Bottom| Bottom | Bottom Bottom (psi)

-7200 | -120 | -5.0 0 0.05] 0.32 0.00 | 0.0000
-6960 | -116 | 4.8 0 0.05] 0.32 0.00 | 0.0000
6720 | 112 | 47 0 0.03] 0.22 0.00 [ 0.0000
-6480 | -108 | 4.5 0 0.02] 0.14 0.00 | 0.0000
-6240 | -104 | -4.3 0 0.02] 0.17 0.00 | 0.0000
-6000 | -100 | 4.2 0 0.02{ 0.14 0.00 | 0.0000
-5760 | -96 | 4.0 0 0.02}0.13 | 12.40 | 17.20 0.00 | 0.0000
-5520 | -92 | -3.8 0 0.06 | 0.41 0.00 | 0.0000
-5280 | -88 | -3.7 0 0.081 0.53 0.00 | 0.0000
-5040 { -84 | -3.5 0 0.12} 0.85 0.00 | 0.0000
-4800 | -80 | -3.3 0 0.12] 0.83 0.00 | 0.0000
-4560 | -76 | -3.2 0 0.13] 0.91 0.00 { 0.0000
-4320 | -72 | -3.0 0 0.1541.01| 850 | 8.80 0.00 | 0.0000
-4080 | -68 -2.8 0 0.131{ 0.87 0.00 { 0.0000
-3840 | 64 | -2.7 0 0.12] 0.83 0.00 { 0.0000
-3600 | -60 | -2.5 0 0.13] 0.86 0.00 { 0.0000
-3360 | -56 | -2.3 0 0.14] 0.97 0.00 { 0.0000
-3120 | -52 | -2.2 0 0.14] 0.97 0.00 { 0.0000
-2880 | -48 | -2.0 0 0.15]11.01( 8.30 | 7.00 0.00 | 0.0000
2640 | 44 | 1.8 0 0.12] 0.83 0.00 | 0.0000
2400 | -40 | 17 0 0.10] 0.68 0.00 | 0.0000
2160 | -36 | -1.5 0 0.08] 0.58 0.00 | 0.0000
-1920 | -32 | -1.3 0 0.07 | 0.50 0.00 | 0.0000
-1680 | -28 | -1.2 0 0.06 | 0.41 0.00 | 0.0000
-1440 | 24 | 1.0 0 0.05]1032( 7.90 | 6.00 0.00 | 0.0000
-1200 | -20 | -0.8 0 0.04] 0.28 0.00 | 0.0000
-960 -16 | -0.7 0 0.04] 0.26 0.00 | 0.0000
-720 | 12 | 0.5 0 0.04 | 0.26 0.00 | 0.0000
-480 -8 -0.3 0 0.01{ 0.06 0.00 { 0.0000
-240 -4 -0.2 0 0.01{ 0.06 0.00 { 0.0000

0 0 0.0 0 0.00]0.02{ 7.00 { 540 0.00 | 0.0000
240 4 0.2 0.005 [0.30] 2.10 5.36 | 0.0568
480 8 0.3 0.005 5.36

720 12 0.5 0.005 5.36

960 16 0.7 0.005 5.36

1200 20 0.8 0.005 [1.01] 6.97 5.36 | 0.1887
1440 24 1.0 0.005 [1.18} 8.11[106.00] 6.40 | 0.0000 | 0.0002 0.08 5.36 | 0.2195
1680 28 1.2 0.005 [1.32} 9.11 5.36 | 0.2466
1920 32 1.3 0.005 1.46 [10.04 5.36 | 0.2718
2160 36 1.5 0.005 |1.57]10.85 5.36 | 0.2938
2400 40 1.7 0.005 |[1.68]11.60 5.36 | 0.3142
2640 44 1.8 0.005 [1.80]12.41 5.36 | 0.3360
2880 48 2.0 0.005 |[1.89[13.06]115.20] 9.10 | 0.0000 | 0.0004 0.04 5.36 | 0.3536
3120 52 2.2 0.005 |[1.96113.48 5.36 | 0.3650
3360 56 2.3 0.005 5.36

E.1




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3600 60 2.5 0.005 5.36

3840 64 2.7 0.005 5.36

4080 68 2.8 0.005 [221[15.25 5.36 | 0.4129
4320 72 3.0 0.005 [227]15.62] 116.101 9.50 [ 0.0000 | 0.0004 0.05 5.36 | 0.4230
4560 76 3.2 0.005 [230([15.86 5.36 | 0.4296
4800 80 3.3 0.005 [2.33]16.09 5.36 | 0.4355
5040 84 3.5 0.005 |2.36}16.29 5.36 | 0.4411
5280 88 3.7 0.005 1240j16.52 5.36 | 0.4473
5520 92 3.8 0.005 [243[16.74 5.36 | 0.4533
5760 96 4.0 0.005 [2.46116.94]| 116.50| 9.40 | 0.0000 | 0.0003 0.03 5.36 | 0.4587
6000 { 100 | 4.2 0.005 {248117.09 5.36 | 0.4628
6240 | 104 | 43 0.005 5.36

6480 [ 108 | 4.5 0.005 5.36

6720 | 112 | 47 0.005 [2.53[17.42 5.36 | 0.4716
6960 | 116 | 4.8 0.005 [2.55]17.57 5.36 | 0.4759
7200 | 120 | 5.0 0.005 [258(17.81|116.20] 9.30 | 0.0000 [ 0.0005 0.00 5.36 | 0.4822
7440 | 124 | 5.2 0.005 [2.60([17.92 5.36 | 0.4852
7680 | 128 | 5.3 0.005 [2.61]18.01 5.36 | 0.4876
7920 | 132 | 55 0.005 12.63[18.10 5.36 | 0.4900
8160 | 136 | 6.7 0.005 [264(18.22 5.36 | 0.4934
8400 | 140 | 5.8 0.005 [2.66]18.37 5.36 | 0.4973
8640 | 144 | 6.0 0.005 [2.68]18.48| 116.40] 9.00 | 0.0000 | 0.0005 0.08 5.36 | 0.5005
8880 | 148 | 6.2 0.005 [2.68]18.46 5.36 | 0.4998
9120 | 152 | 6.3 0.005 |2.68]18.49 5.36 | 0.5007
9360 | 156 | 6.5 0.005 |2.69]18.52 5.36 | 0.5014
9600 | 160 | 6.7 0.005 |[2.70]|18.61 5.36 | 0.5039
9840 | 164 | 6.8 0.005 |[2.72118.73 5.36 | 0.5072
10080 168 [ 7.0 0.005 [2.74{18.90|115.70] 8.90 | 0.0000 | 0.0005 0.01 5.36 | 0.5117
103204 172 | 7.2 0.005 [273[18.82 5.36 | 0.5096
10560 | 176 | 7.3 0.005 5.36

10800 | 180 | 7.5 0.005 536

11040 | 184 | 7.7 0.005 }2.75(18.95 5.36 | 0.5130
11280 | 188 | 7.8 0.005 12.76 119.06 5.36 | 0.5160
11520 | 192 | 8.0 0.005 12.78]19.15| 115.90] 9.30 | 0.0000 | 0.0006 0.03 5.36 | 0.5186
11760 | 196 | 8.2 0.005 12.75]18.93 5.36 | 0.5126
12000 | 200 | 8.3 0.005 [2.74]18.90 5.36 | 0.5117
12240 | 204 | 85 0.005 [274]18.91 5.36 | 0.5121
12480 | 208 | 8.7 0.005 [2.75]18.98 5.36 | 0.5139
12720 | 212 8.8 0.005 |[2.78]19.16 5.36 | 0.5188
12960 | 216 [ 9.0 0.005 [2.80[19.28]115.20] 9.40 | 0.0000 | 0.0006 0.04 5.36 | 0.5220
13200 220 | 9.2 0.005 5.36

13440 224 | 93 0.005 5.36

13680 | 228 | 9.5 0.005 5.36

13920 | 232 | 97 0.005 [273[18.84 5.36 | 0.5102
14160 | 236 | 9.8 0.005 ]2.73]|18.84 5.36 | 0.5102
14400 | 240 | 10.0 0.005 [2.74]118.92}114.30] 9.70 | 0.0000 | 0.0007 0.04 5.36 | 0.5123
14640 | 244 | 10.2 0.006 [2.72]18.75 5.36 | 0.5076
14880 | 248 | 10.3 0.005 [2.70]18.64 5.36 | 0.5048
156120 | 252 | 10.5 0.005 |2.69}18.55 5.36 | 0.5022
15360 | 256 | 10.7 0.005 12.70]18.58 5.36 | 0.5031
15600 | 260 | 10.8 0.005 [2.70]18.59 5.36 | 0.5033
15840 | 264 | 11.0 0.005 [270/18.58| 114.60] 10.00 | 0.0000 [ 0.0007 0.00 5.36 | 0.5031
16080 | 268 | 11.2 0.005 [2.67]18.37 5.36 | 0.4975
16320 | 272 11.3 0.005 2.65(18.27 5.36 | 0.4947
165660 | 276 | 11.5 0.005 |2.64{18.19 5.36 { 0.4925
16800 | 280 | 11.7 0.005 |2.62[18.09 5.36 | 0.4899
17040 | 284 | 11.8 0.005 |[2.62]18.04 5.36 | 0.4886
17280 | 288 | 12.0 0.005 [260(17.95] 113.70] 10.00 | 0.0000 | 0.0007 0.08 5.36 | 0.4861
17520 | 292 | 12.2 0.005 [2.57]17.71 5.36 | 0.4794
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17760 | 296 | 123 0.005 |2.56]17.68 5.36 | 0.4787
18000 | 300 | 12.5 0.005 }1256(17.62 5.36 | 0.4770
18240 ] 304 | 12.7 0.005 |2.54([17.50 5.36 | 0.4738
18480 | 308 | 12.8 0.005 |2.53|17.41 5.36 | 0.4714
18720 | 312 | 13.0 0.005 [2.50|17.26]| 113.70} 10.80 | 0.0000 [ 0.0008 0.04 5.36 | 0.4675
18960 | 316 | 13.2 0.005 [2.47]17.02 5.36 | 0.4607
19200 | 320 | 13.3 0.005 [2.46]16.93 5.36 | 0.4585
19440 | 324 | 13.5 0.005 [243[16.78 5.36 | 0.4544
19680 | 328 | 13.7 0.005 [2.41]16.64 5.36 | 0.4505
19920 | 332 | 13.8 0.005 [2.40]16.51 5.36 | 0.4471
20160 | 336 | 14.0 0.005 ]2.40116.52] 113.40] 11.20 | 0.0000 | 0.0008 0.01 5.36 | 0.4473
20400 | 340 | 14.2 0.005 [2.33]16.09 5.36 | 0.4357
20640 | 344 | 143 0.005 |2.32]15.98 5.36 | 0.4325
20880 | 348 | 14.5 0.005 [2.30]15.83 5.36 | 0.4286
211204 352 | 147 0.005 |2.28]15.69 5.36 | 0.4247
21360 | 356 | 14.8 0.005 [2.26]15.60 5.36 | 0.4225
21600 | 360 | 15.0 0.005 [2.23[15.39]113.10] 11.60 | 0.0000 | 0.0007 0.23 5.36 | 0.4167
21840 | 364 | 15.2 0.005 |[2.18115.05 5.36 | 0.4075
22080 | 368 | 153 0.005 |2.16{14.89 5.36 | 0.4032
22320 | 372 | 155 0.005 |]2.13114.69 5.36 | 0.3978
22560 | 376 | 157 0.005 12.13[14.66 5.36 | 0.3969
22800 | 380 | 15.8 0.005 [2.12]14.62 5.36 | 0.3958
23040 | 384 | 16.0 0.005 [2.07]14.29] 112.20] 12.00 | 0.0000 | 0.0008 0.13 5.36 | 0.3868
23280 | 388 | 16.2 0.005 [1.99]13.74 5.36 | 0.3721
23520 | 392 | 16.3 0.005 [1.98]13.63 5.36 | 0.3691
23760 | 396 | 16.5 0.005 [1.97]13.55 5.36 | 0.3668
24000} 400 | 16.7 0.005 |1.96]13.49 5.36 | 0.3653
242401 404 | 16.8 0.005 |[1.96]13.48 5.36 | 0.3650
24480 | 408 | 17.0 0.005 [1.93]13.27]111.50] 12.50 | 0.0000 | 0.0007 0.07 5.36 | 0.3594
24720 | 412 | 17.2 0.005 |1.84112.69 5.36 | 0.3435
24960 | 416 | 17.3 0.005 11.82112.52 5.36 { 0.3390
25200 | 420 { 175 0.005 {1.80}12.40 5.36 | 0.3357
25440 | 424 | 17.7 0.005 {1.79112.33 5.36 | 0.3340
25680 | 428 | 17.8 0.005 [1.77 11217 5.36 | 0.3295
25920 | 432 | 18.0 0.005 ]1.74[12.01]111.60] 13.00 | 0.0000 | 0.0007 0.17 5.36 | 0.3252
26160 | 436 | 18.2 0.005 [1.68]11.60 5.36 | 0.3140
26400 | 440 | 18.3 0.005 [1.66]11.47 5.36 | 0.3106
26640 | 444 | 185 0.005 [1.65]11.34 5.36 | 0.3071
26880 | 448 | 18.7 0005 [1.63]11.24 5.36 | 0.3043
27120 | 452 | 18.8 0.005 [1.61]11.10 5.36 | 0.3006
27360 | 456 | 19.0 0.005 [1.60]11.04]| 110.90] 13.20 | 0.0000 | 0.0010 0.20 5.36 | 0.2989
27600 | 460 | 19.2 0.005 | 1.54110.60 5.36 | 0.2869
27840 | 464 | 19.3 0.005 |1.52]10.45 5.36 | 0.2828
28080 | 468 | 19.5 0.005 |1.49[10.27 5.36 | 0.2782
28320 | 472 | 19.7 0.005 [1.47[10.10 5.36 | 0.2735
28560 | 476 | 19.8 0.005 [1.44]9.96 5.36 | 0.2696
28800 | 480 | 20.0 0.005 [1.42]9.81]110.60] 13.90 | 0.0000 | 0.0010 0.44 5.36 | 0.2657
20040 | 484 | 20.2 0.005 [1.35] 9.31 5.36 | 0.2522
29280 | 488 | 20.3 0.005 11.33] 9.18 5.36 | 0.2487
29520 | 492 | 205 0.005 11.31]9.05 5.36 | 0.2451
29760 | 496 | 20.7 0.005 [1.31]9.00 5.36 | 0.2438
30000 | 500 | 20.8 0005 [1.28] 8.85 5.36 | 0.2397
30240 | 504 | 21.0 0.005 (1261} 868]|110.00| 14.60 | 0.0000 | 0.0013 0.74 5.36 | 0.2350
30480 | 508 | 21.2 0.005 |1.16] 8.00 5.36 | 0.2167
30720 | 512 | 21.3 0.005 [1.13]7.80 5.36 | 0.2113
30960 | 516 | 21.5 0005 [111]7.64 5.36 | 0.2068
31200 520 | 217 0.005 [1.11]7.62 5.36 | 0.2063
31440 ] 524 | 21.8 0.005 |{1.08] 7.43 5.36 | 0.2011
31680 | 6528 | 22.0 0.005 [1.06]7.29 ] 109.10] 15.50 | 0.0001 [ 0.0013 1.04 5.36 | 0.1973
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31920 | 632 | 22.2 0.005 |1.00]6.87 5.36 | 0.1859
32160 | 536 | 22.3 0.005 |0.97]6.69 5.36 10.1813
32400 | 540 | 225 0.005 [0.95]| 6.54 5.36 | 0.1772
32640 | 544 | 22.7 0.005 [0.93]6.38 5.36 | 0.1729
32880 | 548 | 22.8 0.005 [0.91]6.24 5.36 | 0.1689
33120 | 552 | 23.0 0.005 [0.87]6.02|108.80] 15.80 | 0.0001 | 0.0014 1.76 5.36 | 0.1630
33360 | 556 | 23.2 0.005 10.82] 5.63 5.36 | 0.1525
33600 | 560 | 23.3 0.005 [0.80] 5.51 5.36 | 0.1492
33840 | 564 | 23.5 0.005 ]0.78( 5.38 5.36 | 0.1458
34080 | 568 | 23.7 0.005 [0.76] 5.27 5.36 | 0.1426
34320 | 572 | 23.8 0.005 [0.75] 5.14 5.36 | 0.1393
34560 | 576 | 24.0 0.005 [0.73] 5.04 |107.70] 16.10 | 0.0001 | 0.0015 2.71 5.36 | 0.1365
348001 580 [ 24.2 0.005 [0.68] 4.69 5.36 | 0.1269
35040 | 584 | 243 0.005 [0.66| 4.56 5.36 | 0.1236
35280 | 588 | 24.5 0.005 [0.64] 4.39 5.36 {0.1187
35520 | 592 | 247 0.005 [0.62] 4.30 5.36 | 0.1165
35760 | 596 | 248 0.005 (060} 4.14 5.36 | 0.1122
36000 | 600 } 25.0 0.005 (0581 3.99|108.30] 16.60 | 0.0002 | 0.0014 3.90 5.36 1 0.1081
36240 | 604 | 25.2 0.005 10.53] 3.67 5.36 | 0.0993
36480 | 608 | 25.3 0.005 [0.53]3.65 5.36 | 0.0988
36720 | 612 | 25.5 0.005 [0.52] 3.55 5.36 | 0.0961
36960 | 616 | 25.7 0.005 [0.50] 3.43 5.36 | 0.0928
37200 | 620 | 25.8 0.005 [0.48] 3.28 5.36 | 0.0887
37440 | 624 | 26.0 0.005 [0.46] 3.16 | 107.80] 17.10 | 0.0003 | 0.0016 6.28 5.36 | 0.0857
37680 | 628 | 26.2 0.005 ]10.411 284 5.36 | 0.0769
37920 | 632 | 26.3 0.005 [0.40] 2.74 5.36 | 0.0743
38160 | 636 | 26.5 0.005 [0.39] 270 5.36 | 0.0732
38400 | 640 | 26.7 0.005 [0.39] 2.67 5.36 | 0.0722
38640 | 644 | 26.8 0.005 [0.37] 2.56 5.36 | 0.0694
38880 | 648 | 27.0 0.005 [0.36] 2.45|107.601 17.70 | 0.0004 | 0.0014 7.36 5.36 | 0.0663
39120 | 652 | 27.2 0.005 1032} 223 5.36 | 0.0605
39360 | 656 | 27.3 0.005 10.32] 222 5.36 | 0.0601
39600 | 660 | 27.5 0.005 10.31]2.16 5.36 | 0.0586
39840 | 664 | 27.7 0.005 10.30] 2.03 5.36 | 0.0551
40080 | 668 | 27.8 0.005 [0.29]1.99 5.36 | 0.0540
40320 | 672 | 28.0 0.005 [0.29]1.97}1107.20] 17.90 | 0.0006 | 0.0017 11.39 5.36 | 0.0532
40560 | 676 | 28.2 0.005 [0.23] 159 5.36 | 0.0429
40800 | 680 | 28.3 0.005 [0.24] 1.65 5.36 | 0.0448
41040 | 684 | 28.5 0.005 [0.23] 1.61 5.36 | 0.0437
41280 | 688 | 28.7 0.005 [0.23| 1.59 5.36 | 0.0431
41520 | 692 | 28.8 0.005 10213145 5.36 | 0.0394
41760 | 696 | 29.0 0.005 10.21] 1.42]107.40] 18.00 | 0.0007 | 0.0017 13.89 5.36 | 0.0385
42000 | 700 | 29.2 0.005 {0.17]1.19 5.36 | 0.0323
42240 | 704 | 293 0.005 5.36

42480 | 708 | 29.5 0.005 [0.16] 1.08 5.36 | 0.0293
42720 | 712 | 29.7 0.005 [0.16] 1.12 5.36 | 0.0304
42960 | 716 | 29.8 0.005 [0.16] 1.12 5.36 | 0.0304
432004 720 | 30.0 0.005 10.15] 1.051107.60| 18.80 | 0.0007 | 0.0017 14.14 5.36 | 0.0286
43440 | 724 | 30.2 0.005 [0.13] 0.90 5.36 { 0.0243
43680 | 728 | 30.3 0.005 [0.14] 0.96 5.36 | 0.0259
43920 | 732 | 30.5 0.005 [0.15] 1.02 5.36 | 0.0276
44160 | 736 | 30.7 0.005 [0.15] 1.03 5.36 | 0.0278
444001 740 | 30.8 0.005 [0.14] 0.94 5.36 | 0.0256
446401 744 | 31.0 0.005 10.15}1.00|107.00| 1860 | 0.0009 | 0.0016 18.04 5.36 | 0.0271
44880 | 748 | 31.2 0.005 [0.10] 0.67 5.36 | 0.0181
45120 | 752 | 31.3 0.005 [0.10] 0.66 5.36 ] 0.0179
45360 | 756 | 31.5 0.005 [0.09] 0.64 5.36 | 0.0174
45600 | 760 | 31.7 0.005 [0.10} 0.66 5.36 { 0.0177
45840 | 764 | 31.8 0.005 [0.12] 0.79 5.36 | 0.0215
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46080} 768 | 32.0 0.005 {0.12]0.80]107.30| 19.60 | 0.0010 | 0.0014 19.62 5.36 | 0.0217
46320 | 772 | 32.2 0.005 |0.09} 0.61 5.36 | 0.0166
465601 776 | 32.3 0.005 (0.10} 0.68 5.36 | 0.0183
46800 | 780 | 32.5 0.005 [0.10} 0.67 5.36 | 0.0181
47040 | 784 | 32.7 0.005 10.09] 0.63 5.36 | 0.0170
47280 | 788 | 32.8 0.005 [0.10] 0.66 5.36 | 0.0179
47520 | 792 | 33.0 0.005 [0.09]0.65]106.90] 18.70 | 0.0008 | 0.0014 16.09 5.36 | 0.0175
47760 | 796 | 33.2 0.005 [0.09]0.59 5.36 | 0.0159
48000 | 800 | 33.3 0.005 10.09] 0.65 5.36 | 0.0175
48240 | 804 | 33.5 0.005 |0.09] 0.65 5.36 | 0.0175
48480 | 808 | 33.7 0.005 [0.10] 0.66 5.36 | 0.0177
48720 | 812 | 33.8 0.005 [0.10] 0.67 5.36 | 0.0181
48960 | 816 | 34.0 0.005 [0.10| 0.68 | 107.10] 19.60 | 0.0011 | 0.0015 21.52 5.36 | 0.0185
49200 | 820 | 34.2 0.005 [0.07] 0.50 5.36 | 0.0134
49440 ] 824 | 343 0.005 [0.08] 0.54 5.36 | 0.0146
49680 | 828 | 345 0.005 ]0.08{ 0.57 5.36 | 0.0155
49920 | 832 | 34.7 0.005 [0.10] 0.66 5.36 | 0.0179
50160 | 836 | 34.8 0.005 [0.09] 0.63 5.36 | 0.0170
50400 | 840 | 35.0 0.005 [0.09]0.61]107.20] 18.80 | 0.0011 | 0.0014 22.28 5.36 | 0.0166
50640 | 844 | 35.2 0.005 {0.164 1.10 5.36 | 0.0297
50880 | 848 | 35.3 0.005 (0.18]1.24 5.36 | 0.0336
51120 | 852 | 35.5 0.005 {0.19]1.28 5.36 | 0.0347
51360 | 856 | 35.7 0.005 [0.18]1.25 5.36 | 0.0340
51600 | 860 | 35.8 0.005 [0.20] 1.34 5.36 | 0.0364
51840 | 864 | 36.0 0.005 [0.18] 1.25]107.20] 18.20 | 0.0011 | 0.0014 21.61 5.36 | 0.0340
52080 | 868 | 36.2 0.005 [0.16] 1.12 5.36 | 0.0302
52320 | 872 | 36.3 0.005 [0.17] 1.14 5.36 | 0.0310
52560 | 876 | 36.5 0.005 [0.16]1.12 5.36 | 0.0302
52800 | 880 | 36.7 0.005 [0.1711.19 5.36 1 0.0323
53040 | 884 | 36.8 0.006 1017 1.15 5.36 | 0.0312
53280 | 888 | 37.0 0.005 10.17)1.141107.20} 18.70 | 0.0011 [ 0.0014 22.30 5.36 | 0.0308
53520 | 892 | 37.2 0.005 [0.15] 1.04 5.36 | 0.0282
53760 | 896 | 37.3 0.005 [0.15] 1.04 5.36 | 0.0282
54000 | 900 | 37.5 0.005 [0.15] 1.05 5.36 | 0.0284
54240 | 904 | 37.7 0.005 [0.15] 1.06 5.36 | 0.0287
54480 | 908 | 37.8 0.005 [0.15] 1.03 5.36 | 0.0280
547201 912 | 38.0 0.005 [0.15] 1.01]107.40] 19.60 | 0.0012 | 0.0015 2411 5.36 | 0.0273
54960 | 916 | 38.2 0.005 [0.17]1.20 5.36 | 0.0325
55200 | 920 | 38.3 0.005 [0.18]1.22 5.36 | 0.0330
55440 | 924 | 385 0.005 [0.17] 1.17 5.36 | 0.0317
55680 | 928 | 38.7 0.005 j0.16} 1.12 5.36 { 0.0304
55920 | 932 | 38.8 0.005 {0.17] 1.16 5.36 | 0.0314
56160 | 936 | 39.0 0.0056 1016 1.10]107.104 19.00 | 0.0012 [ 0.0015 23.65 5.36 | 0.0297
56400 | 940 | 39.2 0.005 10.16] 1.08 5.36 | 0.0293
56640 | 944 | 39.3 0.005 [0.17] 1.14 5.36 | 0.0308
56880 | 948 | 39.5 0.005 [0.16] 1.08 5.36 | 0.0291
57120 | 952 | 39.7 0.005 [0.15] 1.04 5.36 | 0.0282
57360 | 956 | 39.8 0.005 [0.14] 0.98 5.36 | 0.0265
57600 | 960 | 40.0 0.005 [0.14] 097 | 107.10{ 18.80 | 0.0012 | 0.0015 23.91 5.36 | 0.0263
57840 | 964 | 40.2 0.005 ]0.13] 0.92 5.36 | 0.0248
58080 | 968 | 40.3 0.005 [0.13] 0.90 5.36 | 0.0243
58320 | 972 | 40.5 0.005 [0.13] 0.92 5.36 | 0.0250
58560 | 976 | 40.7 0.005 [0.12] 0.85 5.36 | 0.0231
58800 | 980 | 40.8 0.005 j0.12]0.79 5.36 | 0.0215
59040 | 984 | 41.0 0.005 [0.11]0.77 | 107.20] 18.70 | 0.0012 | 0.0016 23.75 5.36 | 0.0207
59280 | 988 | 41.2 0.005 [0.10] 0.72 5.36 | 0.0194
59520 | 992 | 413 0.005 [0.11]10.74 5.36 | 0.0202
59760 | 996 | 415 0.005 |[0.10} 0.69 5.36 | 0.0187
60000 { 1000 | 41.7 0.0056 [0.11]0.77 5.36 | 0.0207
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60240 | 1004 [ 41.8 0.005 [0.11]0.74 5.36 | 0.0200
60480 | 1008 | 42.0 0.005 |010]0.67107.30) 18.70 | 0.0012 | 0.0015 24.27 5.36 | 0.0181
60720 | 1012 | 42.2 0.005 [0.07] 0.48 5.36 | 0.0131
60960 | 1016 | 42.3 0.005 ]0.08{ 057 5.36 | 0.0153
61200 | 1020 | 42.5 0.005 [0.09] 0.59 5.36 | 0.0161
61440 | 1024 | 42.7 0.005 [0.09] 0.61 5.36 | 0.0166
61680 | 1028 | 42.8 0.005 [0.08] 0.56 5.36 | 0.0151
61920 | 1032 | 43.0 0.005 [0.08] 0.55|107.50] 19.20 | 0.0012 | 0.0016 24.26 5.36 | 0.0149
62160 | 1036 | 43.2 0.005 [0.08] 0.52 65.36 | 0.0140
62400 | 1040 | 43.3 0.005 ]0.08]0.52 5.36 | 0.0142
62640 | 1044 | 435 0.005 {0.080.52 5.36 1 0.0142
62880 | 1048 | 43.7 0.005 10.08]0.53 5.36 | 0.0144
63120 | 1052 | 43.8 0.005 [0.08] 0.52 5.36 | 0.0142
63360 | 1056 | 44.0 0.005 [0.08] 0.52|107.40] 19.00 | 0.0012 | 0.0015 24.04 5.36 | 0.0142
63600 | 1060 | 44.2 0.005 [0.05] 0.37 5.36 | 0.0099
63840 | 1064 | 44.3 0.005 ]0.06{ 0.38 5.36 | 0.0103
64080 | 1068 | 44.5 0.005 [0.06]0.38 5.36 | 0.0103
64320 | 1072 | 44.7 0.005 [0.06] 0.43 5.36 | 0.0116
64560 | 1076 [ 448 0.005 [0.06] 0.44 5.36 | 0.0119
64800 | 1080 | 45.0 0.005 [0.06]0.41]107.30] 18.90 | 0.0012 | 0.0015 24.22 5.36 | 0.0112
65040 | 1084 | 45.2 0.005 [0.05]0.35 5.36 | 0.0095
65280 | 1088 | 45.3 0.005 10.05]0.35 5.36 | 0.0095
65520 | 1092 | 45.5 0.005 [0.05]0.35 5.36 | 0.0095
65760 | 1096 | 45.7 0.005 10.06]0.39 5.36 | 0.0105
66000 | 1100 | 45.8 0.005 [0.05] 0.37 5.36 | 0.0101
66240 | 1104 | 46.0 0.005 [0.05]|0.32|107.00] 19.00 | 0.0012 [ 0.0015 24.40 5.36 | 0.0086
66480 | 1108 | 46.2 0.005 [0.04] 0.28 5.36 | 0.0077
66720 | 1112 | 46.3 0.005 [0.05] 0.31 5.36 | 0.0084
66960 | 1116 | 46.5 0.005 [0.05] 0.31 5.36 | 0.0084
67200 | 1120 | 46.7 0.005 [0.04] 0.29 5.36 | 0.0078
67440 | 1124 | 46.8 0.005 [0.04] 0.29 5.36 | 0.0078
67680 | 1128 | 47.0 0.005 [0.05{0.37 {107.50| 19.10 | 0.0012 | 0.0015 24.63 5.36 | 0.0101
67920 | 1132 | 47.2 0.005 10.02]0.12 5.36 | 0.0034
68160 | 1136 | 47.3 0.005 [0.02] 0.15 5.36 | 0.0041
68400 | 1140 | 47.5 0.005 [0.02] 0.16 5.36 | 0.0043
68640 | 1144 | 47.7 0.005 [0.03]0.21 5.36 | 0.0058
68880 | 1148 | 47.8 0.005 [0.03] 0.17 5.36 | 0.0047
69120 | 1152 | 48.0 0.005 [0.03] 0.23 |107.20] 19.20 | 0.0012 | 0.0015 24.73 5.36 | 0.0062
69360 | 1156 | 48.2 0.005 [0.01] 0.03 5.36 | 0.0009
69600 | 1160 | 48.3 0.005 [0.02] 0.13 5.36 | 0.0035
69840 | 1164 | 485 0.005 10.03] 0.20 5.36 | 0.0054
70080 | 1168 | 48.7 0.005 [0.04]0.26 5.36 | 0.0069
70320 | 1172 | 48.8 0.005 [0.04] 0.24 5.36 | 0.0065
70560 | 1176 | 49.0 0.005 [0.04]0.24]107.10] 19.00 | 0.0012 | 0.0015 24.88 5.36_| 0.0065
70800 | 1180 | 49.2 0.005 [0.01] 0.10 5.36 | 0.0026
71040 | 1184 | 493 0.005 [0.02]0.14 5.36 | 0.0039
71280 | 1188 | 49.5 0.005 (0.04]0.24 5.36 | 0.0065
71520 | 1192 | 49.7 0.005 [0.03]0.23 5.36 | 0.0062
71760 | 1196 | 49.8 0.005 [0.04] 0.29 5.36 | 0.0078
72000 | 1200 | 50.0 0.005 [0.04] 0.30}107.50] 18.90 | 0.0012 | 0.0015 25.04 5.36 | 0.0080
72240 | 1204 | 50.2 0.005 [0.02] 0.10 5.36 | 0.0028
72480 | 1208 | 50.3 0.005 [0.02] 0.11 5.36 | 0.0030
727201 1212 | 50.5 0.005 [0.02] 0.11 5.36 | 0.0030
72960 | 1216 | 50.7 0.005 10.02]0.11 5.36 | 0.0030
73200 | 1220 | 50.8 0.005 [0.01] 0.08 5.36 | 0.0021
73440 | 1224 | 51.0 0.005 [0.01]0.06]107.60] 19.20 | 0.0012 | 0.0015 24.99 5.36 | 0.0015
73680 | 1228 | 51.2 0.005 [0.01] 0.06 5.36 | 0.0015
73920 { 1232 | 51.3 0.005 [0.00} 0.03 5.36 | 0.0007
74160 | 1236 | 51.5 0.005 ]0.01] 0.08 5.36 | 0.0021
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74400 | 1240 | 51.7 0.005 [0.02] 0.10 5.36 | 0.0028
74640 | 1244 | 51.8 0.0056 [0.02] 0.14 5.36 | 0.0037
74880 | 1248 | 52.0 0.005 [0.01] 0.08 | 107.80f 19.10 | 0.0013 | 0.0015 25.06 5.36 | 0.0022
75120 | 1252 | 52.2 0.005 [0.01]0.05 5.36 | 0.0013
75360 | 1256 | 52.3 0.005 10.01§0.06 5.36 | 0.0015
75600 ] 1260 | 52.5 0.005 [0.01]0.08 5.36 | 0.0022
75840 | 1264 | 52.7 0.005 |0.01]0.08 5.36 | 0.0022
76080 | 1268 | 52.8 0.005 10.01]0.05 5.36 | 0.0013
76320 | 1272 | 53.0 0.005 [0.01}0.101107.00f 1890 0.0013 [ 0.0015 25.19 5.36 | 0.0026
76560 | 1276 | 53.2 0.005 |0.00} 0.01 5.36 | 0.0004
76800 | 1280 | 53.3 0.005 0.0110.06 5.36 | 0.0015
77040 | 1284 | 53.5 0.005 10.02] 0.12 5.36 | 0.0034
77280 | 1288 | 53.7 0.005 [0.02] 0.10 5.36 | 0.0028
77520 | 1292 | 53.8 0.005 [0.01] 0.08 5.36 | 0.0021
77760 | 1296 | 54.0 0.005 [0.01]0.06]107.50] 19.00 | 0.0013 | 0.0015 25.23 5.36 | 0.0015
78000 | 1300 | 54.2 0.005 5.36

78240 | 1304 | 54.3 0.005 [0.01]0.06 5.36 | 0.0017
78480 | 1308 | 54.5 0.005 [0.01] 0.09 5.36 | 0.0024
78720 | 1312 | 54.7 0.005 [0.02] 0.14 5.36 | 0.0039
78960 | 1316 | 54.8 0.005 [0.02] 0.14 5.36 | 0.0039
79200 ] 1320 | 55.0 0.005 [0.02] 0.11]107.40] 19.00 | 0.0013 | 0.0015 25.13 5.36 | 0.0030
79440 | 1324 | 55.2 0.005 [0.01]0.03 5.36 | 0.0009
79680 | 1328 | 55.3 0.005 [0.01]0.03 5.36 | 0.0009
79920 | 1332 | 55.5 0.005 [0.01] 0.08 5.36 | 0.0015
80160 | 1336 | 55.7 0.005 10.02]0.15 5.36 | 0.0041
80400 | 1340 | 55.8 0.005 10.02] 0.14 5.36 | 0.0039
80640 | 1344 | 56.0 0.005 {0.02]|0.12|107.60] 19.20 | 0.0013 [ 0.0015 25.20 5.36 | 0.0034
80880 | 1348 | 56.2 0.005 [0.01]0.05 5.36 | 0.0013
81120 | 1352 | 56.3 0.005 [0.01] 0.06 5.36 | 0.0017
81360 | 1356 | 56.5 0.005 [0.02] 0.13 5.36 | 0.0035
81600 | 1360 | 56.7 0.005 [0.02] 0.13 5.36 | 0.0035
81840 | 1364 | 56.8 0.005 [0.02] 0.17 5.36 | 0.0045
82080 | 1368 | 57.0 0.005 10.03]0.17|107.70] 19.30 | 0.0013 | 0.0015 25.94 5.36 | 0.0047
82320 | 1372 | 57.2 0.005 {0.01]0.05 5.36 | 0.0013
82560 | 1376 | 57.3 0.005 [0.01]0.03 5.36 | 0.0009
82800 | 1380 | 57.5 0.005 [0.02]0.12 5.36 | 0.0032
83040 | 1384 | 57.7 0.005 [0.03] 0.19 5.36 | 0.0052
83280 | 1388 | 57.8 0.005 [0.02] 0.15 5.36 | 0.0041
83520 | 1392 | 58.0 0.005 [0.02|0.17}107.90| 19.10 | 0.0012 | 0.0016 25.04 5.36 | 0.0045
83760 | 1396 | 58.2 0.005 [0.01] 0.04 5.36 | 0.0011
84000 | 1400 | 58.3 0.005 [0.01] 0.04 5.36 | 0.0011
84240 | 1404 | 58.5 0.005 {0.01]0.08 5.36 | 0.0021
84480 | 1408 | 58.7 0.005 [0.02]0.14 5.36 | 0.0037
84720 | 1412 | 58.8 0.005 (0.03]021 5.36 | 0.0056
84960 | 1416 | 59.0 0.005 [0.01]0.10]107.50] 19.20 | 0.0013 | 0.0015 25.47 5.36 | 0.0026
85200 | 1420 | 59.2 0.005 [0.01] 0.06 5.36 | 0.0017
85440 | 1424 | 59.3 0.005 [0.00] 0.03 5.36 | 0.0007
85680 | 1428 | 59.5 0.005 [0.01]0.06 5.36 | 0.0015
85920 | 1432 | 59.7 0.005 10.02] 0.14 5.36 | 0.0037
86160 | 1436 | 59.8 0.005 10.01] 0.08 5.36 | 0.0022
86400 | 1440 | 60.0 0.005 [0.01]0.10 | 107.80] 19.40 | 0.0013 | 0.0015 26.05 5.36 | 0.0026
86640 | 1444 | 60.2 0.005 [0.01]0.06 5.36 | 0.0017
86880 | 1448 | 60.3 0.005 [0.00] 0.01 5.36 | 0.0004
87120 { 1452 | 60.5 0.005 10.01] 0.06 5.36 | 0.0017
87360 | 1456 | 60.7 0.005 [0.00] 0.02 5.36 | 0.0006
87600 | 1460 | 60.8 0.005 [0.00] 0.01 5.36 | 0.0002
87840 | 1464 | 61.0 0.005 [0.01}0.03]107.90] 19.30 | 0.0013 | 0.0016 26.03 5.36 | 0.0009
88080 | 1468 | 61.2 0.005 10.01]0.09 5.36 | 0.0024
88320 | 1472 | 61.3 0.005 j0.01]0.03 5.36_| 0.0009
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88560 | 1476 | 61.5 0.005 [0.01]0.07 5.36 | 0.0019
88800 | 1480 | 61.7 0.005 10.03)0.19 5.36 | 0.0050
89040 | 1484 | 61.8 0.005 10.03] 0.22 5.36 | 0.0060
89280 | 1488 | 62.0 0.005 ]10.04]| 0.28 |108.00] 19.20 | 0.0013 | 0.0016 26.06 5.36 | 0.0077
89520 | 1492 | 62.2 0.005 [0.02]0.14 5.36 | 0.0039
89760 | 1496 | 62.3 0.005 [0.02]0.11 5.36 | 0.0030
90000 | 1500 | 62.5 0.005 [0.00]0.02 5.36 | 0.0006
90240 | 1504 | 62.7 0.005 10.01}0.10 5.36 | 0.0026
90480 | 1508 | 62.8 0.005 10.02]0.12 5.36 | 0.0034
90720 | 1512 | 63.0 0.005 [0.01]0.04]107.60] 19.40 | 0.0013 | 0.0016 26.31 5.36 | 0.0011
90960 | 1516 | 63.2 0.005 ]0.03]0.20 5.36 | 0.0054
91200 | 1520 | 63.3 0.005 [0.03]0.18 5.36 | 0.0049
91440 | 1524 | 63.5 0.005 [0.03] 0.18 5.36 | 0.0049
91680 | 1528 | 63.7 0.005 [0.01]0.05 5.36 | 0.0013
919201 1532 | 63.8 0.005 [0.02] 0.11 5.36 | 0.0030
92160 | 1536 | 64.0 0.005 [0.01]010]107.80] 19.90 | 0.0013 | 0.0016 26.95 5.36 | 0.0026
92400 | 1540 | 64.2 0.005 [0.00] 0.01 5.36 | 0.0004
92640 | 1544 | 64.3 0.005 10.00] 0.02 5.36 | 0.0006
92880 | 1548 | 64.5 0.005 [0.00]0.01 5.36 | 0.0002
93120 | 1552 | 64.7 0.005 10.01]0.04 5.36 | 0.0011
93360 | 1556 | 64.8 0.005 ]0.02{0.10 5.36 | 0.0028
93600 | 1560 | 65.0 0.005 [0.00] 0.02 |107.90] 19.70 | 0.0013 | 0.0015 26.45 5.36 | 0.0006
93840 | 1564 | 65.2 0.005 [0.02] 0.11 5.36 | 0.0030
94080 | 1568 | 65.3 0.005 [0.01] 0.05 5.36 | 0.0013
94320 | 1572 | 65.5 0.005 [0.01] 0.07 5.36 | 0.0019
94560 | 1576 | 65.7 0.005 [0.03] 0.18 5.36 | 0.0049
94800 | 1580 | 65.8 0.005 [0.03]0.21 5.36 | 0.0056
95040 | 1584 | 66.0 0.005 [0.03]0.20 |108.10] 19.60 | 0.0013 | 0.0015 26.70 5.36 | 0.0054
95280 | 1588 | 66.2 0.005 [0.01] 0.06 5.36 | 0.0015
95520 | 1592 | 66.3 0.005 [0.01]0.10 5.36 | 0.0026
95760 | 1596 | 66.5 0.005 [0.03]0.19 5.36 | 0.0050
96000 | 1600 | 66.7 0.005 [0.04] 0.25 5.36 | 0.0067
96240 | 1604 | 66.8 0.005 10.02}0.12 5.36 | 0.0032
96480 | 1608 | 67.0 0.005 {0.01]0.06]108.00} 19.40 | 0.0013 | 0.0014 26.75 5.36 | 0.0015
96720 | 1612 | 67.2 0.005 [0.00]0.03 5.36 | 0.0007
96960 | 1616 | 67.3 0.005 [0.01]0.08 5.36 | 0.0022
97200 | 1620 | 67.5 0.005 [0.01] 0.06 5.36 | 0.0015
97440 | 1624 | 67.7 0.005 [0.02]0.10 5.36 | 0.0028
97680 | 1628 | 67.8 0.005 [0.02] 0.11 5.36 | 0.0030
97920 | 1632 | 68.0 0.005 [0.01] 0.09]107.90] 19.60 5.36 | 0.0024
98160 | 1636 | 68.2 0.005 [-0.01]-0.03 5.36 |-0.0009
98400 | 1640 | 68.3 0.005 {-0.02]|-0.12 5.36 |-0.0032
98640 | 1644 | 68.5 0.005 1-0.01]-0.08 5.36 |-0.0022
98880 | 1648 | 68.7 0.005 [-0.03]-0.18 5.36 |-0.0049
99120 | 1652 | 68.8 0.005 [-0.04]|-0.26] 107.60] 19.70 5.36 | -0.0069
99360 | 1656 | 69.0 0.005 [-0.06]-0.39 5.36 |-0.0105
99600 | 1660 | 69.2 0.005 [-0.06}-0.40 5.36 |-0.0108
99840 | 1664 | 69.3 0.005 1-0.05|-0.35 5.36 1-0.0095
100080| 1668 | 69.5 0.005 ]-0.05]-0.32 5.36 |-0.0088
100320] 1672 | 69.7 0.005 [-0.05]|-0.34 5.36 |-0.0093
100560| 1676 | 69.8 0.005 [-0.05/-0.32]|107.10] 19.60 5.36 |-0.0086
100800] 1680 | 70.0 0.005 [-0.06]|-0.44 5.36 |-0.0119
101040] 1684 | 70.2 0.005 [-0.04]-0.25 5.36 |-0.0067
101280 1688 | 70.3 0.005 1-0.04}-0.28 5.36 |-0.0077
101520| 1692 | 70.5 0.005 [-0.04]-0.25 5.36 |-0.0067
101760| 1696 | 70.7 0.005 [-0.01|-0.08 5.36 [-0.0021
102000{ 1700 | 70.8 0.005 [0.00]-0.03]107.20] 19.40 5.36 | -0.0007
102240[ 1704 | 71.0 0.005 [-0.05]-0.32 5.36 | -0.0086
102480] 1708 | 71.2 0.005 1-0.04]-0.26 5.36 |-0.0071
E.8
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102720] 1712 | 71.3 0.005 ]-0.04{-0.28 5.36 |-0.0077
102960f 1716 | 71.5 0.005 1-0.051-0.34 5.36 1-0.0091
103200| 1720 | 71.7 0.005 ]-0.04]-0.30 5.36_|-0.0080
103440( 1724 | 71.8 0.005 [-0.04{-0.28]107.00] 19.60 5.36 |-0.0077
1036801 1728 | 72.0 0.005 1-0.07[-0.49 5.36 |-0.0133
103920] 1732 | 72.2 0.005 {-0.06]-0.41 5.36 |-0.0110
104160 1736 | 72.3 0.005 1-0.06j-0.39 5.36 }-0.0105
104400]| 1740 | 72.5 0.005 [-0.06]-0.39 5.36 |-0.0106
104640| 1744 | 72.7 0.005 {-0.05}-0.37 5.36 |-0.0099
104880] 1748 | 72.8 0.005 [-0.05]-0.37] 107.00] 19.60 5.36 |-0.0101
105120{ 1752 | 73.0 0.005 [-0.05]|-0.37 5.36 |-0.0099
105360| 1756 | 73.2 0.005 1-0.04]|-0.26 5.36 | -0.0069
105600{ 1760 | 73.3 0.005 [-0.03]-0.23 5.36 |-0.0062
1056840[ 1764 | 73.5 0.005 [-0.03]-0.20 5.36 {-0.0054
106080 1768 | 73.7 0.005 [-0.03]-0.18 5.36 |-0.0049
106320] 1772 | 73.8 0.005 [-0.03]-0.21] 107.20] 19.40 5.36_|-0.0056
106560] 1776 | 74.0 0.005 [-0.06}-0.42 5.36 1-0.0114
106800 1780 | 74.2 0.005 [-0.05]-0.31 5.36 |-0.0084
107040]| 1784 | 74.3 0.005 [-0.04]-0.28 5.36 1-0.0077
107280| 1788 | 74.5 0.005 |[-0.06{-0.38 5.36 |-0.0103
107520 1792 | 74.7 0.005 [-0.04]|-0.26 5.36 |-0.0071
1077601 1796 | 74.8 0.005 1-0.03]-0.23| 107.00] 20.10 5.36 _|-0.0063
E.9




